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Introduction



Time-domain sources

Sources with emission on timescales

shorter than seconds

(extremely compact: ∼ 1 000 km):

• Pulsars

• Magnetars bursts

• Rotating radio transients

(RRATs)

• Fast Radio Bursts (FRBs)

Neutron star compared with Tenerife
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Pulsars

• A star of ∼ 10–30 M� explodes

as a supernova.

• A neutron star was born.

• Magnetized neutron stars

rapidly rotating: pulsar

• Light is emitted through the

magnetic poles.

• Can rotate several times per

second.
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Pulsars

Crab pulsar: ∼6 000 ly away; ∼1 000 yr old; Period: 33 ms.
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Pulsars

Comparison of pulsar-timing together with their accurate proper motions

can provide the best mapping on Galactic rotation, cosmological frames,

and gravitational waves.

Single dish radio observations: poor astrometry (∼arcmin)

Astrometry of pulsars can be reach sub-milliarcsecond precision only with

pulsar timing along several years.
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Dispersion Measure (DM)

• The interstellar material disperses

the light.

• Broadening of the pulses.

• t ∝ ν−2

• DM ≡ integrated column density

of free electrons between the emitter

and the observer.

DM =

∫ D

0

nedl

∝ t2 − t1

ν−2
2 − ν−2

1

Indirect measurement of the

distance or the column density.
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Rotating Radio Transients (RRATs)

• Pulsars where most of the pulses are

missing.

⇒ Easier detectable by single pulse

searches.

• Interval between pulses: 4 min–3 hr.

• Periods of 0.4–7 s.

• The presence of a debris disk could

originate the missing pulses.

• More difficult to localize with single

dish observations

Some of them only ∼arcmin
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Fast Radio Bursts (FRBs)

• Transient sources exhibiting a single

bright burst: ∼Jy in ∼ms

• Discovered by Lorimer et al. (2007)

• ∼20 discovered up to now

• The bursts resembles the ones

observed in pulsars

• Not obvious associations

• Large DM ⇒ extragalactic

• Origin? extremely young pulsars,

magnetars, AGNs?

Galactic? Extragalactic?

  

Bright events are easily visualized
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Time-domain sources

  

What could they be?
C
red

it: J
-P M

acqu art

Black: Parkes; Pink: SKA1-lo; Grey: SKA1-midCredit: J. P. Macquart
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Unveiling the nature of FRBs

• We need a good localization of the

FRBs to unveil their nature

Much better than several arcmin.

• Not possible with single-dish telescopes

⇒ interferometry!

• European VLBI Network (EVN):

milliarcsecond resolution

• Two different approaches:

• Image the single pulses (never done)

• Detect the putative afterglow
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FRB afterglows: FRB 150418



FRB 150418: The first announced association

FRB detected by Parkes on 18/04/2015

Pulse width of 0.8 ± 0.3 ms

Linear polarization: 8.5 ± 1.5%

Circular polarization: ∼ zero.

DM= 776.25 cm−3 pc

(∼ ×4 Galactic contribution)

Follow-up with ATCA after 2-hr.

- Two variable compact sources detected.

One previously known source.

- A 6-d transient with α ∼ −1.37

consistent with an early-type galaxy.

Spurious transient in the field: < 0.1%

The optical counterpart corresponds to a

galaxy at z ∼ 0.5: WISE J0716−1900
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LETTER RESEARCH

From fitting ΛCDM cosmological models to Wilkinson Microwave 
Anisotropy Probe (WMAP) observations one derives12 the cosmic 
density of all baryons Ωbaryons = 0.046 ± 0.002. Of these, about 10% 
are not ionized or are in stellar interiors23 so that we expect to meas-
ure a cosmic density of ionized baryons in the intergalactic medium 
of ΩIGM ≈ 0.9 × Ωbaryons ≈ 0.041 ± 0.002. Thus, our measurement 
independently verifies the ΛCDM model and the WMAP observa-
tions, and constitutes a direct measurement of the ionized material 
associated with all of the baryonic matter in the direction of the FRB, 
including the so-called “missing baryons”24. Alternatively, if we take 
ΩIGM ≡ 0.041, our measurements show that DMhost is negligible.

FRB localization allows us to correct a number of observable quantities 
that are corrupted by the unknown gain correction factor owing to a lack 
of knowledge of the true position within the telescope beam. Accounting 
for the frequency-dependent beam response25 we can derive a true spectral 
index for the FRB. We obtain α = +1.3 ± 0.5 for a fit centred at 1.382 GHz. 

Similarly, we derive a corrected flux density and fluence, and these, in com-
bination with the redshift measurement, enable us to derive the distances, 
the energy released, the luminosity and other parameters (Table 1).

In considering the nature of the progenitor we first consider the host 
galaxy. An upper limit to the star-formation rate can be determined 
from the upper limit Hα luminosity indicated by the Subaru spectrum 
(see Methods) to be ≤0.2M◉ yr−1, where M◉ is the solar mass. Such 
a low star-formation rate implies, in the simplest interpretation, that 
FRB models directly related to recent star formation such as magnetar 
flares or blitzars are disfavoured. This problem might be avoided if either 
some residual star formation occurred in an otherwise ‘dead’ galaxy, 
or if the FRB originated in one of the many satellite galaxies that are 
expected to surround an elliptical galaxy at this redshift, but that cannot 
be resolved in our observations. Failing these, the lack of star formation 
favours models such as compact merger events. This may be supported 
by the existence of the ∼6-day radio transient, which we interpret as 

Figure 3 | Optical analysis of the FRB host galaxy. a, A wide-field 
composite false-colour RGB (red–green–blue) image, overplotted with 
the half-power beam pattern of the Parkes multi-beam receiver. Panels 
b and c show successive zooms on the beam 4 region, and on the fading 
ATCA transient location respectively. P200 K s denotes the Palomar 
telescope 200-inch Ks band. Panel d is further zoomed in with the error 
ellipses for the ATCA transient, as derived from both the first and 

second epoch, overplotted. e, The Subaru FOCAS spectrum de-reddened 
with E(B − V) = 1.2, smoothed by five pixels and fitted to an elliptical 
galaxy template at z = 0.492, denoted by the blue line. Common atomic 
transitions observed in galaxies are denoted by vertical dashed lines 
and yellow lines denote bright night sky lines. The Subaru r′ and i′ filter 
bandpasses are denoted by light red and grey background shading. The red 
line is the 1σ per pixel uncertainty (not smoothed).
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FRB 150418: Publications after Keane et al. (2016)

6 publications in arXiv in less than 7 days (∼15 within 2 months).

Keane et al.

(Feb 24)
<5 d

Tingay &

Kaplan
Zhang

Wu et al.

Williams

& Berger

Williams

& Berger

(ATel)

Williams

& Berger

(ATel)

Bonetti

et al.

Bassa et

al. (ATel)
Bassa et al.

Marcote et

al. (ATel)

Marcote et

al. (ATel)
Giroletti
et al.

March

Wang et al.
Vedanthan

et al.

Li & Zhang

Akiyama

& Johnson
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FRB 150418: Publications after Keane et al. (2016)

6 publications in arXiv in less than 7 days (∼15 within 2 months).

Zhang (2016): Afterglow ⇒ ∼ 1050 erg (like short duration GRB).

Mergers of BH-BH, NS-NS, or BH-NS (similar to GW 150914).

Williams & Berger (2016): WISE J0716−1900 exhibits a similar variability

one year after the FRB in VLA data.

Scintillating steady AGN!

Probability of spurious transient not negligible.

Vedanthan et al. (2016): ATCA and optical observations

Source consistent with an AGN.

Bassa et al. (2016a,b): e-MERLIN, VLBA, ATCA, and optical. Persistent

radio source in the center of the optical galaxy: consistent with

a weak radio AGN.

Marcote et al. (2016a,b);Giroletti et al. (2016): EVN obs. Keep listening!
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EVN observations

We conducted four e-EVN observations from March to June 2016 on

WISE J0716−19 at 5.0 GHz.

9 participating stations: Effelsberg, Jodrell Bank, Westerbork, Medicina,

Noto, Onsala, Torun, Yebes, and Hartebeesthoek.

We also conducted simultaneous e-MERLIN observations at three epochs.A&A proofs: manuscript no. frb150418_evn_v1r0

Table 1. Log of observations, image parameters and model fit results.

Epoch EVN data e-MERLIN data
Date in HPBW Ipeak Inoise S 5.0,JMFIT HPBW Ipeak Inoise S 5.0,JMFIT �S 5.0

2016 MJD (mas ⇥ mas, �) (µJy beam�1) (µJy) (mas ⇥ mas, �) (µJy beam�1) (µJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

March 16 57463.8 10.1 ⇥ 6.2, 3.9 123 18 125 ± 22 . . . . . . . . . . . .
May 10 57518.6 9.7 ⇥ 6.1, 8.7 113 14 137 ± 20 261 ⇥ 25, 12 169 55 176 ± 58 40 ± 60
May 31 57539.6 10.9 ⇥ 6.1,�7.5 107 16 117 ± 20 231 ⇥ 27, 11 145 48 158 ± 51 40 ± 55
June 2 57541.6 9.3 ⇥ 5.3, 1.3 133 20 125 ± 32 212 ⇥ 28, 10 254 52 272 ± 59 145 ± 70

Notes. Cols. (1, 2): observation date; Cols. (3–6): EVN half-peak beam width (HPBW), naturally weighted image peak brightness and 1� noise
level, and results of a 2-d Gaussian fit to the image brightness distribution; Cols. (7–10): same as Cols. (3–6), for e-MERLIN data; Col. (11): flux
density di↵erence between e-MERLIN and EVN data.

Further criticism of the proposed association came from the45
results of a Karl G. Jansky Very Large Array (VLA) observing46
campaign almost a year after the FRB: in 10 total observations at47
5.5 and 7.5 GHz spanning 35 days, Williams & Berger (2016a,b)48
found variable radio emission at an enhanced level with respect49
to the previously observed steady ⇠ 0.1 mJy source. Vedantham50
et al. (2016, hereafter V16) also reported a single epoch multi-51
frequency VLA observation over the 1-18 GHz frequency range52
that showed a flat spectrum radio source consistent with an AGN.53
Finally, numerical simulations by Akiyama & Johnson (2016)54
indicate that the reported light curve is consistent with scintillat-55
ing radio emission from an AGN core with Tb

>⇠ 109 K.56

A final confirmation of the AGN scenario, plus a relevant57
contribution from refractive interstellar scintillation, can be ob-58
tained from high angular resolution Very Long Baseline Inter-59
ferometry (VLBI) observations. In this Letter, we thus report on60
the results of European VLBI Network (EVN) observations of61
WISE J0716�19. The paper is laid out as follows: we describe62
the observations in Sect. 2, present the results in Sect. 3, and63
discuss them in the context of other ongoing observational cam-64
paigns in Sect. 4.65

2. Observations and data reduction66

We observed WISE J0716�19 four times between 2016 March67
16 and June 2 (Table 2) with a subset of the EVN. The partic-68
ipating stations were E↵elsberg, Hartebeesthoek, Jodrell Bank69
(Mark2), Medicina, Noto, Onsala, Torun, Yebes, and a single70
Westerbork telescope. We observed at 5.0 GHz, with eight 16-71
MHz-wide baseband channels, in dual polarization, and with 2-72
bit sampling.The data were electronically transferred over fibre73
links to the SFXC correlator at JIVE, where they were correlated74
in real time with the so-called e-VLBI technique.75

We carried out all observations in phase-reference mode,76
with 2.5 min scans on the target source bracketed by 1.5 min77
scans on the nearby (0.9� o↵set) calibrator J0718–1813. Each78
observation lasted for about 5.5 hours, with on-source time of79
about 2.4 hours. We calibrated visibility amplitudes based on80
the a-priori gain curves and measured system temperatures at81
each station. Parallactic angle corrections were applied and we82
determined instrumental single band delays using a scan on a83
strong calibrator. We then determined phase, rates, and residual84
delays for the phase calibrator, and produced an image. Since the85
calibrator has a double component structure, we imaged it with86
hybrid mapping procedure, and then repeated the fringe fitting87
process using the obtained image as the input model. The resul-88
tant solutions were applied back to the phase reference source,89
the target, and the additional check source J0712–1847. Band-90

pass solutions were then determined combining all the data for 91
the calibrator. Finally, we carried out one cycle of phase-only and 92
one of phase-and-amplitude self-calibration for the phase refer- 93
ence source, and transferred the solutions to the target. A parallel 94
analysis of the check source based on either direct fringe fitting 95
of its visibility data or phase self-calibration indicated that co- 96
herence losses a↵ected the detected ranging between 20% and 97
40% of the real flux density; this is not surprising given the low 98
elevation of the target. 99

Initially, we imaged the first epoch data over a large field 100
of 400 ⇥ 400, centred on the WISE coordinates, r.a. = 07h 16m 101
34.59s, dec. = �19� 00039.200. The overall rms noise was about 102
25 µJy beam�1 (Marcote et al. 2016). Following the report of 103
the VLBA and e-MERLIN localisation by Bassa et al. (2016, 104
hereafter B16), we imaged a smaller field around their prelim- 105
inary VLBA-measured position. The local noise for an image 106
produced with the AIPS task IMAGR using ROBUST = 5 is 18 107
µJy beam�1. In the following epochs, we reached similar or bet- 108
ter noise values, except for the last epoch in which the most sen- 109
sitive telescope (E↵elsberg) did not provide data for about a half 110
of the observation run. 111

In strict simultaneity with the second, third, and fourth EVN 112
epoch (same start and end times), we observed the source with 113
e-MERLIN, using six, five, and five stations in each experiment. 114
We observed at 5.0 GHz, with four 128-MHz-wide channels, in 115
dual polarisation. The same phase reference source was used as 116
in the EVN run. The maximum elevation of the source was 18�, 117
which resulted in an elongated restoring beam (axial ratio ⇠ 10, 118
in p.a. = ⇠ 10�). Detailed information is reported in Table 2. 119

3. Results 120

In Fig. 1, we show our EVN 5.0 GHz images around the posi- 121
tion of the VLBA and e-MERLIN detections reported by B16. 122
The main image shows a 0.300 ⇥0.2500 field-of-view based on av- 123
eraging the images from all epochs. The insets show 60 mas ⇥ 60 124
mas image stamps of the central region from the four individual 125
epochs with the same image scaling as in the main panel. 126

In each of the individual epochs, the source is detected with 127
significances above 6�. In Cols. 4, 5, and 6 of Table 2, we report 128
the image peak brightness, the noise, and the component flux 129
density measured with AIPS task JMFIT. The associated uncer- 130
tainties were calculated as the quadratic sum of a 1� r.m.s. sta- 131
tistical contribution and a 10% absolute calibration uncertainty; 132
this provides the uncertainty on the relative calibration from 133
epoch to epoch, while the overall scaling due to coherence losses 134
remains unaccounted for. Within these uncertainties, the source 135
flux density is consistent with being constant among epochs; the 136

Article number, page 2 of 4
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EVN observations

Peak brightness

(µJy beam−1):
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EVN observations

Light-curve more than 1 yr after the FRB.
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Discussion and conclusions

• The VLBI observations show a compact ∼130-µJy source persistent

on day-to-month timescales.

• Bolometric radio luminosity of 5.6× 1039 erg s−1.

• Brightness temperature of & 108.5 K.

• But the VLA data indicate variability! on hour timescales?

• Missing VLA flux? no more compact sources in the field.

• The compact source seems to be compatible with a scintillating

low-luminosity AGN.

• Origin of FRB 150418?

Giroletti, Marcote, Garrett et al. (2016, A&A, 593, L16)
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Direct single pulse imaging



Direct single pulse imaging

The unambiguous approach to localize a FRB: image its single pulse.

Problems:

• Requires to produce an image of only ∼ms with an interferometer.

• Really small sensitivity and (lack of) uv coverage.

• Strong artifacts (lobes) in the image.

• How to calibrate the data?

• Never done before with interferometers!

• Project started last year in the EVN

• Boosted this summer in collaboration with Yuping Huang

(ASTRON/JIVE summer student)
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Direct single pulse imaging

Aard Keimpema, Yuping Huang, Benito Marcote, Zsolt Paragi
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EVN single pulse imaging

We observed two different sources:

• A bright known pulsar: PSR B0525+21

• A RRAT: J1819−1458

The single pulse imaging requires two different parts:

• Pulsar-timing data (as regular in pulsar obs.)

BUT: no pulsar backend.

• Standard continuum data with 1–2 s integration time.

De-disperse the data & apply continuum calibrations to data with <ms

integration time.
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Challenges: no pulsar backend

Backend not Designed for Pulse Search

A chunk of our data showing signatures of the 80Hz calibration signal
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Challenges: extrapolating calibration

• We calibrate the dataset with 1–2 s integration time as usual in

EVN observations

• Phase-referencing observations: calibrator + target + calibrator. . .

• We extrapolate solutions during minutes.

• The solutions work in normal 1–2 s solutions.

• Does they work at ms timescales?

. . . in principle they should!
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Challenges: uv-coverage

Interferometry is based on the signal combination of different antennas.

Disk

elliptical#
Gaussian

elliptical#
Gaussian

Bessel#

sharp#edges#result#in#many#high#spatial#frequencies#

2D Fourier Transforms

T(x,y) Amp{V(u,v)}

PSF shape vs. N ants

2 antennas

• to characterize a source, I need to sample as much as possible the uv plane. 

3 antennas

PSF shape vs. N ants

by increasing the number of antennas …

8 antennas x 240 samples

PSF shape vs. N ants

• ALMA has an “instantaneous” coverage uv plane…  
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Challenges: uv-coverage

Interferometry is based on the signal combination of different antennas.

UV Coverage

PSR B0525+21: Ef, Jb2 ,Mc ,O8 ,Tr ,Wb
750 mJy pulse, 15 baselines

RRAT J1819-1458: Ef,Jb2 , Mc, Wb
7 Jy pulse, 6 baselines 24



Challenges: uv-coverage

Dirty image: the good & the bad

PSR B0525+21: Ef, Jb2 ,Mc ,O8 ,Tr ,Wb
750 mJy pulse, 15 baselines

RRAT J1819-1458: Ef,Jb2 , Mc, Wb
7 Jy pulse, 6 baselines

25



Challenges: localization

Wide-field Facet Imaging

Why?

● Sometimes we don’t have good 
a priori position

● EVN as a non-coplanar array
● Easy parallelization for analysis

PSR B0525+21
10 arcsec radius
2-arcsec facets
0.5 mas resolution 26



Challenges: localization

Source Detection

● Combining all images is 
hard

instead we can

● Estimate noise from the 
entire map (parallelized)

● Plot peak SNR for each  
2’’x2’’facet

PSR B0525+21 diagnostic
750mJy pulse
1-arcmin radius
2-arcsec facets

W-E offset (mas)

N
-S

 o
ffs

et
 (m

as
)
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Challenges: localization

Delay Mapping

The residual delay from the phase center 
for each antenna with coordinate (u,v), to 
the first order, is given by

where Δα, Δᶖ are right ascension and 
declination offsets from the phase 
center.

Hence for each antenna, we have linear 
constraint on (Δα, Δᶖ).

In our data, this method gives ~1 arcsec 
constraint on position

Δα

Δ
ᶖ

Schematic illustration of delay mapping in 
the (Δα, Δᶖ) plane
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Localizing single pulses: we did it!

• Pulsar PSR B0525+21.

• Images of single pulses.

• Position accuracy within the

synthesized beam.

• Pulses with SNR > 6 within

few mas.
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Localizing single pulses: we did it!

• Pulsar PSR B0525+21.

• Images of single pulses.

• Position accuracy within the

synthesized beam.

• Pulses with SNR > 6 within

few mas.
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Conclusions

The EVN can image single pulses of ∼mas reaching astrometric

measurements of ∼arcsec (Huang et al. in prep.).

Completely new observing window with this instrument.

Interesting for several sources:

Pulsars: imaging of pulsars, e.g. inter-pulse emission.

RRATs: mas localization.

FRBs: imaging and localization (unambiguous localization).

In the coming years we will provide an accurate astrometry of poorly

localized RRATs, and hopefully FRBs.
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Thank you
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Challenges: localization

Position Measurements for RRAT J1819-1458

Simply concatenating all pulses 
might lead to spurious position 
(phase slope) measurement

Need NW - SE Baselines

Phase instability

● Low elevation
● 3° separation from the calibrator
● Only 29° away from the sun 
● Calibrator in the galactic plane  

Discarding points around bad 
calibration solutions improves 
consistency (red-blue markers)



EVN imaging: steps to be done

Next step

When did it happen?

Where is it in the 
primary beam?

Where is it exactly?



Challenges: pulsar backend

Single Pulse Search with the EVN Backend

● Bandpass correction
● IF-dependent Zero-DM subtraction 

(modified from Eatough et al. 
2009)

● De-disperse Trials & Match Filtering 
(Cordes & McLaughlin 2003)

Simulated dispersed & undispersed signals
(Eatough et al., 2009)

Dynamic spectrum of a chunk of our data



Challenges: pulsar backend

Pulse detection example output from our data 

RRAT J1819-1458, size of circle proportional to SNR
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