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It was all about Fast Radio Bursts (FRBs)…

• Fast Radio Bursts (FRBs)

• Duration of a few milliseconds

• Bright: ∼ 0.1–100 Jy

• At GHz radio frequencies

• Discovered by Lorimer et al. (2007)

• Tens/hundreds of them reported

(Petroff et al. 2016)

FRB 140514
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It was all about Fast Radio Bursts (FRBs)…

• The first repeater FRB 121102,

the only* precise localization

Spitler et al. (2014,2016)

• Low-metallicity star-forming region

in a dwarf galaxy at 972 Mpc

• Compact radio source (< 0.7 pc)

• Superluminous Supernova?

Massive Black Hole?

Chatterjee et al., Marcote et al.,

Tendulkar et al., Bassa et al. (2017)

FRB121102 with HST

Host galaxy

Star-forming region

FRB121102

Clearly associated with a star-
forming region in the host

Bassa et al. 2017

Bassa et al. (2017)

Marcote et al. (2017)
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Searching for new Fast Radio Bursts…

• Searching for similar sources:

Compact radio sources in dwarf

galaxies (Ofek 2017)

• FIRST J1419+3940

(Law et al. 2018)

attenuation with MIRIAD (Sault et al. 1995), and images at
each epoch detect J1419+3940 with a significance of
roughly 20σ.

We modeled the source in FITS images with Aegean and
quote peak flux densities in Table 2. The statistical errors are
roughly 0.1 mJy, but a joint analysis of all sources in the field
suggests that there are significant systematic effects as well. We
find that the standard deviation of peak flux for all sources
scales with brightness and has a minimum of 0.2 mJy. We add
this value to the statistical error in quadrature for all analysis
presented here.

The WSRT fluxes for J1419+3940 in Table 2 do not show a
purely secular decay, but instead suggest some small level of
gradual variability up and down across epochs. To assess the
possibility of short-term flux variability, we identified 22 other
unresolved sources within the WSRT field of view, each
detected at all or almost all epochs, and ranging in flux from 1
to 380 mJy. For each source, we extracted fluxes at each epoch,
and computed the mean flux μ, standard deviation σ, and
modulation index m≡σ/μ. J1419+3940 has m=0.21,
which is larger than for any of the other 22 sources, for which
the mean value is m=0.10±0.05. However, the first flux
measurement was made two years prior to the others, so the
apparent long-term decay of the flux of J1419+3940 increases
the modulation index. If we disregard the flux point from 1998,
we find m=0.17 for J1419+3940, which is comparable to that
for other millijansky sources in the field: for example, FIRST
J142131.9+392355 has a mean WSRT flux of 1.5 mJy with
m=0.20 and a randomly jittering flux across the WSRT
epochs, but has a somewhat different FIRST flux of 2.3 mJy.
On the other hand, FIRSTJ142103.2+392448 has μ=
2.2 mJy and m=0.15 with a smoothly varying light curve
like seen for J1419+3940, but has a similar FIRST flux of
2.3 mJy. Overall, we conclude that there is the suggestive
possibility from the data that J1419+3940 exhibits flux
variability, but we cannot definitively confirm or rule out such
behavior from the WSRT data.

3.1.4. VLA Archives

A search of the VLA archives revealed two VLA observing
campaigns with useful data toward J1419+3940. The first of
these is a legacy VLA observation AB6860, which was
observed in 1993 November (about nine months earlier than
FIRST), at both 325MHz and 1.4 GHz.

We analyzed the AB6860 observations in MIRIAD and
detected the source with a significance of 40σ at 1.4 GHz
(the 325MHz observations result only in an upper limit). The
AB6860 observations did not contain a flux calibrator, so the
flux scale is estimated via considering the fluxes of six field
sources, all detected as unresolved objects in the FIRST,
NVSS, and 10 WRST observations described above. Two of
these sources (FIRST J141858.8+394626 and FIRST
J142006.4+393503) show significant (>50%) changes in flux
between epochs, and are assumed to be variable sources. The
remaining four sources (FIRST J142009.3+392738, FIRST
J142030.5+400333, FIRST J142120.6+394110, and FIRST
J142123.5+393332) have consistent fluxes at 1.4 GHz across
all 12 epochs of approximately 35, 12, 15 and 380 mJy,
respectively. Setting the fluxes of these four sources to these
values in the AB6860 data, we determine a 1.4 GHz flux for
J1419+3940 at epoch 1993.87 of 27 mJy. We note though that
there is a 4%–5% difference in observing frequency between

the AB6860 observations and these other data (see Table 2).
Assuming a typical radio galaxy spectral index for these four
calibration sources of –0.7, and using the scatter between the
flux measurements from FIRST, NVSS, and WSRT as an
estimate of the uncertainties, we determine a 1.4 GHz flux for
J1419+3940 at this epoch of 26±2 mJy as listed in Table 2.
We see no linearly or circularly polarized emission from J1419
+3940 in these data above a 5σ limit of ∼4 mJy, corresponding
to a fractional upper limit of ∼15%.
The second archival VLA observation was conducted at

1.4 and 3.0 GHz in 2015 (a “Jansky” VLA project designated
15A-0338). We calibrated and imaged this observation using
CASA (McMullin et al. 2007). J1419+3940 is detected in both
the 1.4 and 3 GHz bands at a brightness of about 1 mJy with a
significance of 10–15σ. The mean flux across the 1.4 and
3 GHz bands implies a spectral index of α1.4/3=−0.6±0.2.
This late-time spectral index measurement has changed
significantly from the early lower limits on the spectral index
between 0.35 and 1.4 GHz.

3.2. Association with a Host Galaxy

J1419+3940 is located 0 5 from the center of the galaxy
SDSS J141918.81+394035.8 (Abolfathi et al. 2018) with an
r-band magnitude ∼19. The galaxy is also detected by Pan-
STARRS (Chambers et al. 2016), the Dark Energy Camera
Legacy Survey (DECaLS; Dey et al. 2018), the intermediate
Palomar Transient Factory (iPTF; Masci et al. 2017), and the
USNO-B Survey (Monet et al. 2003). Figure 2 shows the
association of J1419+3940 with the galaxy. The iPTF DR3
catalog shows it was detected in 34 epochs spanning 2.3 years
around 2009 and had no significant variability. The USNO-B1
catalog shows that the galaxy had a similar magnitude in 1979.
A Sloan Digital Sky Survey (SDSS) spectrum of the galaxy9

finds strong emission lines indicative of active star formation.
These lines provide a robust redshift measurement of z=
0.01957 (a distance of 87Mpc using H0= 67.4 km s−1Mpc−1;

Figure 2. Comparison of J1419+3940 and its host galaxy as seen by Pan-
STARRS in g, r, i, and zbands. Each panel is centered on the stacked position
of SDSS J141918.81+394035.8 (a.k.a. PSO J141918.804+394035.996) with
contours at 3 and 10 times the noise in each image. The FIRST radio
localization of J1419+3940 is shown as a black circle with radius 0 3.

8 In a remarkable coincidence, one of us (B.M.G.) was a co-investigator on
this archival observation.
9 Seehttps://dr9.sdss.org/spectrumDetail?plateid=1380&mjd=53084&fiber=
534.
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FRB121102 with HST

Host galaxy

Star-forming region

FRB121102

Clearly associated with a star-
forming region in the host

Bassa et al. 2017
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A decaying radio transient: FIRST J1419+3940

Decaying radio light-curve for

the last 30 years

Located at 87 Mpc

Consistent with:

- Long GRB afterglow:

E
iso ∼ 10

53

erg,

θ
obs

∼ 30
◦

- Magnetar wind nebula

Law et al. (2018, ApJL, 866, L22)
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values θobs1.0 can also work given the uncertainties. The
stronger evidence for an off-axis viewing angle comes from the
lack of a coincident GRB (Section 3.3), and from the overall
much higher geometrical probability of seeing an off-axis
event 1 cos obsqµ - .

We also compared predictions for X-ray flux for the best
afterglow models to the measured flux limit in late 1990. For
viewing angles θobs0.6, the models predict a flux above the
measured flux limit and lasting for tens of days. The radio data
are most consistent with an explosion two to three years later,
so the ROSAT nondetection is consistent with the off-axis GRB
model.

One exception to the generally good afterglow fits is the
most recent 3 GHz nondetection by VLASS, which requires a
∼50% drop in flux over a baseline of just two years from the
prior detection. Such a rapid change is challenging to explain in
afterglow models; even large discontinuities in the ISM density

produce at most order-unity changes in flux (Mimica &
Giannios 2011), but only over timescales comparable to the
source age, which in this case is 23 years. Alternatively, this
flux drop may be a sign of scintillation-induced fluctuation.
Reanalysis of VLASS data or new observations are needed to
confirm the flux drop.
If J1419+3940 is indeed a GRB afterglow, its nearby

distance and long observational baseline as compared to
cosmological GRBs enables an unprecedented test of the
late-time behavior of afterglow light curves. The standard
prediction for late-time decay is (Frail et al. 2000, 2004)

F t t 5p

p

3 5 7 10
2.2

1.2µ »n
- -

=
- ( )( )

where we have again used p=2.2 for consistency with the
late-time 1.4/3 GHz spectral index. However, these models do
not generally include the late-time flattening of the radio light
curve, which is expected as the blast wave enters the so-called
“deep Newtonian” regime (Sironi & Giannios 2013). In the
deep Newtonian regime, which happens after a timescale tDN »

E n2.1 years eK,51
1 3

0
1 3

, 1
5 6�-
- , the bulk of the shock-accelerated

electrons turn non-relativistic and the theory of Fermi
acceleration at shocks (Blandford & Eichler 1987) predicts
that the electron spectrum should be a power-law distribution in
momentum rather than energy. In that case, the light curve is
predicted to decay as a shallower power law given by

F t t , 6p

p

3 1 10
2.2

0.96µ »n
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where pis the electron distribution power-law slope.
The bottom panel of Figure 4 shows that, if we were to

neglect the physically motivated deep Newtonian correction,
our model would underpredict the late-time 1.4 GHz flux
measurements by nearly a factor of 2. Our observations of
J1419+3940 may thus provide some of the first evidence that
GRB afterglows decay at late times in a way that is consistent
with predictions for the deep Newtonian regime (Sironi &
Giannios 2013).

4.2. Magnetar Birth Nebula

Our discussion thus far has focused on radio transients from
an external blast wave interacting with surrounding gas.
Alternatively, J1419+3940 could be fading emission from
the wind nebula powered by a young compact object, such as a
flaring magnetar, embedded behind the ejecta of a decades-old
supernova remnant (Metzger et al. 2014, 2017; Murase et al.
2016; Margalit et al. 2018; Omand et al. 2018). While these
transients are luminous, their long evolution timescale has
made it hard to constrain this population. Indeed, such a model
was proposed in the context of the quiescent radio source
discovered to be spatially coincident with the repeating fast
radio burst FRB 121102 (Chatterjee et al. 2017; Metzger et al.
2017) , although that source has not been observed long
enough to know if it is fading like J1419+3940. The search for
these kinds of sources was the original motivation of Ofek
(2017) that discovered J1419+3940 with a peak luminosity
nearly equal to that of the FRB 121102 quiescent radio source.
In this model, the 1.4 GHz radio emission is obscured by

free–free absorption through the supernova ejecta shell for the
first couple of decades of its evolution (e.g., Connor et al. 2016;
Piro 2016; Margalit et al. 2018), so its explosion would be
significantly earlier than implied in the GRB afterglow model.

Figure 4. Radio light curve of J1419+3940 starting in 1993 compared to GRB
afterglow models that include deep Newtonian corrections (van Eerten et al. 2012;
Sironi & Giannios 2013). Top panel: the measurements are shown with red,
yellow, and cyan representing 0.35, 1.4, and 3.0 GHz fluxes, respectively.
The lines use the same color scheme and show the model fluxes for a GRB
viewing angle θobs=0.6 rad with explosion date 83 days before the first
measurement in late 1993. The isotropic energy is Eiso≈2×1053 erg (giving a
beaming-corrected energy of EK ∼ 1051 erg), constant ISM density n=10 cm−3,
electron index p=2.2, and microphysical parameters òe=0.1, òB=0.025.
Bottom panel: a set of afterglow models is compared to measurements at 1.4 GHz.
The θobs=0.6 rad model is the same as in the top panel and defines the x-axis
labels. The dashed line shows 1.4 GHz predictions without corrections for the deep
Newtonian phase. The cyan and red lines show how the 1.4 GHz predictions
change for viewing angles of 0.0 (on axis) and 1.0rad, respectively. The explosion
dates are set to fit to the first 1.4 GHz measurement and occur 45 and 180 days
before that measurement, respectively.
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Long Gamma-Ray Bursts (GRBs)
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European VLBI Network (EVN) observations

• e-EVN ToO at 1.6 GHz

• 2018 September 18

• ∼ 4.5 h on target

• 12 antennas:

9 EVN + 3 e-MERLIN

• Effelsberg PSRIX data

• 40.96 µs, 0.2438 MHz

• DM trials 0–1210.8 pc cm
−3

Jb
eMERLIN

Wb
Ef

Mc

On

Sh
Tr

Hh

Sr

Marcote et al. (2019, ApJL, 876, L14)
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FIRST J1419+3940 on milliarcsecond scales

• Flux density: 620± 20 µJy

at 1.6 GHz

• νLν = (9.4±0.3)×10
36

erg s
−1

• Spectral index≲ −0.62

• Size: 3.9± 0.7 mas:

1.6 ± 0.3 pc

• Synthesized beam:

6× 5 mas
2

• Average expansion (30 yr):

(0.11 ± 0.02)c

• No bursts were detected.

Marcote et al. (2019, ApJL, 876, L14) 1995 2000 2005 2010 2015
Date (yr)

0.1

1

10
S
ν

(m
Jy

)

1.6 GHz (EVN)
1.4 GHz (Law et al. 2018)
3.0 GHz (Law et al. 2018)
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Reconstructing the initial jet

Total jet energy∼ 10
51

erg

ISM number density∼ 10 cm
−3

Viewing angle∼ 30
◦

Jet half-opening angle∼ 5.7◦

Trumpet jet expansion

(Granot & Piran 2012)

Spherical non-relativistic solutions

after 2–3 yr

(Zhang & MacFadyen 2009)
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Conclusions

• FIRST J1419+3940 exhibits a size of 1.6± 0.3 pc (in Sep. 2018).

• Mildly relativistic average expansion velocity of∼ 0.11c.

• Faster declining during the last years.

• Consistent with an (orphan) afterglow of a putative long GRB.

• Radio transients to find missing GRBs?

• Source properties different from FRB 121102.

• No FRBs detected during the observations. But…

Marcote et al. (2019, ApJL, 876, L14)
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Thank you!
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Expected light-curves from GRB models (Law et al. 2018)

values θobs1.0 can also work given the uncertainties. The
stronger evidence for an off-axis viewing angle comes from the
lack of a coincident GRB (Section 3.3), and from the overall
much higher geometrical probability of seeing an off-axis
event 1 cos obsqµ - .

We also compared predictions for X-ray flux for the best
afterglow models to the measured flux limit in late 1990. For
viewing angles θobs0.6, the models predict a flux above the
measured flux limit and lasting for tens of days. The radio data
are most consistent with an explosion two to three years later,
so the ROSAT nondetection is consistent with the off-axis GRB
model.

One exception to the generally good afterglow fits is the
most recent 3 GHz nondetection by VLASS, which requires a
∼50% drop in flux over a baseline of just two years from the
prior detection. Such a rapid change is challenging to explain in
afterglow models; even large discontinuities in the ISM density

produce at most order-unity changes in flux (Mimica &
Giannios 2011), but only over timescales comparable to the
source age, which in this case is 23 years. Alternatively, this
flux drop may be a sign of scintillation-induced fluctuation.
Reanalysis of VLASS data or new observations are needed to
confirm the flux drop.
If J1419+3940 is indeed a GRB afterglow, its nearby

distance and long observational baseline as compared to
cosmological GRBs enables an unprecedented test of the
late-time behavior of afterglow light curves. The standard
prediction for late-time decay is (Frail et al. 2000, 2004)
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where we have again used p=2.2 for consistency with the
late-time 1.4/3 GHz spectral index. However, these models do
not generally include the late-time flattening of the radio light
curve, which is expected as the blast wave enters the so-called
“deep Newtonian” regime (Sironi & Giannios 2013). In the
deep Newtonian regime, which happens after a timescale tDN »

E n2.1 years eK,51
1 3

0
1 3

, 1
5 6�-
- , the bulk of the shock-accelerated

electrons turn non-relativistic and the theory of Fermi
acceleration at shocks (Blandford & Eichler 1987) predicts
that the electron spectrum should be a power-law distribution in
momentum rather than energy. In that case, the light curve is
predicted to decay as a shallower power law given by
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where pis the electron distribution power-law slope.
The bottom panel of Figure 4 shows that, if we were to

neglect the physically motivated deep Newtonian correction,
our model would underpredict the late-time 1.4 GHz flux
measurements by nearly a factor of 2. Our observations of
J1419+3940 may thus provide some of the first evidence that
GRB afterglows decay at late times in a way that is consistent
with predictions for the deep Newtonian regime (Sironi &
Giannios 2013).

4.2. Magnetar Birth Nebula

Our discussion thus far has focused on radio transients from
an external blast wave interacting with surrounding gas.
Alternatively, J1419+3940 could be fading emission from
the wind nebula powered by a young compact object, such as a
flaring magnetar, embedded behind the ejecta of a decades-old
supernova remnant (Metzger et al. 2014, 2017; Murase et al.
2016; Margalit et al. 2018; Omand et al. 2018). While these
transients are luminous, their long evolution timescale has
made it hard to constrain this population. Indeed, such a model
was proposed in the context of the quiescent radio source
discovered to be spatially coincident with the repeating fast
radio burst FRB 121102 (Chatterjee et al. 2017; Metzger et al.
2017) , although that source has not been observed long
enough to know if it is fading like J1419+3940. The search for
these kinds of sources was the original motivation of Ofek
(2017) that discovered J1419+3940 with a peak luminosity
nearly equal to that of the FRB 121102 quiescent radio source.
In this model, the 1.4 GHz radio emission is obscured by

free–free absorption through the supernova ejecta shell for the
first couple of decades of its evolution (e.g., Connor et al. 2016;
Piro 2016; Margalit et al. 2018), so its explosion would be
significantly earlier than implied in the GRB afterglow model.

Figure 4. Radio light curve of J1419+3940 starting in 1993 compared to GRB
afterglow models that include deep Newtonian corrections (van Eerten et al. 2012;
Sironi & Giannios 2013). Top panel: the measurements are shown with red,
yellow, and cyan representing 0.35, 1.4, and 3.0 GHz fluxes, respectively.
The lines use the same color scheme and show the model fluxes for a GRB
viewing angle θobs=0.6 rad with explosion date 83 days before the first
measurement in late 1993. The isotropic energy is Eiso≈2×1053 erg (giving a
beaming-corrected energy of EK ∼ 1051 erg), constant ISM density n=10 cm−3,
electron index p=2.2, and microphysical parameters òe=0.1, òB=0.025.
Bottom panel: a set of afterglow models is compared to measurements at 1.4 GHz.
The θobs=0.6 rad model is the same as in the top panel and defines the x-axis
labels. The dashed line shows 1.4 GHz predictions without corrections for the deep
Newtonian phase. The cyan and red lines show how the 1.4 GHz predictions
change for viewing angles of 0.0 (on axis) and 1.0rad, respectively. The explosion
dates are set to fit to the first 1.4 GHz measurement and occur 45 and 180 days
before that measurement, respectively.
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Discussion II

Comparison with FRB 121102

• Similar luminosities (∼ 10
38

erg s
−1

)

• Declining light-curve. Younger? (∼ 30 vs 50–100 yr)

• Larger size. Consistent with ejecta speeds of 10
3–4

km s

−1

(Margalit & Metzger 2018; Piro & Gaensler 2018)

• Fluences> 2.5 Jy ms would be expected

Comparison with PTF10hgi

• Radio source coincident with SLSN (Eftekhari et al. 2019)

• Comparable E
iso

∼ 3× 10
53

erg, n ∼ 10 vs 10
−3

–10
2

cm
−3



FIRST J1419+3940 on milliarcsecond scales
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FIRST J1419+3940 on milliarcsecond scales

• Source size (circular Gaussian):

3.9± 0.7 mas

1.6± 0.3 pc

• Tb ∼ 1.1× 10
7

K

• Mean expansion velocity:

(3.2± 0.6)× 10
4

km s

−1

(0.11± 0.02)c

Mildly relativistic
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