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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.

References and Notes
1. E. Daddi et al., Astrophys. J. 713, 686 (2010).
2. R. Genzel et al., Mon. Not. R. Astron. Soc. 407, 2091

(2010).
3. D. Kereš, N. Katz, D. H. Weinberg, R. Davé, Mon. Not. R.

Astron. Soc. 363, 2 (2005).
4. C.-A. Faucher-Giguère, D. Kereš, C.-P. Ma, Mon. Not. R.

Astron. Soc. 417, 2982 (2011).

5. F. van de Voort et al., Mon. Not. R. Astron. Soc. 414,
2458 (2011).

6. A. Dekel et al., Nature 457, 451 (2009).
7. S. D. M. White, C. S. Frenk, Astrophys. J. 379, 52

(1991).
8. Y. Birnboim, A. Dekel, Mon. Not. R. Astron. Soc. 345,

349 (2003).
9. K. R. Stewart et al., Astrophys. J. 738, 39 (2011).
10. S. Shen et al., Astrophys. J. 765, 89 (2013).
11. K. R. Stewart et al., Astrophys. J. 735, L1 (2011).
12. M. Fumagalli et al., Mon. Not. R. Astron. Soc. 418, 1796

(2011).
13. T. Goerdt, A. Dekel, A. Sternberg, O. Gnat, D. Ceverino,

Mon. Not. R. Astron. Soc. 424, 2292 (2012).
14. S. Lopez, D. Reimers, S. D’Odorico, J. X. Prochaska,

Astron. Astrophys. 385, 778 (2002).
15. SINFONI is the near-infrared integral field spectrograph

at one of the Very Large Telescopes (VLTs) of the
European Southern Observatory (ESO).

16. N. Bouché et al., Mon. Not. R. Astron. Soc. 419, 2 (2012).
17. See supplementary materials on Science Online.
18. N. M. Förster Schreiber et al., Astrophys. J. 706, 1364

(2009).
19. T. M. Tripp et al., Science 334, 952 (2011).
20. R. Bordoloi et al., Astrophys. J. 743, 10 (2011).
21. N. Bouché et al., Mon. Not. R. Astron. Soc. 426, 801

(2012).
22. G. Kacprzak, C. W. Churchill, N. M. Nielsen, Astrophys. J.

760, L7 (2012).
23. G. Vladilo et al., Astron. Astrophys. 454, 151 (2006).
24. A. A. Dutton, F. C. van den Bosch, A. Dekel, Mon. Not. R.

Astron. Soc. 405, 1690 (2010).
25. N. Bouché et al., Astrophys. J. 718, 1001 (2010).
26. S. Genel et al., Astrophys. J. 688, 789 (2008).
27. J. McBride, O. Fakhouri, C. Ma, Mon. Not. R. Astron. Soc.

398, 1858 (2009).

28. M. Giavalisco et al., Astrophys. J. 743, 95 (2011).
29. K. H. R. Rubin, J. X. Prochaska, D. C. Koo, A. C. Phillips,

Astrophys. J. 747, L26 (2012).
30. J. Ribaudo et al., Astrophys. J. 743, 207 (2011).

Acknowledgments: We thank the ESO Paranal staff for
their continuous support and the SINFONI instrument team
for their hard work, which made SINFONI a very reliable
instrument. N.B. thanks S. Lilly and R. Bordoloi for stimulating
discussions and S. Genel for a careful read of the manuscript.
We thank I. Schroetter for his assistance in making Fig. 2.
We thank the reviewers for their thorough review, comments,
and suggestions. This research was based on work supported in
part by NSF grant 1066293 and the hospitality of the Aspen
Center for Physics. It was partly supported by a Marie Curie
International Outgoing Fellowship (PIOF-GA-2009-236012)
and by a Marie Curie International Career Integration Grant
(PCIG11-GA-2012-321702) within the 7th European
Community Framework Program. M.T.M. thanks the Australian
Research Council for a QEII Fellowship (DP0877998) and
Discovery Project grant DP130100568. C.L.M. is supported
by NSF grant AST-1109288. The data used in this paper are
tabulated in the supplementary materials and archived at
http://archive.eso.org under program ID 383.A-0750 and
088.B-0715. G.G.K. is an Australian Research Council Super
Science Fellow.

Supplementary Materials
www.sciencemag.org/cgi/content/full/341/6141/50/DC1
Supplementary Text
Figs. S1 to S6
Tables S1 to S4
References (31–73)

18 December 2012; accepted 29 May 2013
10.1126/science.1234209

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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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) ~1033 ~1031 ~1032 ~1031
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ABSTRACT
‘Perytons’ are millisecond-duration transients of terrestrial origin, whose frequency-swept
emission mimics the dispersion of an astrophysical pulse that has propagated through tenuous
cold plasma. In fact, their similarity to FRB 010724 had previously cast a shadow over the
interpretation of ‘fast radio bursts’ (FRBs), which otherwise appear to be of extragalactic
origin. Until now, the physical origin of the dispersion-mimicking perytons had remained
a mystery. We have identified strong out-of-band emission at 2.3–2.5 GHz associated with
several peryton events. Subsequent tests revealed that a peryton can be generated at 1.4 GHz
when a microwave oven door is opened prematurely and the telescope is at an appropriate
relative angle. Radio emission escaping from microwave ovens during the magnetron shut-
down phase neatly explains all of the observed properties of the peryton signals. Now that
the peryton source has been identified, we furthermore demonstrate that the microwave ovens
on site could not have caused FRB 010724. This and other distinct observational differences
show that FRBs are excellent candidates for genuine extragalactic transients.

Key words: methods: data analysis – site testing – surveys.

1 IN T RO D U C T I O N

‘Peryton’ is the moniker given to a group of radio signals which
have been reported at the Parkes and Bleien Radio Observatories
at observing frequencies ∼1.4 GHz (Burke-Spolaor et al. 2011;
Bagchi, Nieves & McLaughlin 2012; Kocz et al. 2012; Saint-Hilaire,
Benz & Monstein 2014). The signals are seen over a wide field-of-
view suggesting that they are in the near-field rather than boresight
astronomical sources (Kulkarni et al. 2014). They are transient,
lasting ∼250 ms across the band, and the 25 perytons reported in
the literature occurred only during office hours and predominantly
on weekdays. These characteristics suggest that the perytons are
a form of human-generated radio frequency interference (RFI). In
fact one of the perytons’ defining characteristics – their wide-field
detectability – is routinely used to screen out local interference
detections in pulsar searches (Keane et al. 2010; Kocz et al. 2012).

Perytons’ most striking feature, which sets them apart from ‘stan-
dard’ interference signals, is that they are swept in frequency. The

⋆ E-mail: epetroff@astro.swin.edu.au

frequency dependent detection of the signal is sufficiently similar
to the quadratic form of a bona fide astrophysical signal which
has traversed the interstellar medium, that the origin of the first
fast radio burst, FRB 010724 (Lorimer et al. 2007), was called
into question by Burke-Spolaor et al. (2011). This was mainly
based upon the apparent clustering of peryton dispersion measures
(DMs) around ∼400 pc cm−3, which is within ∼10 per cent of FRB
010724’s DM.

Ongoing searches are actively searching for FRBs and perytons
and are capable of making rapidly identifying detections. In this pa-
per, we report on three new peryton discoveries from a single week
in 2015 January made with the Parkes radio telescope. In addition
to the rapid identification within the Parkes observing band, the
RFI environment over a wider frequency range was monitored with
dedicated equipment at both the Parkes Observatory and the Aus-
tralia Telescope Compact Array (located 400 km north of Parkes).
For one event, the Giant Metrewave Radio Telescope (GMRT), in
India, was being used to observe the same field as Parkes. Below, in
Section 2, we describe the observing setup and details of the on-site
RFI monitors. In Section 3, we present the results of the analysis of
our observations, and our successful recreation of peryton signals.

C⃝ 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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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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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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We have searched for counterparts at submillimetre, infrared, 
 optical and X-ray wavelengths using archival data and a series of new 
 observations. A coincident unresolved optical source is detected in archi-
val 2014 Keck data (R-band AB magnitude of 24.9 ±  0.1) and in recently 
obtained Gemini data (r-band AB magnitude of 25.1 ±  0.1; Fig. 2),  
with a chance coincidence probability of less than 3.5 ×  10−4  
(see Methods). The source is undetected in archival infrared 
 observations, in ALMA 230-GHz observations, and in XMM-Newton 
and Chandra X-ray imaging (see Methods). The spectral energy 
distribution of the persistent source is compared in Fig. 3 to some 
example spectra for known source types, none of which matches our 
 observations well.

The observations reported here corroborate the strong arguments10 
against a Galactic location for the source. As argued previously,  stellar 
radio flares can exhibit swept-frequency radio bursts on subsecond 
timescales16, but they do not strictly adhere to the ν−2 dispersion 
law (where ν is the frequency) seen for FRB 1211029,10, nor are they 
expected to show constant apparent DM. The source of the sizable DM 
excess—three times the Galactic maximum predicted by the NE2001 
electron-density model17—is not revealed as a H ii region, a super-
nova remnant or a pulsar-wind nebula in our Galaxy, which would 
appear extended at radio, infrared or Hα 10 wavelengths at our localized 
position. Spitzer mid-infrared limits constrain substellar objects with 
temperatures of more than 900 K to be at distances of 70 pc or greater, 
and the Gemini detection sets a minimum distance of about 1 kpc and 
100 kpc for stars with effective temperatures greater than 3,000 K and 
5,000 K, respectively. These limits rule out Galactic stars that could 
plausibly account for the DM excess and produce the radio continuum 
counterpart. We conclude that FRB 121102 and its persistent counter-
part do not correspond to any known class of Galactic source.

The simplest interpretation is that the burst source resides in a host 
galaxy that also contains the persistent radio counterpart. If so, the 
DM of the burst source has contributions from the electron density in 
the Milky Way disk (DMNE2001) and halo (DMhalo)17, the intergalactic 
medium (DMIGM)18 and the host galaxy (DMhost); we estimate DMIGM  
=  DM −  DMNE2001 −  DMhalo −  DMhost ≈  340 pc cm−3 −  DMhost, with 
DMNE2001 =  188 pc cm−3 and DMhalo ≈  30 pc cm−3. The maximum 
redshift of the fast radio burst, for DMhost =  0, is zFRB ≈  0.32, which 
corresponds to a maximum luminosity distance of 1.7 Gpc. Variance 
in the mapping of DM to redshift19 (σz =  σDM(dz/dDM) ≈  0.1) could 
increase the upper bound to z ≈  0.42. Alternatively, a sizable host-galaxy 

contribution could imply a low redshift and a negligible contribution 
from the intergalactic medium, although no such galaxy is apparent. 
Hereafter we adopt zFRB ≲ 0.32. 

The faint optical detection and the non-detection at 230 GHz with 
ALMA imply a low star-formation rate within any host galaxy. For our 
ALMA 3σ upper limit of 51 µ Jy and a submillimetre spectral index of 4, 
we estimate the star-formation rate20 to be less than (0.06–19)M⊙ yr−1 
(where M⊙ is the mass of the Sun) for redshifts z ranging from 0.01 
to 0.32 (luminosity distances of 43 Mpc to 1.7 Gpc), respectively. The 
implied absolute magnitude of approximately − 16 at z =  0.32 is similar 
to that of the Small Magellanic Cloud, whose mass of around 109M⊙ 
would correspond to an upper limit on the mass of the host galaxy.

The compactness of the persistent radio source (less than about 8 pc 
for z ≲ 0.32) implies that it does not correspond to emission from an 
extended galaxy or a star-forming region21, although our  brightness 
temperature limits do not require the emission to be coherent. Its size 
and spectrum appear consistent with a low-luminosity active  galactic 
nucleus (AGN), but X-ray limits do not support this  interpretation. 
Young extragalactic supernova remnants22 can have brightness  
temperatures in excess of 107 K, but they typically have simple 
 power-law spectra and exhibit stronger variability.

The burst source and persistent source have a projected separation of 
less than about 500 pc assuming z ≲ 0.32. There are three broad inter-
pretations of their relationship. First, they may be unrelated objects 
harboured in a host galaxy, such as a neutron star (or other compact 
object) and an AGN. Alternatively, the two objects may interact, for 
example, producing repeated bursts from a neutron star very close to 
an AGN3,23,24. A third possibility is that they are a single source. This 
possibility could involve unprecedented bursts from an AGN25 along 
with persistent synchrotron radiation; or persistent emission might 
comprise high-rate bursts too weak to detect individually, with bright 
detectable bursts forming a long tail of the amplitude distribution.  
In this interpretation, the difficulty in establishing any periodicity 
in the observed bursts9,10 may result from irregular beaming from a 
rotating compact object or extreme spin or orbital dynamics. The Crab 
 pulsar and some millisecond pulsars display bimodality26,27 in giant and 
 regular pulses. However, they show well-defined periodicities and have 
steep spectra that are inconsistent with the spectrum of the persistent 
source, which extends to at least 25 GHz. Magnetars show broad spectra 
that extend beyond 100 GHz in a few cases, but differ from the roll-off 
of the spectrum of the persistent source.
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Figure 1 | VLA detection of FRB 121102. a, A 5-ms dispersion-corrected 
dirty image showing a burst from FRB 121102 at MJD 57633.67986367 
(2016 September 2). The approximate localization uncertainty from 
previous Arecibo detections9 (3′  beam full-width at half-maximum 
(FWHM)) is shown with overlapping circles. b, A zoomed-in portion of a, 
deconvolved and re-centred on the detection, showing the approximately 

0.1″  localization of the burst. c, Time–frequency data extracted from 
phased VLA visibilities at the burst location shows the ν−2 dispersive 
sweep of the burst. The solid black lines illustrate the expected sweep for 
DM =  558 pc cm−3. The de-dispersed lightcurve and spectra are projected 
to the upper and right panels, respectively. In all panels, the colour scale 
indicates the flux density.
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Missing Baryons 



Prediction 1:  
Multipath propagation 



Habibi et al. (2011) 



Lazio et al. (2004) 12 



Lorimer & Kramer (2004) 13 



Demorest (2011) 14 



Cyclic Spectroscopy 

•  α = k/P = harmonics of spin frequency 
•  ν = radio frequency 
•  X(ν+α/2) = RF spectrum “mixed” with 

harmonic of spin frequency 
•  upper and lower “sidebands” cross-

multiplied 

15 



Credit: Mark Walker 



Adaptive Optics for Pulsars 
Cyclic spectrum SKA1-Low SKA1-Mid B1 
Bandwidth (MHz) 300 700 
# phase bins 1024 1024 
# taps interpolate 7 7 
# polarizations 4 4 
TMACs 9.2 21.5 

De-dispersion SKA1-Low SKA1-Mid B1 SKA1-Mid B5 
Bandwidth (MHz) 300 700 2500 
Input Res. (kHz) 32 49 49 
Output Res. (MHz) 0.25 1 1 
Max DM 300 3000 3000 
GMACs 175 379 750 



Adaptive Optics for Pulsars 
Cyclic spectrum SKA1-Low SKA1-Mid B1 
Bandwidth (MHz) 300 700 
# phase bins 1024 1024 
# taps interpolate 7 7 
# polarizations 4 4 
TMACs 9.2 21.5 

De-dispersion SKA1-Low SKA1-Mid B1 SKA1-Mid B5 
Bandwidth (MHz) 300 700 2500 
Input Res. (kHz) 32 49 49 
Output Res. (MHz) 0.25 1 1 
Max DM 300 3000 3000 
GMACs 175 379 750 

12.5 X! 



Prediction 2: 
Pulsar Intrinsic Fluctuations 



Single Pulse Variability 









SWIMS: 
Stochastic Wideband Impulse Modulated Self-noise 

Oslowski et al. (2011) 



Template Matching 

ϕ 

χ2 = Σ [ P(φ) - aS(φ+ ϕ) + b ]2 



Ordinary Least Squares 

•  Homoscedastic 
•  Uncorrelated 



Ordinary Least Squares 

•  Homoscedastic – flux heavily modulated 
•  Uncorrelated 



Ordinary Least Squares 

•  Homoscedastic – flux heavily modulated 
•  Uncorrelated – temporal/spectral structure 



Ordinary Least Squares 

•  Homoscedastic – flux heavily modulated 
•  Uncorrelated – temporal/spectral structure 

 
•  Bias Correction (Oslowski et al. 2011) 

–   Principal Component Analysis 
–   Multiple Regression Analysis 

 
•  Better Error Bars (Shannon et al. 2014) 

–   7 / 22 PPTA MSPs 



Generalized Least Squares 

•  Unbiased and better error bars 

•  χ2 = (D – M)T C-1 (D – M) 

•  C = covariance matrix of fluctuations 
 

•  C  is unknown 
–   cannot be estimated from data, D 
–   cannot be estimated from residuals, D – M 
 



Feasible Generalized 
 Least Squares 

•  model C with some parameters θi 
 

•  Simultaneously derive θi and desired 
phase shift ϕ during model fit 
 

•  C includes SEFD and PSR terms 
 

•  Covariances between intensities are 
fourth moments of the electric field 



Higher Moments for Pulsars 

Cyclic spectrum SKA1-Low SKA1-Mid B1 
Bandwidth (MHz) 300 700 
Unique bandwidth (MHz) 10 10 
# phase bins 1024 1024 
# polarizations 4 4 
Pulsar period (ms) 1 1 
GMACs 250 590 



Square Kilometre Array 

•   Computing the cyclic spectrum  
–   computationally prohibitive 
–   SKA1-Low: divide band over 16 node 

 
•   Computing fourth moments 

–   computationally feasible 
–   uncertain if it helps FGLS 



Directions 

•  Cyclic Spectroscopy 
–   interstellar delay monitor for PTAs 

–   ~ AU structure of magnetoionic ISM 
 

•  Feasible Generalized Least Squares 
–   beat down white noise in PTAs 

–   characterize pulsar emission mechanism 



Thank you! 


