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Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.
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Fast radio bursts (FRB)
Lorimer+07

• τ ~ 1 ms
• Sν ~ 1 Jy   [Jy = 10-23 erg/s/cm2/Hz]

• ν ~ GHz  (Δν/ν ~ 0.1)
• event rate ~ 103 day-1 sky-1

• δtν ~ ν -2 

& DM ~ 100-1000 cm-3 pc



Why FRB?

Because 

1. FRB is a unique probe of the cosmological plasma,

2. FRB is the most powerful laser in the Universe,

3. and the source is still unknown.



FRB = A Unique Probe of the Cosmological Plasma 

Ioka 03; Inoue 04; …



FRB = The Most Powerful Coherent Emission in the Universe

Bochenek et al. 20
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(The source is still unknown)FRB = ???



Up-to-date fact sheet
• A few 100 events so far with Parkes, Arecibo, GBT, UTMOST, ASKAP, 

CHIME, STARE2, … 

• ~10 host galaxies known;

FRB121102, FRB180916.J0158+65,

FRB180924, FRB181112, FRB190523, …

“FRB”200428 (MW)

• Roughly ~10 % are repeating;
FRB121102, FRB180916.J0158+65, …

2 show periodicity. 

• 2 counterparts detected;
FRB121102 (persistent radio) and “FRB”200428 (X-ray burst)

• 1 source identification;
“FRB”200428 = SGR1935+2154

h"p://frbcat.org/

http://frbcat.org/


FRB200428 from SGR 1935+2154
detected by CHIME (~kJy @ 400-800 MHz) and STARE2 (~Mega Jy @ 1.3GHz )

The CHIME/FRB Collaboration et al. 20;
Bochenek et al.20
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Mind the Gap?

Bochenek et al. 20

Eiso,FRB,MW ⇠ 1035 erg
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The X-ray burst counterpart of “FRB”200428
ü detected by Integral, Konus-wind, AGILE, and Insight-HXMT in coincidence with the FRB. 
ü Flux and timescale is consistent with the intermediate magnetar flare,
ü though the spectrum is significantly harder.

Lu et al. 20; Mereghetti et al. 20; Ridnaia et al. 20; Tavani et al. 20; …

Eiso,X ⇠ 1040 erg ⇠ 105Eiso,MW�FRB
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The X-ray burst counterpart of “FRB”200428
ü detected by Integral, Konus-wind, AGILE, and Insight-HXMT in coincidence with the FRB. 
ü Flux and timescale is consistent with the intermediate magnetar flare,
ü though the spectrum is significantly harder.

Younes et al. 20



Questions on the neutron star model

• What is the emission mechanism of FRB?

• What type of NSs can be the source of FRB?

• How such NSs are formed with what type of explosion?



What is the FRB emission mechanism?

ü Energy budget? 
magnetic field or rotation

ü Emission site?
magnetosphere or 
wind zone or 
nebula

ü Emission process? 
coherent curvature emission or 
synchrotron maser or 
else 

Murase, KK, Meszaros 16



How to produce FRB with X-ray burst? 

ü Trapped fireball + coherent curvature? ü shock + synchrotron maser?

Falcke & Rezzolla 13; KK et al, 13; Pen & Connor 15;
Cordes & Wasserman 16; Lyutikov et al. 16;
Kumar et al. 17; Zhang 17; Lu et al. 20; Ioka 20; …

Hoshino & Arons 91; Gallant, Hoshino, et al. 92
Lyubarsky 14; Murae, KK, Meszaros 16;Waxman 17; 
Beloborodov 17, 19; Metzger et al. 19; Margalit et al. 20; …



Multi-Wavelength Constraints on the Outflow Properties

Yamasaki, KK, Murase 20

• No time delay between FRB and X-ray flare

• The non-thermal spectrum of the X-ray flare
à compactness problem in X-ray

• Plasma cutoff frequency
à compactness problem in radio

• The emission radii are strongly constrained 
for both the CCR and SMI models.

• Extremely clean (η > 104 ) and/or highly 
magnetized (σ0 > 103 ) outflows are implied, 
which may be consistent with the rarity of 
FRB20048 like events.



What type of NSs can be the source of FRB?

©Teruaki Enoto



What type of NSs can be the source of FRB?

SGR J1935+2154



What type of NSs can be the source of FRB?

Magnetic field is 

not strong enough?



What type of NSs can be the source of FRB?

Not young enough?

Or m
agnetically inactive?

Tanaka-san’s talk



What type of NSs can be the source of FRB?



Periodically repeating FRB
CHIME/FRB Collaboration et al. 20

Rajwade et al. 20

ü FRB 180916.J0158+65 :  T = 16.5 day 

ü FRB 121102 :  T = 156.9 day 



Periodically repeating FRB
e.g., Ioka & Zhang 20 Levin et al. 20; Zanazzi & Lai 20ü In a binary? ü Precession?



How such NSs are formed with what type of explosion?

In general, NSs can be formed via 
1. core collapse of (single or binary) massive stars
2. accretion induced collapse of white dwarfs
3. coalescence of binary neutron stars ß Haoxiang-san’s talk



FRB Host Galaxy

Macquart et al. 20; Bhandari et al. 20



correlation, is proportional to ξ. Localization of the source in an
image (whether in the image or in the uv-domain) will tend to
have the same scaling if the uv-data are calculated with a tight
gate (time window) around the pulse so that it also scales as w.
Using only fluence as a detection statistic is not appropriate
because a high-fluence, very wide burst can still be buried in
the noise, whereas a narrower burst with equivalent fluence is
more easily discriminated from noise. Burst#2 was roughly an
order of magnitude brighter than the other three bursts and
shows a detection statistic ξ that is also a factor of >6 higher
than the other bursts. This brightest burst is separated by only
~7 mas from the centroid of the persistent source at the same
epoch and is positionally consistent at the ∼2σ level. We thus
find no convincing evidence that there is a significant offset
between the source of the bursts and the persistent source.
Since burst#2ʼs detection statistic, ξ, is significantly larger
than for any of the other three bursts, its apparent position is
least affected by noise in the image plane, as we explain in the
following section, Section 3.2. As such, in principle, it provides
the most accurate position of all four detected bursts and the
strongest constraint on the maximum offset between bursts and
the compact, persistent radio source.

3.2. Astrometric Accuracy

The astrometric accuracy of full-track (horizon-to-horizon
observations) EVN phase-referencing is usually limited by
systematic errors due to the poorly modeled troposphere,
ionosphere, and other factors. These errors are less than a
milliarcsecond in ideal cases (Pradel et al. 2006), but in practice
they can be a few milliarcseconds. Given the short duration of

the bursts (a few milliseconds), our interferometric EVN data
only contain a limited number of visibilities for each burst,
which results in a limited uv-coverage and thus very strong,
nearly equal-power sidelobes in the image plane (see Figure 3,
bottom panel). In this case, we are no longer limited only by the
low-level systematics described above. The errors in the
visibilities, either systematic or due to thermal noise, may lead
to large and non-Gaussian uncertainties in the position,
especially for low S/N, because the response function has
many sidelobes. It is not straightforward to derive the
astrometric errors for data with just a few-milliseconds
integration. Therefore, we conducted the following procedure
to verify the validity of the observed positions and to estimate
the errors.
First, we independently estimated the approximate position

of the strongest burst by fringe-fitting the burst data and using
only the residual delays (delay mapping; Y. Huang et al. 2017,
in preparation). With this method we have obtained an
approximate position of ( )a d= =-

+5 31 58. 698 ,J2000
h m s

0.006
0.004

J2000

( )n ¢ ´ -
+33 8 52. 586 0.044

0.040 , where the quoted errors are at the 3σ
level. This method provides additional confidence that the
image-plane detection of the bursts is genuine, since the
positions obtained with the two methods are consistent at the
3σ level.

Figure 1. EVN image of the persistent source at 1.7 GHz (white contours)
together with the localization of the strongest burst (red cross), the other three
observed bursts (gray crosses), and the position obtained after averaging all
four bursts detected on 2016 September 20 (black cross). Contours start at a 2σ
noise level of 10μJy and increase by factors of 21 2. Dashed contours represent
negative levels. The color scale shows the image at 5.0 GHz from 2016
September 21. The synthesized beam at 5.0 GHz is represented by the gray
ellipse at the bottom left of the figure and for 1.7 GHz at the bottom right. The
lengths of the crosses represent the 1σ uncertainty in each direction. Crosses for
each individual burst reflect only the statistical errors derived from their S/N
and the beam size. The size of the cross for the mean position is determined
from the spread of the individual burst locations, weighted by ξ (see the text),
and is consistent with the centroid of the persistent source to within s<2 .

Figure 2. Top: dynamic spectrum of the strongest burst detected on 2016
September 20 (burst #2 in Table 1) from Arecibo autocorrelations, showing
the dispersive sweep across the observing band. Bottom: coherently
dedispersed and band-integrated profiles of the same burst as observed in the
cross-correlations for Arecibo–Effelsberg (Ar-Ef), Arecibo–Medicina (Ar-Mc),
and Effelsberg–Onsala (Ef-O8) after only applying a priori calibration. The
measured peak brightnesses are 11.9, 10.7, and 10.9 Jy, respectively, where the
error is typically 10%–20% for a priori calibration. The rms on each baseline is
12, 80, and 300 mJy, respectively.
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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).

109 1010 1011 1012 1013 1014 1015 1016 10 17 10 18

Frequency (Hz)

10 –18

10 –17

10 –16

10 –15

10 –14

10 –13

QF
Q (

er
g 

cm
–2

 s
–1

)
VLA

ALMA

GLIMPSE

UKIDSS

XMM-Newton
and Chandra

Gemini i-band

Keck R-band

Gemini r-band

Henize 2-10
Radio-loud AGN
Crab nebula

Radio counterpart
Optical counterpart

10 –5 10 –4 10 –3 10 –2 10 –1 10 0 10 1 10 2 10 3 10 4

Energy (eV)

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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The Persistent Radio Counterpart 
of FRB121102 

A few x 1039 erg/s @ 1-10 GHz

The source is localized within ~ 0.7 pc, 
associated with a star forming region in
a dwarf star bursting galaxy



The minimum requirements on the electrons

Synchrotron emission

where

Beloborodov 17;KK & Murase 17

Resmi et al. 20
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/ ⌫1.31±0.2
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The flat SED indicates a hard electron spectrum,  
dN/γ ∝ γ-p with p ~ 0-1

The difference in the spectral indices 
is Δαobs ∼ 1.25, different from 
what is expected due to synchrotron cooling 
of continuously injected electrons (Δαc ∼ 0.5).

The parent electron spectrum is also “spiky”? 



The source of the electrons

Electron/position pair dominated Ion + electron dominated?

spindown luminosity            and/or            magnetic flare 

KK & Murase 17 Margalit+17 Beloborodov 17

The NS is born with a millisecond rotation
and a sufficiently high magnetic field

ü A superluminous supernova at its birth?

The magnetar is less than ~100 years old,
significantly more active than those in our galaxy.

ü compatible with the synchrotron maser model

also Kotera-san’s talk



Synchrotron boiler for FRB121102
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ü Both scenarios can work if and only if the magnetization is quite high,                 , 
which is qualitatively different from Galactic young pulsars.

ü The scenarios can be distinguished from the time evolution. 

✏B & 0.1
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calculate how the emission spectrum evolve with time depending on the history of 
injection, heating, and cooling of the parent electrons in the nebula KK et al. in prep

Bp = 1013 G, P0 = 2 ms, Mej = 3 Msun, γinj = 105 Bp = 1014 G, P0 = 30 ms, Mej = 10 Msun, γinj = 102

preliminary



Summary and Outlook
• FRB is exciting because

1. FRB is a unique probe of the cosmological plasma,
2. FRB is the most powerful laser in the Universe,
3. and the source is still unknown.

• The recent discovery of an FRB-like burst from a galactic magnetar with 
an X-ray flare motivates us to investigate the neutron star model more 
intensively. 

• Questions on the neutron star model
1. What is the emission mechanism of FRB?
2. What type of NSs can be the source of FRB?
3. How such NSs are formed with what type of explosion?

ß Very promising

Q1 would be the most difficult, but Q2 and Q3 could be solvable in the coming decade.

In a sense, I also hope that all my expectations are wrong (more puzzles, more fun),  
except for that for the FRB cosmology.



appendix



Supernova Zoo

Gal-Yam 12



pulsar wind nebula
(PWN)

supernova ejecta

~ a few days to months after the explosion

The PWN emission starts to escape 
the supernova ejecta.
And, also (repeating) FRBs? 

The non-thermal pulsar wind nebula (PWN)
emission is absorbed and thermalized in 
the supernova ejecta.
→ a luminous supernova.

A Very Young NS in a Bubble
~ 1-100 yr after the explosion



SLSN-FRB connection?

Repeating FRBs?

Follow-up observations of 
~10 yr old SLSN remnants 
with VLA, ALMA

~10-100 yrs
later…

Superluminous supernova

Law, Omand et al. 19; Eftekhari et al. 19,20

Murase, KK, Meszaros 16; KK & Murase 17; Metzger+16; Margalit+17



The radio counterpart of SLSNe

Eftekhari et al. 20



Host galaxy of PTF10hgi
= a dwarf star bursting galaxy 
as FRB121102

The radio counterpart is NOT likely due an obscured star formation. 



The radio counterpart of PTF10hgi

• The theoretical model with relevant electron cooling processes (Murase, KK, et al. 15)
ü SLSN light curve à the model parameters : Bp ~ 2x1014 G, P0 ~ 5 ms, Mej ~ 2 Msun
ü The injection spectrum of electron : a broken power law consistent with the crab
ü The model slightly underpredicts the radio fluxes

Eftekhari et al. 20


