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Layout what is known

Put it in perspective

Raise questions about unknowns



Localization! Localization! Localization!

Lots and lots of potential hosts

Also, many radio counterparts
Few weak X-ray sources (Scholz et al 2016)
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a position and e↵ective radius, taken as the Gaussian
�, consistent with the Sérsic profile convolved with the
point-spread-function. The results of the fits are shown
in Figure 3.
The position and extent of the host galaxy, as ap-

proximated with the two-dimensional elliptical Gaussian
profile, agrees well in the r0 and i0 bands (semi-major
axis �a = 0.0044 with ellipticity b/a = 0.68), while the
z0-band has a slightly o↵set position and appears larger
(� = 0.0059 with b/a = 0.45). We attribute this di↵erence
to the fact that the the r0 and i0 bands are dominated
by the bright emission lines of H↵, H�, [O III] �4959
and [O III] �5007, while the redder z0-band traces the
continuum flux of the host galaxy. As such, the mor-
phology suggests that the host galaxy has at least one
H II region at a slight o↵set from the galaxy center.
Finally, the bottom right panel of Figure 3 plots the

Gaussian centroids on the International Celestial Refer-
ence Frame (ICRF) through the astrometric calibration
of the r0, i0, and z0 images against Gaia. The posi-
tional uncertainties in each axis are the quadratic sum
of the astrometric tie against Gaia (of order 2mas) and
the centroid uncertainty on the image (between 20 and
50mas). The Gaia frame is tied to the ICRF defined
via radio VLBI to a ⇠1mas precision (Mignard et al.
2016), much smaller than the centroid uncertainty. We
find that the position of the persistent radio source seen
with the EVN at an observing frequency of 5GHz with
a 1-mas precision (Marcote et al. 2017), is o↵set from
the galaxy centroids by 186±68 and 163±32mas in the
line-dominated r0 and i0 images, and 286±64mas in the
continuum-dominated z0 image. Though o↵set from the
centroids, the persistent radio source is located within
the e↵ective radii of the di↵erent bands.

4. DISCUSSION AND CONCLUSIONS

The observations presented here confirm the interpre-
tation by Chatterjee et al. (2017) that the extended
optical counterpart associated with FRB121102 is the
host galaxy of the FRB. Our measurement of the red-
shift z = 0.19273 is consistent with the DM-estimated
value of zDM < 0.32 (Chatterjee et al. 2017) and to-
gether with the very low chance superposition probabil-
ity, firmly places FRB121102 at a cosmological distance,
ruling out all Galactic models for this source.
In the following discussion, we assume the cosmolog-

ical parameters from the Planck Collaboration et al.
(2016) as implemented in astropy.cosmology (Astropy
Collaboration et al. 2013), giving a luminosity distance
of DL = 972Mpc, and 100 corresponding to projected
proper and comoving distances of 3.31 kpc and 3.94 kpc,
respectively.

Figure 3. The top left, top right and bottom left pan-
els show respective 7.004 ⇥ 7.004 subsections of the GMOS r0,
i0 and z0 images, centered on the optical counterpart to
FRB121102. Each image has been smoothed by a Gaussian
with a width of 0.002, while the plus sign and ellipse denote
the position and extent of a two-dimensional Gaussian fit
to the spatial profile of the counterpart. The i0-band image
also shows the narrower Sérsic fit by galfit. The bottom
right panel combines the positional and morphological mea-
surements from the di↵erent bands on an astrometric frame
of 100 ⇥ 100 in size. The colors are identical to those used in
the other panels. The large ellipses denote the extent of the
Gaussian and Sérsic fits, while the small ellipses denote the
1-� absolute positional uncertainties. The location of the
persistent counterpart as measured with the EVN at 5GHz
by Marcote et al. (2017) is represented by the black cross.
The uncertainty in the EVN location is much smaller than
the size of the symbol.)

We use the Schlegel et al. (1998) estimate of the Galac-
tic extinction along this line of sight1, EB�V = 0.781.
Using RV = 3.1, we find AV = 2.42, and use the Cardelli
et al. (1989) Galactic extinction curve to correct the
spectrum with band extinctions of Ar0 = 2.15, Ai0 =
1.63, and Az0 = 1.16mag. We note that the Schlafly
et al. (2010); Schlafly & Finkbeiner (2011) recalibrated
extinction model predicts a slightly lower extinction of
EB�V = 0.673. The results described below are insen-
sitive to di↵erences in the extinction at this level. We
do not apply k-correction to the magnitudes as they are
not needed for the precision discussed here.

1 From the IRSA Dust Extinction Calculator http://irsa.

ipac.caltech.edu/applications/DUST/

Gemini Observations
(Oct-Dec 2016)

àDwarf galaxy

àFRB not at optical center

àr and i band centers shifted

àBright knot of star formation?
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F110W F160W

Size (5-7 kpc)

Distorted

Foreground Star

Resolved knot
Other diffuse galaxies?
(no redshift/spectra) 

HST WFC3 Infrared Observations

Bassa et al (2017)
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F110W F160W

HST WFC3 Infrared Observations (Zoom-In)

FRB EVN Location
(red cross) 
60 mas == 180 pc

Knot size (half light radius)
0.2” == 700 pc 
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F110W F160W

HST WFC3 Infrared Observations (Zoom-In)
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Knot size (half light radius)
0.2” == 700 pc 
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Figure 4. The relative sky coordinates (measured from the fore-
ground star) of the centroid positions of the Hα emission (this
work), and of the r′-band, i′-band, and z′-band light (Gemini/G-
MOS; Tendulkar et al. 2017) of the FRB 121102 host (crosses).
Small thin ellipses denote the 1σ absolute positional uncertainties.
The larger thick dotted ellipse denotes the two-dimensional Gaus-
sian fit for the stellar continuum-dominated z′-band image (Fig-
ure 3 of Tendulkar et al. 2017). The thick and thin dotted circles
around the centroid position of the Hα emission denote the es-
timated size of the Hα emission region in the FRB 121101 host
galaxy (rHα ∼ 0′′.14 and a more conservative one rHα < 0′′.24, re-
spectively, at 1σ radius; see Section 3).

(Chatterjee et al. 2017; Marcote et al. 2017), which is be-
lieved to have a direct relationship to the FRB 121102 ra-
dio bursts (see e.g., Murase et al. 2016; Metzger et al. 2017;
Kashiyama & Murase 2017; Beloborodov 2017). From these
values, the relative sky coordinates of the positions of the
r′-, i′-, and z′-band light of the FRB 121102 host and the
FRB 121102 radio bursts measured from the foreground star
are calculated as

(∆R.A.,∆Dec.)

= (0′′.8741± 0′′.0515,2′′.6530± 0′′.0473) [r′-band] (3)

= (0′′.8980± 0′′.0318,2′′.6290± 0′′.0274) [i′-band] (4)

= (0′′.8201± 0′′.0443,2′′.5420± 0′′.0445) [z′-band] (5)

= (1′′.0448± 0′′.0095,2′′.7166± 0′′.0096) [Radio Burst].(6)

The relationships among the centroid positions of the
Hα emission region, r′-, i′-, and z′-band light, and the
FRB 121102 bursts are shown in Figure 4. As noted by
Tendulkar et al. (2017), z′-band light is dominated by the
stellar continuum light, and r′ and i′-bands contain both the
stellar continuum light and the strong line emission (Hβ and
[O III] in r′-band, and Hα in i′-band). Therefore, based on
the observed offsets between the centroids of the r′-, i′-,

and z′-band light, Tendulkar et al. (2017) suggested that the
FRB 121102 host galaxy has an H II region at a slight offset
from the centroid of the stellar continuum. Our observa-
tions verify this suggestion; the centroid of the Hα emission
region determined from our Kyoto 3DII data is located at
a position offset from the centroid of the z′-band light by
∼ 0′′.29 (0.96 kpc). On the other hand, the spatial offset be-
tween the centroid of the Hα emission region and the radio
burst position is quite small [∼ 0′′.08 (0.26 kpc)]. As the the
spatial extent of the Hα emission region is rHα ∼ 0′′.14 (or
more conservatively, rHα < 0′′.24; Section 3), we conclude
that the FRB 121102 radio bursts are located inside of the
Hα emission region.

It is observationally known that hydrogen-poor SLSNe
and LGRBs preferentially occur in the brightest star-forming
regions in their host galaxies, where the most massive stars
are expected to form (Fruchter et al. 2006; Kelly et al. 2008;
Lunnan et al. 2014; Angus et al. 2016; Blanchard et al. 2016;
Lyman et al. 2017, and references therein). As described
above, FRB 121102 shows similar spatial association with
the Hα emission (i.e., star-forming) region in the host galaxy,
suggesting that FRB 121102 radio bursts are produced by a
young NS or a magnetar formed as a result of a massive star
explosion, such as a hydrogen-poor SLSN or LGRB (e.g.,
Metzger et al. 2017). Therefore, our observations provide
further observational evidence for young pulsar or mag-
netar models for FRB 121102 (e.g., Kulkarni et al. 2015;
Murase et al. 2016; Lyutikov et al. 2016; Metzger et al.
2017; Nicholl et al. 2017).

It should also be noted that the observed Hα emission
region may point to the location of an active galactic nu-
cleus (AGN) of the host galaxy of FRB 121102, which is
offset from the centroid of the stellar light. BPT diag-
nostics (Baldwin et al. 1981) for the emission lines of the
FRB 121102 host galaxy investigated by Tendulkar et al.
(2017) are consistent with star-formation origin, but as it
is observationally known that many radio-loud AGNs show
only weak or no optical emission line signatures of AGN ac-
tivity (Mauch & Sadler 2007; Tendulkar et al. 2017, and ref-
erences therein), we cannot conclusively rule out the possi-
bility that the Hα emission region is (partly) photoionized by
the AGN of the FRB 121101 host galaxy. If so, the slight
(but statistically significant) spatial offset between the cen-
troid of the Hα emission region and the FRB 121102 radio
bursts described above (∼ 0′′.08 = 0.26 kpc) may suggest that
FRB 121102 and the associated persistent radio source are
not directly related to the AGN activities.

4.2. The DM contribution of the Hα emission region to the

observed DM

Based on the observations of multiple radio bursts from
FRB 121102, Spitler et al. (2016) reported the 1σ range

Kokubo et al (2017)

Subaru AO-supported IFU

80 mas

Bassa et al (2017)



6/13/17McGill 2017 Shriharsh Tendulkar 9

F110W F763M

HST WFC3 redshifted Ha observation

~5-sigma detection 
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F110W 3.6 um

Spitzer Observations

6-sigma detection 
(assuming position) No detection 

at 4.5 um
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F��. 2.— Spectral energy distribution (SED) for the host galaxy of
FRB 121102. Photometric measurements or upper limits from Gemini, HST
and Spitzer are indicated with black dots or downward arrow, with the re-
spective bandpasses indicated at the top. The stellar and nebular (from star
formation) components making up the total emission of the SED fit are shown
in di�erent colors. The predicted model fluxes are shown with open squares.

extinction, as expected for a metal-poor dwarf galaxy. Our
best value for the recent star formation (averaged over the last
10 Myrs) is 0.13(4)M� yr�1. This value does not fully cap-
ture the current star formation as measured directly from the
H↵ luminosity (0.23 M� yr�1 with no internal extinction cor-
rection), but is roughly consistent. We find a stellar mass of
M? = (1.3 ± 0.4) ⇥ 108 M�, which corresponds to a mass-
to-light ratio of ⇠ 0.6 in the r 0-band. The stellar mass is
dominated by the older stellar population and so is insensitive
to the exact details of the recent star formation. However, we
note that the inherent uncertainties in determining the stellar
mass from SED fitting are at least a factor of two (Pforr et al.
2012). The stellar mass is somewhat larger, but consistent
with, the ⇠ (4 � 7) ⇥ 107 M� we estimated in Tendulkar et al.
(2017) from the H↵ derived star formation rate.

3.3. Metallicity
In Tendulkar et al. (2017) we placed rough constraints on

the metallicity of the host galaxy using the measured emis-
sion lines. These constraints su�ered from the fact that [O II]
�3727 and [O III] �4363 were outside our wavelength cover-
age. Here we use the HII-CHI-mistry3 software (Pérez-
Montero 2014) to obtain a more robust constraint on the
metallicity of the host galaxy. This software uses grids of
photoionization models to derive abundances consistent with
the direct method, or Te method, wherein the electron temper-
ature of the gas is constrained by measuring the ratio between
the [O III] �4363 and [O III] �5007 lines. By assuming
empirical laws between O/H, N/O, and the ionization pa-
rameter log U, it provides reasonable metallicities even when
the temperature sensitive [O III] �4363 line is not present,
as is the case for our spectrum. Using either the 3� upper

3 Available at http://www.iaa.es/~epm/HII-CHI-mistry.html

limit for [N II] �6584 or a tentative ⇠ 1.7� detection, we
find 12 + log10([O/H]) = 8.0 ± 0.1. While there are inher-
ent uncertainties in the metallicity of the host galaxy without
the measurement of more lines, we can confirm it is a low-
metallicity galaxy.

3.4. Star formation rate
From the Galactic extinction-corrected H↵ emission line, we

estimate the star formation rate (SFR) to be 0.23�0.4 M� yr�1,
with the lower value uncorrected for internal extinction and the
upper value with a correction applied (Tendulkar et al. 2017).
Due to the negligible dust content of low-metallicity dwarf
galaxies, we expect the internal extinction to be low, and thus
we adopt the uncorrected H↵ SFR of 0.23 M� yr�1 as the best
estimate. This value is also more in line with the lower SFR
derived from the SED fitting of 0.12 M� yr�1.

This star formation will also be observable in the radio con-
tinuum, which has the advantage of being una�ected by dust
obscuration from the Galactic plane. Using the relation be-
tween SFR and 1.4 GHz radio luminosity from Murphy et al.
(2011), the H↵-derived SFR corresponds to 3 µJy. From Chat-
terjee et al. (2017), the VLA 1.4 GHz flux is 250±39 µJy; how-
ever, this includes flux not only from star formation, but also
from the persistent radio source which is embedded within the
star forming region. The HST imaging shows the star form-
ing region confined to a region of ⇠ 0.002 in radius, scales that
are resolved out in the EVN observations presented in Marcote
et al. (2017). These EVN observations show that the persistent
radio source flux at 1.7 GHz varies between 168 and 220 µJy,
with flux calibration uncertainties of the order of 20 per cent.
The di�erence between the VLA and EVN fluxes, (i.e. the
flux association with star formation), is consistent with the
estimated excess of a few µJy.

The star forming knot is barely resolved in the HST images,
so we have no detailed information about its internal structure.
We expect the star forming complex to be composed of a
number of individual, unresolved, star-forming regions. Giant
molecular clouds found in the LMC (Hughes et al. 2010) and
interacting Antennae galaxies (Zaragoza-Cardiel et al. 2014)
reach 100 pc or more in size. A few of such GMCs in close
proximity to each other would be su�cient to produce such a
star-forming region.

3.5. Environment of the FRB 121102 host galaxy
We have made a crude estimate of the environment of the

FRB host galaxy, using the HST F110W (J-band) image. First
we count the number of objects within a fixed-radius aperture
of 15.005, corresponding to a radius of 50 kpc at the redshift
of the host galaxy, centered on the location of the FRB. This
is large enough to encompass the immediate and extended
environment of the FRB host galaxy.

As galaxy clustering strength is a function of galaxy mass,
with more massive galaxies being more strongly clustered than
low-mass galaxies (Zehavi et al. 2002), we select other objects
in the image within±0.15 mag of the FRB host magnitude, but
outside the FRB host aperture. At these faint magnitudes, the
objects will either be dwarf galaxies like the FRB host (albeit
at unknown redshifts), or very high redshift, more massive
galaxies. We place the same 15.005 aperture around each of
these magnitude-matched galaxies and count the number of
objects, to use as control regions. No attempt to remove fore-
ground stars has been made, as it is assumed to be qualitatively
the same for every aperture and will thus cancel out.

Used CIGALE code for SED fitting
(Serra et al 2011)

Very low extinction (expected)

M⋆ = (1.3 ± 0.4) × 108 M⊙

M/L ~ 0.6 M⊙/L⊙

Star formation rate: 0.13(4) M⊙ yr−1  
From Hα: 0.23 M⊙ yr−1 

SED Fitting
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Metallicity needs line ratios, ideally 
multiple ionization states of Oxygen
[OII] 3727, [OIII] 4363, [OIII] 5007
[NII] 6584, [SII] 6717+6731 (+ Hα, Hβ)

HII-CHI-mistry code for metallicity fitting 
(Perez-Montero 2011)
-- Uses empirical relations between 
ionization parameter (log U) and 
metallicity. 

12 + log10([O/H]) = 8.0 ± 0.1  

Metallicity Update

Model-based Te-consistent abundances 2669

dispersion of 0.22 dex is found, about 0.1 dex better than any of the
empirical calibrations of N2O2 or N2S2 found by Pérez-Montero &
Contini (2009).

4.2 Abundances using a log U empirically limited grid
of models

In order to give reliable model-based abundances consistent with
the direct method in absence of the [O III] 4363 Å auroral line, and
therefore let this method to work in high-Z, faint, or high-redshift
star-forming objects, two important assumptions are made. First, the
space of possible excitation conditions and metallicity is restricted
empirically to fit the trend obtained for the studied sample, for which
reliable values of log U are obtained when using all the emission
lines. This empirical relation between O/H and log U is plotted in
left-hand panel of Fig. 3 along with a solid line that encompasses the
space of considered combinations. As can be seen, there is a trend to
find higher values of log U at lower metallicities, while the opposite
is true at high Z (the coefficient of correlation is −0.63). Although
there are objects that lie outside the assumed possible values, the
majority of them lie in a region that minimizes the dispersion in the
final derivation of O/H.

The second approximation that improves the agreement between
the model-based O/H abundances and those derived from the direct
method is to change the set of observables considered to calculate
χ2 in equation (19). In this case, emission-line ratios known to have
a clear dependence on Z or log U are used. This is the case of
[N II]/Hβ (or equivalently [N II]/Hα) defined as the N2 parameter
(Storchi-Bergmann, Calzetti & Kinney 1994; Denicoló, Terlevich
& Terlevich 2002), which has a known dependence on Z as can be
seen in upper panels of Fig. 4. The different grid of models show
the high dependence of this parameter on log U and N/O as already
pointed out by Pérez-Montero & Dı́az (2005) are also represented.
Note as well that although models predict that N2 is insensitive to
O/H up to values 12+log(O/H) ≈ 8.5, the empirical calibrations of
this parameter such as in Pettini & Pagel (2004) or Pérez-Montero &
Contini (2009) can work up to values twice the solar value (around
12+log(O/H) = 9.0) because of the empirical relation between Z
and log U or with N/O.

In the case of [O II] and [O III] lines, the model-based abundances
better agree with those from the direct method if combinations

of these two lines are used as observables, such as R23 (Pagel
et al. 1979), (([O II]+[O III])/Hβ), which has bivaluated behaviours
in its dependence with Z (see left-hand panel of Fig. 5) and also
presents a high dependence on log U and on the effective ioniz-
ing temperature (Pérez-Montero & Dı́az 2005). This dependence
can be partially reduced using the O2O3 parameter, defined as
[O II]/[O III] as used by Kobulnicky, Kennicutt & Pizagno (1999)
in their fittings of the McGaugh (1991) models or by Pilyugin &
Thuan (2005) using a different formalism with their P parameter.
In right-hand panel of Fig. 5, it is shown the slight dependence of
this ratio on Z so it can be used to reduce the dependence of R23
on it.

In this way, using these three observables and the grid of models
for those combinations of Z and log U limited by the studied sample,
a much better agreement between the model-based abundances and
those obtained from the direct method is obtained, as can be seen
in upper-left panel of Fig. 6. Although the agreement is now much
better, the situation is different in each metallicity regime. While for
low Z (12+log(O/H) < 8.0), the dispersion is lower (0.16 dex), there
is a systematic offset of about 0.2 dex to find larger metallicities
using the models. The disagreement at this regime can be possibly
due to the low-excitation emission from the diffuse gas or perhaps
low-velocity shocks that increase the expected flux of these lines.
However, this is not critical taking into account that (i) according
to Pérez-Montero et al. (2013), less than 1 per cent of star-forming
galaxies lie in this regime and (ii) the [O III] 4363 Å is prominent
and easy to measure at these metallicities. On the contrary, for
12+log(O/H) > 8.0, the agreement between the metallicities of the
direct method and the model-based values is better than 0.05 dex, the
usual uncertainty associated with the abundances, but the dispersion
enhances up to 0.19 dex.

Considering again the case when [O II] 3727 Å is not available
(e.g. SDSS spectra of low-z objects), the observables must be rede-
fined. A good alternative to O2O3 is the O3N2 parameter, defined
as the ratio of [O III]/Hβ and [N II]/Hα and used as an estimator
of metallicity originally by Alloin et al. (1979). In the lower pan-
els of Fig. 4, it is shown the dependence of this parameter with
oxygen abundance using the sample of compiled objects and ex-
ploring its behaviour for fixed values of log U and log(N/O). The
dependence of this parameter on N/O is reduced in the models
for each object with the previous estimation of this ratio using the

Figure 3. At left, relation between 12+log(O/H) and log U for the sample of studied objects as derived using model-based values with the complete grid. At
right, it is shown the relation with log(N/O). The space inside the red solid line in both panels indicates the limits of the empirically limited space of models
described in the text.

MNRAS 441, 2663–2675 (2014)

Tendulkar et al (2017)

Perez-Montero (2014)
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Clustering?

50 kpc

30 kpc

Count objects within 0.15 mag & 
50 kpc (15.5”) of FRB 121102

31 control patches around the 
image

At 50 kpc: Equivalent

At 30 kpc scale: 1-σ overdensity(?)
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Intrinisic Dispersion Measure 
F110W

FRB EVN Location
(red cross) 
60 mas == 180 pc

Knot size (half light radius)
0.2” == 700 pc Bright Halpha emission from a very 

small region

àA very high emission measure 

àDM contribution ≤ 590 pc/cm3

But 55 ≤ DMhost ≤ 225 pc/cm3

Edge of the knot? Clumpy gas?
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Summary of Properties

Size ~ 5–7 kpc (disturbed)

Mass ~ 108 M⊙

Star formation rate ~ 0.2 M⊙ / yr

Metallicity ≈ 8.0 ± 0.1

SF Region ~ 700 pc in radius!

FRB offset by ~ 200 pc

Extreme emission line galaxy (EELG)

At 30 kpc scale: 1-σ overdensity(?)
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Comparing to other 
galaxies

Size ~ 5–7 kpc (disturbed)

Mass ~ 108 M⊙

Star formation rate ~ 0.2 M⊙ / yr

Metallicity ≈ 8.0 

Metzger et al (2017)

Murase et al. 2016). In this paper we present further evidence
in favor of an association between FRB 121102 and the birth of
a young magnetar. In Section 2 we show quantitatively that the
host galaxy of FRB 121102 is consistent with that of hydrogen-
poor superluminous SNe (SLSNe-I; Quimby et al. 2011; Gal-
Yam 2012) and long-duration gamma-ray bursts (LGRBs), a
possible connection already pointed out by Tendulkar et al.
(2017) and Marcote et al. (2017).

In Section 3 we review how the birth of a millisecond
magnetar has been proposed as the central engine of both long
LGRBs (Usov 1992; Wheeler et al. 2000; Thompson et al.
2004; Metzger et al. 2007, 2011) and SLSNe-I (Kasen &
Bildsten 2010; Woosley 2010). If such a magnetar is also
capable of producing all of the observed features of
FRB 121102, this places stringent constraints on the age of
the system. In Section 3.2 we show the expanding oxygen-rich
SN ejecta will become transparent to gigahertz emission on a
timescale as short as a decade after the explosion. In Section 4
we describe possible sources for the quiescent radio counterpart
within this picture on a timescale of decades after the
explosion. These include emission escaping directly through

the ejecta shell from a nascent, rotationally powered “magnetar
wind nebula”; shock interaction between the fastest parts of the
magnetar-boosted SN ejecta with the surrounding stellar
progenitor wind; or an orphan radio afterglow from an initially
off-axis LGRB. In Section 5 we discuss our results and expand
on possible predictions of a connection between SLSNe-I/
LGRBs and FRBs. We briefly summarize our conclusions in
Section 6.

2. Connection to SLSNe-I and LGRBs

It is now well established that both LGRBs and SLSNe-I
exhibit a strong preference for low-mass, low-metallicity galaxies
(e.g., Fruchter et al. 2006; Stanek et al. 2006; Modjaz et al. 2008;
Castro Cerón et al. 2010; Levesque et al. 2010; Lunnan et al.
2014; Vergani et al. 2015; Japelj et al. 2016; Perley et al. 2016a,
2016b; Schulze et al. 2016). Marcote et al. (2017) and Tendulkar
et al. (2017) noted that the host galaxy of FRB 121102 shares
similar basic properties. Here we provide a detailed comparison.
In Figure 1 we directly compare the properties of the host of

FRB 121102 to those of LGRBs and SLSN-I at z1. In
particular, we show a comparison of the rest-frame optical

Figure 1. Comparison of the absolute magnitude, stellar mass, star formation rate, and metallicity of the host galaxy of FRB 121102 to those of SLSNe-I (Lunnan
et al. 2014; Perley et al. 2016a; Schulze et al. 2016) and LGRBs (Modjaz et al. 2008; Castro Cerón et al. 2010; Levesque et al. 2010; Vergani et al. 2015; Japelj
et al. 2016; Perley et al. 2016b).

2
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Size ~ 5–7 kpc (disturbed)

Mass ~ 108 M⊙

Star formation rate ~ 0.2 M⊙ / yr

Metallicity ≈ 8.0 

Perley et al (2016)

(Figure 8). In this diagram we have also marked lines of
constant specific SFR as diagonal lines.

Most of cosmic star formation, and indeed most SLSNe,
occur in a relatively narrow region of the diagram with a
specific SFR (sSFR≡SFR/M*), sSFR= - -10 109 10– yr−1;
this feature is a direct manifestation of the M*–SFR correlation
and is often referred to as the galaxy main sequence. We refer
to galaxies significantly above the main sequence as “star-
bursts” since their rarity and mass-doubling/gas-consumption
timescales imply that these are transient and short-lived
phenomena; galaxies well below the main sequence are
denoted as “quenched.”

The high-mass portion of the main sequence is somewhat
underpopulated by SLSNe (especially SLSNe I), as we have
already noted in the previous section. The most interesting
feature of this plot, however, is the presence of a significant
fraction of our SLSNe I in extremely active starburst galaxies
with SFRs 1–2 orders of magnitude in excess of the M*–SFR
correlation. Depending on the exact stellar masses of these
objects (which can be difficult to measure because their light is
dominated by the youngest stars), 3–6 SLSN I hosts (out of our
sample of 18) and 0–2 SLSN II hosts (out of 13) are starbursts
with sSFR > ´ -2 10 9 yr−1.

Galaxies of this type are rare cosmologically. Their true
abundance (and contribution to the local SFR density) is
difficult to estimate precisely, but (for example) only 5% of the
star formation in the LVL sample occurs in galaxies with sSFR
> ´ -2 10 9 yr−1 (see also Lee et al. 2009; similar values are
reported from other surveys, e.g., Bergvall et al. 2016). Given
the small sample sizes involved (in particular within LVL: the
starburst–galaxy contribution to star formation within the local
volume is driven by only two galaxies, NGC 1569 and II Zw
40), it is not clear that this trend is statistically significant, and

we cannot reliably provide an estimate for its quantitative
magnitude in the way that we were able to measure the host-
mass dependency of the SLSN rates. However, a similarly high
or even higher starburst fraction was seen in the sample of
Leloudas et al. (2015), so it is unlikely to be a statistical fluke
of our sample; furthermore, it is not seen in ordinary SNe or
even GRBs (Leloudas et al. 2011, 2015; Sanders et al. 2012),
suggesting that it is not a limitation of the LVL volume or the
result of redshift evolution.
This preference could, in principle, have the same physical

origin as the preference toward low-mass galaxies: possibly,
SLSNe prefer starburst galaxies simply because low-mass
galaxies are more likely to be starbursts. (The reverse case
can also be considered: SLSNe may prefer low-mass
galaxies because only low-mass galaxies undergo starbursts
at low z.) Distinguishing cause from effect in this case is
difficult and requires, in particular, an accurate assessment of
the starburst contribution to stellar-mass buildup in dwarf
galaxies, which is quite uncertain (e.g., McQuinn et al. 2010).
We will return to this question later in the discussion
(Section 6.2).

5.5. Line Ratios

The BPT (Baldwin et al. 1981) diagram for our SLSN hosts
and an SDSS comparison sample (Section 3.7.3) is shown in
Figure 9. The usual bifurcation of star-forming and AGN
branches is evident; all SLSN hosts lie on the star-forming
branch (PTF 10tpz shows evidence for a subdominant contrib-
ution from an AGN). Indeed, the positions of the SLSN hosts
are fully consistent with the locus of low-z galaxies; possible
exceptions (PTF 10hgi and PTF 10vqv) differ only by s~2 .
They therefore show no evidence of physically unusual
environmental conditions (e.g., high-T stellar ionization field
or unusual N/O ratio) relative to other low-z galaxies; in
particular, they do not show the same offsets from the BPT

Figure 8. SFRs and stellar masses of SLSN host galaxies from PTF compared
to local galaxies from LVL. We employ the dust-corrected Hα SFRs where this
line is detected, or otherwise fall back on the SED-derived average SFRs. Most
galaxies (including most SLSN host galaxies) lie along the star-forming galaxy
“main sequence” with a specific SFR between 10−10 and 10−9 yr−1. SLSNe I
(but not SLSNe II) are frequently found in galaxies that are forming stars much
more rapidly than average for their mass (“starbursts”), although the majority
are on the main sequence. The histograms on the top and right show the relative
contributions of galaxies in LVL to the local SFR density as a function of the
parameter on each axis (similar to the middle panel of Figure 7). Gray
diagonals show lines of constant specific SFR.

Figure 9. BPT diagram for SLSN hosts, compared to SDSS galaxies. AGNs
within SDSS are identified via the criterion log([N II]/Hα)> -0.35 and are
indicated as open circles. All SLSN hosts lie on the star-forming branch and
closely follow the same narrow locus as SDSS star-forming galaxies (the
host of PTF 10tpz shows evidence for an AGN contribution to the nuclear
flux). Histograms along the x- and y-axes show the relative contribution
from SDSS galaxies to the SFR density as a function of each parameter (as
in Figure 8).
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diagram that have been inferred in high-redshift star-forming
galaxies (e.g., Sanders et al. 2015). Nevertheless, as can be
easily seen from the histogram subplots, there is favoritism for
SLSNe toward the top left of the star-forming locus—the
region dominated by low-metallicity galaxies.

5.6. Metallicity

In Figure 10 we plot the stellar mass versus our “best”
estimate of the metallicity. Where [O III] l4363 is well
detected, we employ Te-based metallicities; if it is poorly
detected or absent, we employ [N II]/Hα using the calibration
of Nagao et al. 2006. (We emphasize, however, that our results
do not depend significantly on the choice of calibration and
similar results would be achieved using other diagnostics, and a
table of metallicity diagnostics in various alternate calibration
systems is presented in Table 6.) If even Hα is absent, we fall
back on the metallicity predicted by the redshift-dependent
mass–metallicity relation of Zahid et al. (2014), adjusted
uniformly by −0.15 dex to better match the observed relation
in LVL; we assume a large uncertainty of 0.5 dex on these
values.23

While the vast spectroscopic coverage and high-quality data
provided by SDSS would potentially make this survey ideal as
a metallicity comparison sample in many ways, the fiber bias
(Section 3.7.3) and possible star/galaxy classification biases
introduce severe systematic problems. Accordingly, we fall
back on the (small) LVL sample. While not every galaxy in this
sample has a measured metallicity, the subset of galaxies with
measurements appears to be representative of the sample as a
whole: no biases are evident in mass, SFR, or other parameters.

We caution that the metallicity measurements of this sample (as
compiled by Cook et al. 2014b) are compiled from the
literature and use a variety of different diagnostics: typically Te
at low metallicities and various strong-line diagnostics at higher
metallicities. While this general approach is the same as the one
we employ for our SLSN host sample, the actual diagnostics
employed are not always the same, introducing additional
systematic uncertainty in our comparisons that should be kept
in mind during the ensuing discussion.
Consistent with previous studies (Lunnan et al. 2014; Chen

et al. 2015), we find that SLSNe I are highly underabundant in
the most metal-rich galaxies. All but two occupy galaxies with
metallicities24 below 12 + log10[O/H] 1 8.5, even though the
majority of local star formation occurs at higher metallicities.
Their metallicities, however, tend to not be much lower: all but
one have values above 7.8, and the median value is 8.2 (1/3
solar). In addition, with or without the mass–metallicity-based
values included, the position of the SLSN hosts in Figure 10
gives no indication of an offset relative to the local mass–
metallicity relation. This suggests that the metallicity depend-
ence of the SLSN I production efficiency follows similar
qualitative behavior to the stellar-mass dependence: uniform at
values below a critical threshold, above which the production
efficiency drops precipitiously.
Given the difficulty of establishing a complete comparison

sample of star-forming galaxies using identical metallicity-
measurement techniques as our host sample, it is difficult to
measure this threshold precisely, but it must lie above the
majority of our SLSN host metallicities (12 + log10[O/H]
2 8.2–8.4) yet below the metallicities of “typical” spirals,
which dominate the cosmic SFR density and are almost never
found to host SLSNe (12 + log10[O/H] 1 8.6). A reasonable
working hypothesis—to be tested and refined by future25

studies—is that the SLSN efficiency is constant below half-
solar (12 + log10[O/H] < 8.4) and extremely low above this
value.

6. DISCUSSION

6.1. Selection Biases?

It is of obvious importance to consider to what extent any of
the results above might be influenced by selection effects.
Biases can be intrinsic (due to extinction or source confusion/
blending preventing detection in the imaging survey) or
extrinsic (due to follow-up/classification biases preventing
recognition that some events present in the imaging survey are
indeed SLSNe).

6.1.1. Extinction and Confusion

As SLSNe are always optically selected, extinction-related
bias is unavoidable. It is probably not, however, particularly
important in the case of our sample. First, most low-redshift
galaxies are optically thin ( <A 1V mag, as confirmed by the
LVL extinction data); most star formation is not heavily
obscured. Indeed, most optical surveys—including PTF itself

Figure 10. Mass–metallicity relation for SLSN hosts compared to LVL
galaxies. SLSN hosts generally follow the mass–metallicity relation, allowing
for the large intrinsic scatter in this relation (light-colored points have
metallicities derived from the M–Z relation itself: either because no spectro-
scopic data were available, or because the emission lines were too weak to
permit direct analysis). SLSNe I tend to inhabit galaxies with moderately low
masses (~ :M108.5 ) and metallicities (12 + log10[O/H]» 8.2). Histograms are
as in Figure 8.

23 While obviously the use of M–Z is nonoptimal and would be circular for
evaluating the relative positions of SLSN hosts relative to the M–Z diagram,
excluding these galaxies completely would bias our results since the galaxies
with no Hα preferentially have low mass and low sSFR. Only seven of our
metallicity values rely on the M–Z relation.

24 These numbers refer to our “preferred” values combining the Te and N06
metallicity scales, but equivalent results are obtained if any major scale is
adopted. For example, if the KK04 scale is exclusively adopted, metallicities
increase by about 0.1 dex in most of our galaxies, but all targets except for the
host of PTF 10uhf remain below 12 + log10[O/H] < 8.55.
25 We note that, following the initial submission of this paper, a 0.5 :Z
metallicity cutoff for SLSN I production was independently proposed by Chen
et al. (2016).
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Comparing to other 
galaxies
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Why is the SF Region so big?
F110W

FRB EVN Location
(red cross) 
60 mas == 180 pc

Knot size (half light radius)
0.2” == 700 pc The half light radius is 700 pc!

Giant Molecular Clouds up to 300 
pc have been observed.

Unresolved clump of GMCs?

High strehl AO with 8–10m class 
telescope might help.
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SFR

AGN

Tendulkar et al (2017)

Is there an AGN?
What is the radio source?

(Baldwin Philips & Terlevich)

Line ratios diagnostic of AGN/SF

Lies in SF region

BUT! 
-- Not very well calibrated for dwarfs
-- BH may be inactive



6/13/17McGill 2017 Shriharsh Tendulkar 20

SFR

AGN

Tendulkar et al (2017)

Is there an AGN?
What is the radio source?

Jury is still out on the rate of occurrence 
of IMBHs in dwarf galaxies

Only 0.5% of dwarf galaxies show AGN 
signatures in optical (Reines et al 2013)

Stacked X-ray images show excess 
(Mezcua et al 2016)

Many reasons to expect IMBHs (Silk 2017)

NOT CONCLUSIVE But radio sources in 
galaxies are also rare 
(Eran’s talk)
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SLSNe redshifts are measured from the 
SLSNe, which are much brighter.

LGRBs often have bright afterglows.

Here, we have to depend on the galaxy.

Following up future FRBs

IF FRBs are in dwarfs:
At z = 1 (DMexcess ~1000)
mAB = 28 mag

Dwarfs are faint!

This work took 9 hours of Gemini + 3 orbits of HST + 200 ks Spitzer

How do we follow up 100s of FRBs?
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Summary

Size ~ 5–7 kpc (disturbed)

Mass ~ 108 M⊙

Star formation rate ~ 0.2 M⊙ / yr

Metallicity ≈ 8.0 ± 0.1

SF Region ~ 700 pc in radius!

FRB offset by ~ 200 pc

Extreme emission line galaxy (EELG)

At 30 kpc scale: 1-σ overdensity(?)

Consistent with the hosts of LGRBs and SLSNe-I
but single data point


