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Abstract

We present the Hα intensity map of the host galaxy of the repeating fast radio burst FRB121102 at a redshift of
z = 0.193 obtained with the AO-assisted Kyoto3DII optical integral-field unit mounted on the 8.2 m Subaru
Telescope. We detected a compact Hα-emitting (i.e., star-forming) region in the galaxy, which has a much smaller
angular size (< 0. 57 (1.9 kpc) at full width at half maximum (FWHM)) than the extended stellar continuum
emission region determined by the Gemini/GMOS ¢z -band image ( 1. 4 (4.6 kpc) at FWHM with ellipticity

=b a 0.45). The spatial offset between the centroid of the Hα emission region and the position of the radio bursts
is   0. 08 0. 02 (0.26± 0.07 kpc), indicating that FRB121102 is located within the star-forming region. This
close spatial association of FRB121102 with the star-forming region is consistent with expectations from young
pulsar/magnetar models for FRB121102, and it also suggests that the observed Hα emission region can make a
major dispersion measure (DM) contribution to the host galaxy DM component of FRB121102. Nevertheless, the
largest possible value of the DM contribution from the Hα emission region inferred from our observations still
requires a significant amount of ionized baryons in intergalactic medium (IGM; the so-called “missing” baryons) as
the DM source of FRB121102, and we obtain a 90% confidence level lower limit on the cosmic baryon density in
the IGM in the low-redshift universe as W > 0.012IGM .

Key words: galaxies: ISM – instrumentation: adaptive optics – intergalactic medium – stars: magnetars –
stars: neutron – techniques: imaging spectroscopy

1. Introduction

Fast radio bursts (FRBs) are a new class of millisecond
duration radio bursts (Lorimer et al. 2007; Thornton et al.
2013; Petroff et al. 2016), characterized by their large
dispersion measures (DM), suggesting that FRBs are located
at cosmological distances with excess DM due to free
electrons in the intergalactic medium (IGM). However,
because FRBs are one-off events, it is generally difficult to
identify their host galaxies and thus to determine spectro-
scopic redshift.

Among the FRBs discovered to date (Petroff et al. 2016),9

FRB121102 is unique in terms of its repetitiveness (see also
Caleb et al. 2017). About 30 bursts over 2012–2016 have
been reported in the direction of FRB 121102 at 1.1−3.5 GHz
with a time-constant DM of ∼558pc -cm 3, and frequency-
dependent arrival time nµta m with = -m 2 as expected for
signals propagating through cold plasma (Spitler et al.
2014, 2016; Scholz et al. 2016; Marcote et al. 2017). The
12 Arecibo FRB 121102 radio pulses (Spitler et al. 2016)
show pulse widths spanning 3−9 ms. No scattering tail is
observed in the pulses, suggesting that the observed pulse

widths represent the intrinsic width of the emission (Scholz
et al. 2016). FRB121102 shows no temporal evolution of flux
and pulse width (Spitler et al. 2016; Marcote et al. 2017). It
should be noted that its repetitiveness rules out the possibility
that FRB 121102 is related to a catastrophic event such
as collapse of a supramassive neutron star to a black hole
(Falcke & Rezzolla 2014) or a binary neutron star merger
(Totani 2013).
Based on multiple detections of the radio bursts in the

2.5−3.5 GHz band in the direction of FRB121102 during an
interferometric localization campaign with the Karl G. Jansky
Very Large Array, Chatterjee et al. (2017) reported the average
position of the burst source as a = 05 31 58. 70h m s and
d = +  ¢ 33 08 52.5 (J2000) with 1σ uncertainty of about
100 mas. Then, Marcote et al. (2017) reported an independent
localization of FRB121102 using the European Very Long
Baseline Interferometry Network with a better precision of
10 mas (see Table 1 of Marcote et al. 2017). Chatterjee et al.
(2017) also identified a host galaxy candidate at a position
consistent with FRB121102 in optical images taken by the
10-m Keck telescope/LRIS ( = R 24.9 0.1 AB mag) and
8 m Gemini North telescope/GMOS ( = r 25.1 0.1 AB mag;
see also Tendulkar et al. 2017). Tendulkar et al. (2017) carried
out optical spectroscopy covering the wavelength range from
4650 to 8900Å for the host galaxy of FRB121102 with
Gemini/GMOS on 2016 November 9 and 10, with a total
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exposure time of 4.5 hr. Note that they used a 1 -width slit, and
the host galaxy was not spatially resolved during the spectro-
scopic observations due to the poor seeing conditions (see
Tendulkar et al. 2017, for details). Hα, Hβ, [O III]ll
4959,5007, and [S II]ll6717, 6731 emission lines are
detected in the GMOS spectrum, indicating that the host
galaxy of FRB121102 is a low-metallicity ( +([ ])log O H10

<12 8.7), star-forming dwarf galaxy at a redshift of =z
0.19273 0.00008 (Tendulkar et al. 2017; Marcote et al.

2017). The host galaxy has a Gaussian semimajor axis width
of s = 0. 59a (1.95 kpc) with ellipticity =b a 0.45 (measured
on the ¢z -band Gemini/GMOS image), and a stellar mass
of * ~ - ´ ( )M M4 7 107 (Tendulkar et al. 2017).
The integrated Hα emission line luminosity implies that the
star-formation rate of the FRB121102 host galaxy is
∼0.4Me yr−1 (Tendulkar et al. 2017). Tendulkar et al.
(2017) noted that hydrogen-poor superluminous supernovae
(SLSNe) and long gamma-ray bursts (LGRBs) are known to
reside preferentially in such dwarf galaxies, suggesting that
FRB121102 radio bursts originate from a young neutron star
or a magnetar, formed by one of these unusual supernova
explosions (see Lunnan et al. 2014; Leloudas et al. 2015;
Metzger et al. 2017; Nicholl et al. 2017, and references
therein). Based on the redshift determination, the burst
energies of each of the radio bursts of FRB121102 can be
evaluated as d p n~ W Dn( )( )( )A10 erg 4 0.1 Jy ms 1 GHz38 ,
where nA , nD , and dW are the fluence, bandwidth, and
opening angle of the radio bursts, respectively, and the
energetics of FRB121102 may fall within the range expected
from the magnetosphere of a young neutron star (pulsar) or a
magnetar (Totani 2013; Chatterjee et al. 2017; Metzger et al.
2017; Tendulkar et al. 2017, and references therein).

To constrain the source models for FRB121102 further, it is
very important to examine the local environment in the host
galaxy around the position of FRB121102. As noted by
Tendulkar et al. (2017), the ¢r - and ¢i -band images of the
FRB121102 host galaxy, which include not only the
continuum emission but also the strong Hβ, [O III], or Hα
emission lines, show ∼0.1 arcsec offsets from the continuum-
dominated ¢z -band image. This suggests that the host galaxy
has at least one H II region at a slight offset from the galaxy
center (Tendulkar et al. 2017). FRB121102 may reside in the
H II region, and the observed DM may be partly due to free
electrons in this H II region. Here, we present integral-field
spectroscopic observations obtained with the Kyoto Tridimen-
sional Spectrograph II (Kyoto 3DII) optical integral-field unit
(IFU) mounted on the 8.2 m Subaru Telescope to determine the
position of the centroid of the Hα emission region accurately
and constrain its spatial size. In Section 2, we describe the AO-
assisted Subaru/Kyoto3DII IFU observation for the host
galaxy of FRB121102 in detail. In Section 3, we present the
obtained spectra and the Hα intensity map of the host galaxy.
We derive the positional offsets between the centroids of the
stellar continuum and the Hα emission region of the host
galaxy and the position of the FRB121102 radio bursts, and
discuss the possible DM contributions from the Hα emission
region to FRB121102 in Section 4. Our conclusions are
summarized in Section 5.

Following Tendulkar et al. (2017), throughout this paper we
assume the Planck15 cosmology (Planck Collaboration et al.
2016); =H 67.70 km s−1Mpc−1,W = 0.307m , andW = 0.049b

flat ΛCDM. The angular size scale at z = 0.19273 is 3.31kpc/″
(Wright 2006).

2. Observation

We observed the host galaxy of FRB121102 on 2017
February 9, with Kyoto3D-II optical IFU (Sugai et al. 2010;
Matsubayashi et al. 2016) at a Nasmyth focus of the Subaru 8.2 m
telescope on Mauna Kea, Hawaii (Iye et al. 2004). Kyoto3D-II
was used in combination with a 188-element adaptive optics (AO)
system Subaru AO188 (Hayano et al. 2008, 2010; Minowa et al.
2010), enabling AO-assisted optical integral-field spectroscopy
at wavelengths of 6400 Å (Matsubayashi et al. 2016).
In micro-lens array IFU mode, the field of view (FoV) of
Kyoto3D-II is  ´ 3. 21 2. 52, where there are 37×29 lenses
(corresponding to spatial pixels or spaxels) in the lenslet array
for object observation (the spatial sampling rate is 0 0868±
0 0002 lens−1).10 Throughout this paper, we use the characters
(X, Y) to denote the coordinates of the 37×29 spaxels.
Kyoto3D-II is able to obtain sky spectra with the object spectra
with FoV of  ´ 3. 21 0. 61 simultaneously, where the sky regions
are separated by~ 29 from the object regions. We used a newly
installed red-sensitive Hamamatsu fully depleted charge-coupled
device (CCD; Mitsuda et al. 2016) and an order-sort filter
(referred to as “No.5” in Matsubayashi et al. 2016), covering the
wavelength range from 7300 to 9200Å with a wavelength
sampling rate of 3.8Åpixel−1.11 The size of the micropupil
images on the CCD measured at the full width at half maximum
(FWHM) is 1.69 pixels (Mitsuda et al. 2016), and thus the
instrumental spectral resolution is ∼6.42 Å at FWHM (2.73 Å at
1σ). An atmospheric dispersion corrector unit was used during our
observations.
We used the laser guide star AO mode of AO188 (Hayano et al.

2008, 2010). A bright field star PSO J053200.260+330833.843
(α=05h32m00 260, δ=+33°08′33 80), separated by ~ 27
from the location of FRB121102, is selected as a tip-tilt AO guide
star. Although the AO-assisted Subaru/Kyoto3DII optical IFU
has the potential to achieve an FWHM point source image of
~ 0. 2 under good natural seeing conditions at Mauna Kea
Observatory (Matsubayashi et al. 2016), the poor natural
seeing conditions (~  - 1. 2 1. 4) on the observing night
on 2017 February 9, resulted in an AO-corrected FWHM of
~  - 0. 5 0. 6 (see Section 3).

The on-sky PA12 of the FoV of Kyoto3DII was set to
108.99±0.16 deg to align the host galaxy of FRB121102
horizontally with a nearby i = 22.7 ABmag foreground star
( 2. 8 away from FRB 121102ʼs position; Figure 1; see
Tendulkar et al. 2017). The total on-source exposure time is
3 hr (9 exposures×1200 s) with no dithering. Moreover, to
calibrate the relative sky coordinates from the 2. 8-away
foreground star to the FRB 121102 host, a no-grism
(7300–9200 Å) image for the foreground star with an exposure
time of 300s was obtained by applying = X 25.263offset
0.075 lenses horizontal offset and = Y 0.303 0.063offset

10 The lens (pixel) scale is accurately evaluated from Subaru/Kyoto3DII
integral-field spectroscopy data of a quadruple quasar H1413+117 obtained
during the same Subaru/Kyoto3DII observation run as the FRB121102 host
galaxy. Uncertainty of the instrumental position angle (PA) of ±0.16 deg
(described later) is also evaluated from the same data.
11 The wavelength sampling rate of the new CCD (3.8 Å pixel−1) is slightly
different from the previous CCD (3.3 Å pixel−1; Table 5 of Matsubayashi et al.
2016).
12 Note that the Kyoto3DII pixel (X, Y) coordinate is inverted in the X
direction from the sky coordinate.
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lenses vertical offset from the FRB 121102 host position
(Figure 1).13 As a flux standard star, G191-B2B was observed
with the same instrumental configuration as used for the main
target observations.

Data reduction is carried out using custom made IRAF scripts
k3dred (Sugai et al. 2010).14 Briefly, after applying overscan
and bias corrections, wavelength-dependent sensitivity variations
across the spaxels are corrected using IFU spectra of an internal
halogen-lamp of the Kyoto3DII. 1-D spectra of the target are
extracted “optimally” (Horne 1986) by utilizing the trace profiles
of the internal halogen-lamp spectra as references for extracting
traces of the target spectra. Internal Ne lamp is used for
wavelength calibration (see Sugai et al. 2010). Following
Tendulkar et al. (2017), Galactic extinction in the direction
of FRB121102 is assumed to be - =( )E B V 0.781 mag
(Schlegel et al. 1998), and the observed spectra are corrected for
the Galactic extinction using the Cardelli et al. (1989) Galactic
extinction curve.

3. Results: Hα Intensity Map of the Host Galaxy of
FRB121102

Figure 2 shows the Kyoto3DII IFU spectra around the
spaxel with peak Hα intensity =( ) ( )X Y, 19, 18 at wave-
lengths around rest-frame Hα emission. Although the Hα
emission line is clearly detected at the position of the
FRB121102 host galaxy, continuum emission is undetected
even after binning over wavelengths because of its faintness.15

The [S II]ll6717, 6731 doublet is also undetected in our data.
Therefore, below we focus only on the Hα emission line.

As indicated in Figure 2, the Hα emission lines are detected at a
redshift consistent with z = 0.19273, and thus our observations

independently confirm the redshift determination by Tendulkar
et al. (2017). The Hα emission line spectrum of each spaxel is
fitted at the wavelength range of l = –7650 8000obs Å by a
single Gaussian function by fixing the Gaussian width and the
observed Hα central wavelength as s =l 3.40obs Å and l =obs

+ ´ =( )1 0.19273 6562.8 Å 7827.6 Å, respectively.16 Spec-
tral model fitting is performed using an Interactive Data Language
(IDL) routine MPFIT (Markwardt 2009) to minimize the c2

values. The measurement errors of the fitting parameters are
estimated by 10,000 trials of Monte Carlo resampling, in which
10,000 mock spectra are generated by adding Gaussian noise to
the original spectrum using the calculated flux density errors (e.g.,
Andrae 2010; Shen et al. 2011). The Hα flux (integrated over the
wavelengths) of each spaxel is obtained as a result of fitting.
The upper panel of Figure 3 shows the spatial profile

(intensity map) of the Hα flux of the host galaxy of
FRB121102. It should be noted that the same single Gaussian
model is fitted to all 37×29 spaxels, and thus the best-fit Hα
flux has non-zero values even at spaxels outside the Hα
emission region due to the noise. As can be clearly seen in
Figure 3, our Subaru/Kyoto3DII IFU observations reveal that
there is only a single compact Hα emission region in the host
galaxy of FRB121102.
Then, two-dimensional symmetric (s s=a b) and asymmetric

(s s¹a b) Gaussians are fitted to the Hα spatial profile shown in
Figure 3, where sa and sb denote the Gaussian widths in the
directions of semimajor (a) and semiminor (b) axes, respec-
tively. The best-fit two-dimensional Gaussians to the Hα
spatial profile are shown in Figure 3, and Table 1 lists the best-
fit parameters, where X and Y denote the centroid positions,
“PAXY” denotes the PA of the asymmetric (s s¹a b) Gaussian
measured clockwise relative to the X-axis, and “Line Flux”
denotes the Hα line flux integrated over the Gaussian profiles.
The same two-dimensional Gaussians are also fitted to the no-
grism continuum image of the foreground star (see Table 1).
The measured Gaussian widths of the spatial profile of the

Hα emission region are slightly larger than the foreground star
(i.e., point source). If we take the fitting results in the case of
the s s=a b model (Table 1) at face value, the size of the Hα
emission region can be calculated as  -  ~0. 238 0. 1962 2

0. 14 at 1σ radius or 0. 33 at FWHM. However, taking the
time-variability of the natural seeing conditions between
exposures and the stability of the AO-correction into account,
this slight difference does not necessarily indicate that our
observations detected an extended structure of the Hα emission
region. Although the asymmetric Gaussian fit for the Hα
emission region results in a slightly elongated spatial profile, it
should be noted that the same level of elongation of the spatial
profile is also observed in the case of the no-grism continuum
map of the foreground star. Therefore, we conservatively
consider that the Hα emission region in the FRB121102 host
galaxy is not spatially resolved or only marginally resolved by
our AO-assisted Kyoto3DII IFU observation, indicating that
the observed profile of the Hα emission region in Figure 3 is
mostly the point-spread function of the image. Below, we adopt
the best-fit parameters from the two-dimensional symmetric

Figure 1. Keck/LRIS optical R-band image ( 0. 135/pixel) of the host galaxy
of FRB121102 ( = R 24.9 0.1 AB mag; Chatterjee et al. 2017). Solid and
dashed squares denote the Subaru/Kyoto3DII  ´ 3. 21 2. 52 FoV locations in
which the integral-field spectra of the host galaxy and the no-grism image of
the i = 22.7 AB mag foreground star are obtained, respectively.

13 The FoV offset of 25 pixels in the X direction ( =X 25input ) is applied using a
function of an acquisition unit inside the AO188 instrument. The response to the
input signal of =X 25input pixel on the lenslet array, = X 25.263 0.075offset
and = Y 0.303 0.063offset , is evaluated using calibration data of a field star
obtained during the same Subaru/Kyoto3DII observation run as the
FRB121102 host galaxy.
14 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National Science Foundation.
15 Note that binning over wavelengths increases the noise contributions from
the readout noise. Therefore, spectroscopic (including IFU) observations are
generally less sensitive to continuum emission than broadband imaging
observations.

16 Tendulkar et al. (2017) showed that the observed-frame line width of the Hα
emission is 2.02 Å at 1σ. The instrumental spectral resolution of the Subaru/
Kyoto3DII is 2.73Å at 1σ, and therefore we obtain the expected observed line
width as s ~ + =l 2.02 2.73 3.40 Å2 2

obs , corresponding to the velocity width
of s = 130v km s−1 at l = 7827.6 Åobs . The fitting results are insensitive to the
assumption on slobs.
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Gaussian fit (s s=a b) tabulated in Table 1 as the spatial profile
parameters of the Hα emission region in the FRB121102 host
galaxy. From the values of sa shown in Table 1, we obtained a
stringent upper limit for the angular size of the Hα emission
region as < ar 0. 24H (0.79 kpc) at 1σ radius or < 0. 57
(1.9 kpc) at FWHM. It should be noted that, as mentioned
above, the size parameter of the Hα emission region may be as
small as ~ ar 0. 14H (0.46 kpc) at 1σ radius.

The measured “Line Flux” integrated over the two-
dimensional symmetric Gaussian profile is  ´( )2.926 0.300

- - -10 erg s cm16 1 2 (Table 1), which is consistent with the
spatially unresolved Hα line flux measurement reported by
Tendulkar et al. (2017) from Gemini/GMOS 1. 0-width long-
slit spectrum (see Table 1 of Tendulkar et al. 2017). This
consistency indicates that the Hα emission from the host
galaxy of FRB121102 is confined only to the compact Hα-
emitting clump revealed by our observations, and there is no
significant Hα flux loss in the Gemini/GMOS long-slit
spectrum. Because the measurement of the Hα emission line
flux by Tendulkar et al. (2017) is better calibrated and has a
higher signal-to-noise ratio than our measurement, we adopt the
value of =  ´a

- - -( )F 2.608 0.036 10 erg s cmH
16 1 2 (Galac-

tic extinction is corrected) reported by Tendulkar et al. (2017)
as the integrated Hα line flux. It should be noted that the
Galactic extinction-corrected Balmer decrement Hα/H
b = 2.714 0.256 measured from the Gemini/GMOS

spectrum is consistent with theoretical values for CaseB
recombination in photoionized nebulae (Table 4.4 of Osterbrock
& Ferland 2006), suggesting that the dust extinction in the host
galaxy of FRB121102 is negligible.

4. Discussion

4.1. Positional Offsets Between the Centroids of the Hα
Emission Region, Stellar Continuum, and FRB121102 Radio

Bursts

The relative pixel coordinate from the continuum emission
of the 2. 8-away foreground star to the Hα emission region in
the FRB121102 host is calculated from the best-fit parameters
of the two-dimensional symmetric (s s=a b) Gaussian fits
tabulated in Table 1 as

D D
º - -

- -
= -  

a

a

( [ ] [ ])
(

)
( ) ( )

X Y
X X X

Y Y Y

pixel , pixel
,

33.930 0.190, 0.354 0.225 , 1

FRB host H Foreground star offset

FRB host H Foreground star offset

where the factors Xoffset and Yoffset represent the relative FoV
offset between exposures of the FRB121102 host and the
foreground star (see Section 2). The relative sky coordinates
between the positions of the Hα emission region in the
FRB121102 host and the foreground star (i.e., DR.A. and

Figure 2. Kyoto3DII IFU spectra at spaxels around the spaxel with peak Hα intensity =( ) ( )X Y, 19, 18 at wavelengths around the rest-frame Hα emission
(1 lens = 1 spaxel =  ´ 0. 0868 0. 0868). Galactic extinction is corrected. Dotted lines indicate the observed-frame wavelength of Hα at a redshift of z = 0.19273
(Tendulkar et al. 2017).
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Ddecl., respectively), and their 1σ uncertainties, can be calculated
from Equation (1), the on-sky PA of 108.99±0.16deg, and the
pixel scale of   0. 0868 0. 0002/pixel (see Figure 1) as

a
D D
=      

( )
( ) [ ] ( )

R.A., decl.
0. 9874 0. 0209, 2. 7748 0. 0182 H . 2

Tendulkar et al. (2017) derived the sky coordinates (J2000.0)
of the foreground star measured on the Gemini/GMOS ¢z -band
images as

=  +  ¢  
( )

( )
R.A ., decl.

05 31 58. 6180 8.6 mas, 33 08 49 .837 9.3 mas ,h m s

and of the FRB121102 host galaxy measured on the Gemini/
GMOS ¢r -, ¢i -, and ¢z -band images as

= 
+  ¢  

= 
+  ¢  

= 
+  ¢  

( )
(

)
(

)
(

)

R.A ., decl.

05 31 58. 6876 50.8 mas,
33 08 52. 490 46.4 mas

05 31 58. 6895 30.6 mas,
33 08 52. 466 25.8 mas

05 31 58. 6833 43.5 mas,
33 08 52. 379 43.5 mas ,

h m s

h m s

h m s

respectively (S. Tendulkar & C. Bassa, private communica-
tion). The coordinates of the FRB121102 host galaxy are the
positions of two-dimensional asymmetric Gaussians fitted to
the GMOS r′-, i′-, and z′-band images. Because the
FRB121102 host galaxy may have an irregular shape
intrinsically, these positions are considered to be the centroid
positions of the broadband light (Tendulkar et al. 2017).
Marcote et al. (2017) derived the average position of four
FRB121102 radio bursts detected by the European Very Long
Baseline Interferometry Network on 2016 September 20 (see
their Table 1), as

= 
+  ¢  

( ) (
)

R.A., decl. 05 31 58. 70119 4 mas,
33 08 52. 5536 2.2 mas .

h m s

It should be noted that a variable persistent non-thermal radio
source with a size of < 0.2 mas (0.7 pc) has also been identified
at the same position as the FRB121102 radio bursts (Chatterjee
et al. 2017; Marcote et al. 2017), which is believed to have a
direct relationship to the FRB121102 radio bursts (see, e.g.,
Murase et al. 2016; Beloborodov 2017; Kashiyama &
Murase 2017; Metzger et al. 2017). From these values, the
relative sky coordinates of the positions of the ¢r -, ¢i -, and
¢z -band light of the FRB121102 host and the FRB121102 radio
bursts measured from the foreground star are calculated as

D D
=       ¢ ( )

( )
( ) [ ‐ ] 3r

R.A., decl.
0. 8741 0. 0515, 2. 6530 0. 0473 band ,

=       ¢ ( )( ) [ ‐ ] 4i0. 8980 0. 0318, 2. 6290 0. 0274 band ,

=       ¢ ( )( ) [ ‐ ] 5z0. 8201 0. 0443, 2. 5420 0. 0445 band ,

=      
( )

( ) [ ]
6

1. 0448 0. 0095, 2. 7166 0. 0096 Radio Burst .

The relationships among the centroid positions of the Hα
emission region, ¢r -, ¢i -, and ¢z -band light, and the FRB121102
bursts are shown in Figure 4. As noted by Tendulkar et al.
(2017), the ¢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 FRB121102 host
galaxy has an H II region at a slight offset from the centroid of
the stellar continuum. Our observations verify this suggestion;
the centroid of the Hα emission region determined from our
Kyoto3DII data is located at a position offset from the centroid
of the ¢z -band light by   0. 29 0. 05 ( 0.96 0.17 kpc). On the

Figure 3. Kyoto3DII Hα intensity map (37 × 29 pixels =  ´ 3. 21 2. 52) of
the host galaxy of FRB121102 (top) and the no-grism continuum map of the

2.8 -away foreground star. Each pixel corresponds to a spaxel (i.e., the pixel
scale is 0. 0868/pixel). Best-fit two-dimensional Gaussians in the cases of
s s=a b and s s¹a b are also shown as solid circles and ellipses, respectively,
where dotted inner ellipses denote the 1σ uncertainties of the centroids (see
Table 1).
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other hand, the spatial offset between the centroid of the Hα
emission region and the radio burst position, denoted as

a-d HFRB , is quite small a- =   [d H 0. 08 0. 02FRB
(0.26±0.07 kpc)]. As the the spatial extent of the Hα
emission region is ~ ar 0. 14H (or more conservatively,

< ar 0. 24;H Section 3), we conclude that the FRB121102
radio bursts are located within the Hα emission region.

Based on observations, hydrogen-poor SLSNe and LGRBs
are known to preferentially occur in the brightest star-forming
regions in their (low-metallicity) 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; Niino et al. 2017, and references
therein). As described above, FRB121102 shows a similar
spatial association with the Hα emission (i.e., star-forming)
region in the host galaxy, suggesting that FRB121102 radio
bursts are produced by a young neutron star 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 magnetar models for
FRB121102 (e.g., Kulkarni et al. 2015; Lyutikov et al.
2016; Murase 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 nucleus (AGN) of
the host galaxy of FRB121102, which is offset from the centroid
of the stellar light. BPT diagnostics (Baldwin et al. 1981) for the
emission lines of the FRB121102 host galaxy investigated by
Tendulkar et al. (2017) are consistent with star-formation origin,
but because it is observationally known that many radio-loud
AGNs show only weak or no optical emission line signatures of
AGN activity (Mauch & Sadler 2007; Tendulkar et al. 2017, and
references therein), we cannot conclusively rule out the
possibility that the Hα emission region is (partly) photoionized
by the AGN of the FRB121101 host galaxy. If so, the slight (but
statistically significant) spatial offset between the centroid of the
Hα emission region and the FRB121102 radio bursts described
above ( a- ~  =d H 0. 08 0.26FRB kpc) may suggest that
FRB121102 and the associated persistent radio source are not
directly related to the AGN activities.

4.2. The DM Contribution of the aH Emission Region
to the Observed DM

Based on the observations of multiple radio bursts from
FRB121102, Spitler et al. (2016) reported the s1 range of the
observed DMs of the repeating radio bursts of FRB121102 as

=  -DM 558.1 3.3 pc cmobs
3. Because DM is an additive

quantity, the DM contributions from different regions to the
observed DM (denoted as DMobs) can be divided into each
component as

= + + ( )DM DM DM DM , 7obs MW IGM host,obs

where DMMW, DMIGM, and DMhost,obs represent the DM
contributions from the Milky Way (MW), ionized baryons in
IGM, and the host galaxy of FRB121102, respectively (e.g.,
Xu & Han 2015; Tendulkar et al. 2017; Yang et al. 2017).
According to the NE2001 model (Cordes & Lazio 2002), the

MW contribution is = -DM 218 pc cmMW
3 in the direction of

FRB121102 with uncertain errors of the order of 20% (e.g.,
Abdo et al. 2013; Tendulkar et al. 2017). The DM contribution
from the IGM to the observed DM of FRB121102 at
z = 0.19273 can be calculated as (Deng & Zhang 2014;

Table 1
Two-dimensional Gaussian Fits to the Kyoto3DII Hα Map

X Y sa sb PAXY Line Flux
(pixel) (pixel) (arcsec) (arcsec) (degree) (10−16 erg s−1 cm−2)

s s=a b FRB 121102 host Hα 19.286±0.140 17.767±0.170 0.238±0.013 L L 2.926±0.300
Foreground star 27.953±0.104 17.110±0.133 0.196±0.010 L L L

s s¹a b FRB 121102 host Hα 19.298±0.136 17.755±0.170 0.264±0.016 0.209±0.015 74.01±12.17 2.907±0.342
Foreground star 27.966±0.103 17.163±0.143 0.228±0.019 0.176±0.011 82.42±10.29 L

Note. The pixel scale of 0 0868/pixel is used when deriving sa and sb.

Figure 4. Relative sky coordinates (measured from the foreground star) of the
centroid positions of the Hα emission (this work), and of the ¢r -band, ¢i -band,
and ¢z -band light (Gemini/GMOS; Tendulkar et al. 2017) of the FRB121102
host (crosses). Small thin ellipses denote the 1σ absolute positional
uncertainties. The larger thick dotted ellipse denotes the two-dimensional
Gaussian fit for the stellar continuum-dominated ¢z -band image (Figure 3 of
Tendulkar et al. 2017). The thick and thin dotted circles around the centroid
position of the Hα emission indicate the estimated size of the Hα emission
region in the FRB121101 host galaxy ( ~ ar 0. 14H and a more conservative
value, < ar 0. 24H , respectively, at 1σ radius; see Section 3).
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Keane et al. 2016; Yang et al. 2017)

´
W- ⎜ ⎟⎜ ⎟⎛

⎝
⎞
⎠

⎛
⎝

⎞
⎠ ( )H

DM 177 pc cm
0.044 67.7

8IGM
3 IGM 0

W º
W⎜ ⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠ ( )

f
0.044

0.9 0.049
, 9IGM

IGM b

where WIGM and fIGM are the cosmic density of ionized baryons
in the IGM and the fraction of baryon mass in the IGM
(Fukugita & Peebles 2004; Shull et al. 2012),17 respectively.
The associated standard deviation of DMIGM is » -85 cm 3

(McQuinn 2014; Tendulkar et al. 2017). Therefore, the DM
contribution from the FRB host is in the range of

=  - ( )DM 163 96 pc cm , 10host,obs
3

where the uncertainty of  -96 pc cm 3 is evaluated by adding
the uncertainties of DMMW, DMIGM, and DMobs in quadrature.

It is worth examining whether the compact Hα emission
region in the host galaxy of FRB121102 detected by our
observations can have a significant DM contribution on
DMhost,obs of FRB121102 (see, e.g., Kulkarni et al. 2015; Xu
& Han 2015). The surface brightness of the Hα emission line
provides an estimate of the DM contribution from Hα-emitting
gas in the host galaxy of FRB121102 (Kulkarni et al.
2014, 2015; Scholz et al. 2016; Tendulkar et al. 2017; Yang
et al. 2017, and references therein). Here, we use the stringent
upper limit of = ar 0. 24H (Section 3) as a reference value for
the size of the Hα emission region, but it should be noted that
the final results are insensitive to the exact value of arH (see
Figure 5 and Equation (16)). From the Galactic extinction-
corrected line flux = ´a

- - -F 2.608 10 erg s cmH
16 1 2

(Section 3), Hα surface brightness a( )S H host,obs is

a
p

=

» ´ ´


a

a

a- - - -
-

⎜ ⎟⎛
⎝

⎞
⎠

( )S
F

r

r

H

1.441 10 erg cm s arcsec
0. 24

host,obs
H

H
2

15 2 1 2 H
2

Hα surface brightness in the source frame a( )S H host,s is

a a= +

» ´ ´


a- - - -
-

⎜ ⎟⎛
⎝

⎞
⎠

( ) ( ) ( )S z S

r

H 1 H

2.916 10 erg cm s arcsec
0. 24

.

host,s
4

host,obs

15 2 1 2 H
2

For CaseB recombination in hydrogen plasma with temper-
ature T=10,000K, a( )S H host,s is related to the source frame
emission measure (denoted as EMhost,s) as (Reynolds 1977;
Tendulkar et al. 2017)

a

=

´

» ´


a

-

- - - -

-
-

⎜ ⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

( )

( )

T

S

r

EM 486 pc cm
10,000 K

H

10 erg cm s arcsec

1417 pc cm
0. 24

. 11

host,s
6

0.9

host,s
15 2 1 2

6 H
2

By considering an ionized gas clump (with the volume-
averaged electron density nec), which consists of sub-clumps
with internal density nesc and filling factor f 1f
( ºf n ne ef c sc), EM and DM are related to each other as
follows (Cordes et al. 2016; Tendulkar et al. 2017)

= ´

´

a
-

-

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( )

f C
L

DM 387 pc cm
1 kpc

EM

600 pc cm
12

host H ,s
3

f
1 2

1 2

host,s
6

1 2




z
=

+

⎛
⎝⎜

⎞
⎠⎟( )

( )C
1

1 4
2, 13

2

1 2

where ò≡(rms density)/(mean density) 0 represents small-
scale fractional density fluctuation within each sub-clump
(rms = root mean square), z 1 is the dimensionless second
moment of the density variations between sub-clumps, and L is
the path length through the clump (see Cordes et al. 2016, for
details). aDMhost H ,s denotes the DM contribution from the Hα
emission region in the FRB121102 host galaxy. As assumed
by Tendulkar et al. (2017), we adopt z = 2 for the density
variations between sub-clumps and  = 1 for the density
fluctuation within each sub-clump (i.e., C = 1) as a reference
value. The observed-frame DM contribution from the Hα
emission region aDMhost H ,obs can be evaluated by multiplying
dimensionless factors of +( )z1 1 and L LFRB to aDMhost H ,s

(Tendulkar et al. 2017), where LFRB indicates an effective path

Figure 5. Observational constraints on the DM contribution from the observed
Hα emission region (Equation (15)) for =f 1f , 0.1, 0.01, and 0.001, where C
is fixed to 1. The thick solid lines are for a- = d H 0. 08FRB , and the upper
and lower dashed lines associated with each of the thick solid lines are for

= a-d 0. 06FRB H and = a-d 0. 10FRB H , respectively. The hatched region
denotes = DM 163 96host, obs pccm−3 (Equation (10)). The vertical lines
denote the estimated size of the Hα emission region (see Figure 4).

17 We assume that hydrogen and helium are fully ionized at <z 2 (Deng &
Zhang 2014, and references therein).
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length through the clump:
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Our Kyoto3DII IFU observations revealed that the Hα
emission region with the Gaussian width of < ar 0. 24H is
located at a position offset from the FRB121102 position by

=   a-d 0. 08 0. 02FRB H (Sections 3 and 4.1). This result places
observational constraints on L and L LFRB in Equation (14) as
follows. L can be evaluated as = aL r2 H with the assumption that
the Hα emission region is spherical, and L LFRB can be evaluated
as = = a-( ) ( )G r d G r 0. 00FRB H [where G(r) is the Gaussian
profile centered on the Hα emission region with the Gaussian
width of r]. By substituting these values and Equation (11) into
Equation (14), aDMhost H ,obs (normalized at = a-d 0. 08FRB H and

= ar 0. 24H ) can be expressed as a function of arH

= ´ ´


´ - -
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1 2 H

1 2
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2
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2
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Figure 5 shows Equation (15) as a function of arH . As can be
seen in this figure, the DM contribution from the FRB host
galaxy = DM 163 96host,obs pccm−3 (Equation (10)) can
fully be attributed to the observed Hα emission region under
the observational constraint of < ar 0. 24H (or ~ ar 0. 14;H see
Section 3) if the filling factor takes large values of

-f 0.01 0.1f and the linear size of the Hα emission region
is larger than  ar 0. 1H (0.3 kpc). These values of ff and arH
are within the range expected for low-density H II regions
(Pynzar’, 1993, 2016; Cedrés et al. 2013). Thus, our
observations indicate that aDMhost H , obs can make a major
contribution to DMhost, obs, and DM contributions from other
DM sources, such as a young supernova remnant around the
progenitor of FRB121102 (e.g., Piro 2016; Yang &
Zhang 2016; Kashiyama & Murase 2017; Yang et al. 2017),
are probably small. The absence of the significant DM
contribution from the supernova remnant is consistent with
the time-constancy of the observed DM of FRB121102
(Section 1), which requires that the supernova remnant, if
present, should be older than ∼100 years and thus have little
DM contribution of =100pccm−3 (Murase et al. 2016;
Piro 2016; Cao et al. 2017; Metzger et al. 2017; Tendulkar
et al. 2017).

Alternatively, we can use Equation (15) to derive an
observational constraint on WIGM. Equation (15) as a function
of arH takes a maximum value at =a a-r d2H FRB H , and thus
the maximum possible DM contribution from the Hα emission
region (regardless of the exact value of arH ) can be derived

algebraically as

=

= ´ ´


=  ´

a a a

a

-

- -
-

-

⎜ ⎟⎛
⎝

⎞
⎠

( )

( ) ( )

r d

f C
d

f C

DM 2

712 pc cm
0. 08

712 89 pc cm , 16

host H , obs H FRB H

3
f
1 2 FRB H

1 2

3
f
1 2

where the uncertainty of -89 pc cm 3 is from the measurement
error in a-dFRB H . If we assume that ff and C should be less than
0.1 and 1, respectively, under real physical conditions, and that
DMhost, obs is solely due to the DM contribution from the
observed Hα emission region, DMhost, obs can only take a value
less than 225± 28 pccm−3. Thus, the DM contribution from
the IGM (DMIGM) can be constrained from Equation (7) as

> -DM 48 pc cmIGM
3 at the 90% confidence lower limit. By

substituting this constraint into Equation (8), we obtain a 90%
confidence level lower limit on the cosmic baryon density in
the IGM in the low-redshift universe as

W > ( )0.012, 17IGM

or equivalently, >f 0.25IGM (Equation (9)). According to the
estimate of the cosmic baryon budget in the low-redshift
universe within the ΛCDM cosmology (Fukugita 2004;
Fukugita & Peebles 2004; Shull et al. 2012), approximately
90% of the baryons must be lying in the IGM (as assumed in
Equation (9)), which have been historically called “missing”
baryons (for a review, see Bregman 2007). The observational
constraints on the geometry of the Hα emission region in the
FRB121102 host galaxy obtained by our observations suggest
that ionized baryons in the IGM make up at least 25% of the
baryonic mass of the universe at z∼0, and thus provide
evidence for the current best estimate of the cosmic baryon
budget.

5. Conclusions

Here, we present the Hα intensity map of the host galaxy of
the repeating fast radio burst FRB121102 obtained with AO-
assisted Kyoto3DII IFU. Our observations independently
confirm the results of Tendulkar et al. (2017), indicating that
the host galaxy of FRB121102 is a star-forming dwarf galaxy at
a redshift of z 0.193 (Figure 2). The detected Hα emission
region in the host galaxy is not spatially resolved or only
marginally resolved, and therefore we obtain an upper size limit

 ar 0. 24H (1σ radius), and there is an indication that the size of
the Hα emission region is as small as 0. 14 (1σ radius). The Hα
emission region is located at a position offset from the extended
(   –1. 0 1. 4) stellar continuum emission region by   0. 29 0. 05
(Figure 4). The spatial offset between the centroid of the Hα
emission region and the FRB121102 radio bursts is =a-dFRB H
  0. 08 0. 02, indicating that FRB121102 resides in the
observed Hα emission region (Figure 4). The spatial association
between the Hα-emitting star-forming region in the host galaxy
and the position of FRB121102 suggests that FRB121102 is
produced by a young pulsar/magnetar formed by a massive star
explosion.
Our observations confirm that the sightline toward

FRB121102 passes through the Hα-emitting clump, and thus
the Hα emission region can make a major contribution to the host
galaxy DM of FRB121102 ( = DM 163 96host, obs pccm−3)
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under reasonable assumptions regarding the physical properties of
the Hα emission region (Equation (15) and Figure 5). Conversely,
observational constraints on the largest possible DM contribution
from the Hα emission region obtained by our observations require
the presence of the “missing” baryons in the IGM (Equation (17)),
as expected in the concordance ΛCDM cosmology.
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