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ABSTRACT

We present SMA and NOEMA observations of the host galaxy of FRB 121102 in the CO 3-2 and
1-0 transitions, respectively. We do not detect emission from either transition. We set 3o upper limits
to the CO luminosity Leo < 2.5 x 10" Kkms ™ pe=2 for CO 3-2 and Lo < 2.3 x 109 Kkms ™! pe—2
for CO 1-0. For Milky-Way-like star formation properties, we set a 3o upper limit on the H, mass
of 2.5 x 108 M, slightly less than the predictions for the H, mass based on the star formation rate.
The true constraint on the H, mass may be significantly higher, however, because of the reduction
in CO luminosity that is common for low-metallicity dwarf galaxies like the FRB host galaxy. These
results demonstrate the challenge of identifying the nature of FRB progenitors through study of the
host galaxy molecular gas. We also place a limit of 42 pJy (30) on the continuum flux density of the
persistent radio source at 97 GHz, consistent with a power-law extrapolation of the low frequency
spectrum, which may arise from an AGN or other nonthermal source.
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1. INTRODUCTION

Fast radio bursts (FRBs) are millisecond-duration, highly dispersed radio transients (Lorimer et al.
2007; Thornton et al. 2013). Approximately 30 FRBs have been identified in the past decade
(Petroff et al. 2016). The large dispersion measure (DM) of FRBs suggests that they are of extra-
galactic origin, implying radio luminosities significantly in excess of any known phenomenon. A wide
variety of models have been proposed (e.g., Falcke & Rezzolla 2014; Loeb et al. 2014; Lyutikov et al.
2016; Connor et al. 2016; Kashiyama & Murase 2017). These include neutron star progenitors, pri-
marily due to the observational similarity between pulsar and FRB properties. Other models include
stellar and super massive black holes along with more exotic high energy phenomena such as cosmic
strings (e.g., Cai et al. 2012).

Of the known FRBs, all but one have been observed to produce only a single pulse in spite of tens
to hundreds of hours of follow-up (Law et al. 2015; Petroff et al. 2015). FRB 121102, on the other
hand, has now been detected more than 100 times (Spitler et al. 2014; Gajjar et al. 2017). This
repetition has enabled targeted observing campaigns to localize FRB 121102 to an accuracy better
than 100 milliarcsec using the Very Large Array (Chatterjee et al. 2017; Law et al. 2017). and better
than 10 mas using the European Very Long Baseline Interferometry (VLBI) Network (Marcote et al.
2017). The FRB is spatially coincident with a compact (S 1 mas), persistent radio source that may
be associated with an accreting supermassive black hole, a supernova remnant (SNR), or a pulsar
wind nebula (PWN), although each of these identifications is problematic for different reasons. In
particular, the persistent radio source is orders of magnitude more luminous than any known SNR or
PWN, making that explanation difficult. On the other hand, while the radio luminosity and upper
limit on the X-ray luminosity are consistent with an active galactic nucleus (AGN), there is only one
known example of a radio luminous AGN in a dwarf galaxy (Henize 2-10; Reines et al. 2011) despite
extensive searches (e.g., Reines et al. 2013; Ofek 2017). Further, as noted below, there is no evidence
of AGN activity in the FRB host galaxy based on optical spectroscopy.

The FRB is associated with a dwarf galaxy at z = 0.19273 £ 0.00008, < 10® M, in stellar mass,
and diameter &~ 2" (~ 3 kpc) (Tendulkar et al. 2017; Bassa et al. 2017; Kokubo et al. 2017). High
resolution imaging with the Hubble Space Telescope (HST) shows a bright, compact (80 mas) knot
of continuum emission coincident with the FRB and the persistent radio source, along with diffuse,
extended emission.

Analysis of emission lines in the optical spectrum shows evidence of star formation with SFRa
0.2 My yr~! and no evidence for an AGN. Spectral analysis places a constraint on the metallicity
of log,,[O/H] + 12 ~ 8.0 (Bassa et al. 2017; Kobulnicky & Kewley 2004), indicating significantly
sub-solar metallicity, which is common for dwarf galaxies. Low metallicity dwarf galaxies have
been identified as hosts to long gamma-ray bursts (GRBs) and superluminous supernova (SLSNe)
(Metzger et al. 2017).

Multi-wavelength studies of GRB hosts have demonstrated the power to constrain progenitor classes
(e.g., Perley et al. 2016). ALMA non-detection of carbon monoxide (CO) in two long-duration GRB
hosts has shown an unusually low gas-to-dust ratio at the location of the GRB, possibly as the
result of ultraviolet radiation dissociation of the CO, providing an important clue to the environment
from which GRBs originate (Hatsukade et al. 2014). Further, CO spectroscopy can be an important
diagnostic of molecular gas mass and dynamics in dwarf galaxies (e.g., Rubio et al. 2015). Finally,
in addition to characterizing star formation in the host galaxy, CO could determine the dynamical
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center of the galaxy or detect the presence of an AGN through high velocity gas (Davis et al. 2013).
The CO luminosity for low metallicity dwarf galaxies is difficult to estimate and may be significantly
suppressed relative to Milky Way-like systems (Schruba et al. 2012).

In this paper, we report on Submillimeter Array (SMA) and Northern Extended Millimeter Array
(NOEMA) observations of the host galaxy of FRB 121102 in CO transitions of 3-2 and 1-0. In Section
2, we describe our observations, which lead to a non-detection of CO and of the continuum emission
at 97 GHz. In Section 3, we discuss the significance of those limits.

2. OBSERVATIONS AND RESULTS
2.1. SMA

Two observing tracks were obtained with the SMA on 17 and 25 December 2016 for a total of 11
hours on the host galaxy of FRB 121102. The array was in its compact configuration for both epochs.
Atmospheric phase fluctuations were large in the first epoch and the optical depth was high, leaving
only a fraction of the data usable. Weather conditions were better in the second epoch, with a typical
225 GHz opacity of 0.05. In both observations, the receiver was tuned to a frequency of 289.930 GHz,
the rest frequency of the red-shifted CO 3-2 transition. The SWARM correlator was configured with
a 2.28-GHz bandwidth spectral window containing 1024 channels (with velocity width ~ 2kms™")
centered on the CO 3-2 transition.

Absolute flux calibration was performed using Neptune. Bandpass calibration was performed using
3C 273 and phase calibration was performed using the compact source J0555+398. Standard data
reduction techniques using MIR! and the Multichannel Image Reconstruction, Image Analysis and
Dispaly software (MIRIAD; Sault et al. 1995) were performed to flag, calibrate, and image the data.
Good data from the first and second epochs were combined to create the final results. We obtained
a naturally-weighted image with a beam size of 2.5 x 2.0 arcsec at position angle 69°.

2.2. NOEMA

Three observing tracks were obtained with NOEMA on 18 Feb 2017, 9 Apr 2017 and 12 Apr 2017
for a total of 9.7 hours on source. NOEMA was in its D configuration with baselines between 16
and 176m. Receivers were tuned to 96.6 GHz for the red-shifted CO 1-0 transition. The WideX
correlator has a fixed configuration with 3.6GHz wide IF bands (one per polarisation) and a spectral
resolution of 1.95MHz (velocity width ~ 6kms™") covering the CO(1-0) frequency.

Absolute flux calibration was performed on MWC 349 or LkHa 101 and phase calibration was
performed using J05554-398. Flagging and calibration were performed with the Grenoble Image and
Line Data Analysis Software (GILDAS; Gildas Team 2013) and imaging was performed in AIPS
(Greisen 2003). We obtained a naturally-weighted image with a beam size of 4.1 x 3.6 arcsec at
position angle 0°.

2.3. Results

We detect no line source at the position of FRB 121102 or anywhere else in the SMA and NOEMA
maps. SMA maps were made with a velocity resolution of 45 kms™" achieving an rms of 9 mJy.
NOEMA maps were made with a velocity resolution of 38 kms™' achieving an rms of 0.21 mJy. We
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also searched the spectra for higher resolution features without any detection. The spectra are shown
in Figure 1.

Molecular gas is typically found within a few hundred km/s of the the systemic velocity for dwarf
galaxies. For example, in a sample of blue compact dwarfs, Amorin et al. (2016) found CO emission
within 200 kms™" of the velocity of the centroid of optical emission lines. Velocity offsets and wide
lines can differ by hundreds of kms™" in the case of AGN and ULIRG outflows (Cicone et al. 2014).
It is unlikely that such powerful outflows are present in this system: optical spectroscopy shows no
evidence for either a supermassive black hole or strong starburst activity in the host galaxy. It is
possible that the persistent source is the result of a low luminosity AGN, but such systems do not
drive powerful winds. The redshift uncertainty Az = 8 x 10~ corresponds to a velocity uncertainty
of 24 kms™', less than the width of a single channel. We have searched velocities over the range
900 to 4800 kms™'. Thus, our search over a velocity range of 1700 kms™' centered on the systemic
velocity should recover any emission lines present.

We fit Gaussians with a dispersion ¢ of 40 kms™' (FWHM = 2,/2log2c = 94kms ') at the
position of peak intensity in each spectrum. As discussed below a dispersion of ~ 40kms™' is a
characteristic width likely to be found in this system. We find peak values of 10.2 £ 7.2 mJy and
0.17 4 0.14 mJy for the SMA and NOEMA spectra, respectively, both of which are consistent with
non-detections. These correspond to 30 upper limits on the integrated line flux densities of 1430
mJy kms™ and 21 mJy kms™', respectively. Since Gaussians fitted at the position of the peak
intensity of a noise-like spectrum are a biased measurement, we also estimate limits biased on the
rms noise in the spectra integrated over the expected line widths. We find 30 limits of 1145 mJy
kms™' and 25 mJy kms™!, respectively. We adopt these latter values as our upper limits for further
discussion. We also fit Gaussians with an unconstrained width. These lead to low significance fits
with characteristics dispersions in the range 400 — 600 kms™' and peak intensities lower by an order
of magnitude than the narrow fits; that is, essentially equivalent integrated intensity.

We can translate our upper limits on the integrated line flux density to limits on the CO
luminosity(Bolatto et al. 2013). We find 3¢ limits of Leo < 2.3 x 10° Kkms ™' pc=2 for CO 1-0
and Loo < 2.5 x 10" Kkms™ pe=2 for CO 3-2.

As discussed in Bassa et al. (2017), there is weak evidence for an overdensity of sources near the
FRB 121102 host galaxy that could appear through their line emission. We searched the full field
of view including an IRAC galaxy 6” southwest of the host galaxy and did not make any detection
of lines at comparable sensitivity to that quoted above. In the NOEMA band, this corresponds to a
redshift window 0.166 to 0.211.

We also constructed a continuum map at 97 GHz from the NOEMA data and detected no sources
in the field above a 30 threshold of 42 pJy.

3. DISCUSSION

In this section, we compare our luminosity limits against theoretical expectations. First, we compute
an estimate of the expected Hy mass based on observed star formation rate. This estimate along with
the size of the system, lets us set a range of characteristic velocity widths for the CO line. Second, we
convert our observed CO luminosity limits into an Hy mass using Milky-Way-like conversion factors.
Finally, we consider the impact of non-MW-like conversion factors on the CO luminosity and on
other estimates of the Hy mass. We also discuss the significance of the non-detection of continuum
emission from the persistent radio source.
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The molecular gas mass and dynamics can be estimated using standard relations derived from
Milky Way-like galaxies. Using the average star formation efficiency SFE = 5.25 x 10710 yr~!
(Leroy et al. 2008), we can estimate the total molecular gas content from the observed FRB host
SFR = 0.23 My, yr~!tobe My, = 4x10% M. This Hy mass is larger than the stellar mass estimate of
~ 10® My. Using a size of R = 1 kpc, we estimate a velocity dispersion o ~ /GMp, /R ~ 40kms™".
We note that dark matter is often dominant in dwarf galaxies so that even in the event of lower
gas or stellar mass, a velocity dispersion in the range of 40 — 50kms™" remains reasonable (e.g.,
Oh et al. 2015). This assumed line width is comparable to that seen in dwarf galaxies. For instance,
Amorin et al. (2016) observed dwarf galaxy CO line dispersions in the range of 18 to 68 kms™'.

We convert our observed CO luminosity limit into an Hs mass limit using a MW-like conversion
factor for the Hy — CO ratio Xco = 2.3 x 10® cm™2(Kkms™')~'. We use our 40 kms™" limits and
adopt a ratio R3; = 0.5, where Rj3; is the line ratio between the 3-2 and 1-0 transitions determined
by excitation. Rs3; has an order of magnitude uncertainty. For a large sample of normal galaxies,
Wilson et al. (2012) found R3; = 0.18. Schruba et al. (2012) selected the 2-1/1-0 line ratio Ry; = 0.7
for their dwarf galaxy sample. We then estimate 3¢ upper limits to the Hy mass of 10° M, and
2.5 x 108 M, for the 1-0 and 3-2 transitions, respectively. The latter value rejects the predicted
4 x 108 Mg, mass estimate based on the SFR and the assumption of MW-like properties.

The CO luminosity may be significantly suppressed, however, relative to the expectations for a
MW-like system, weakening the constraints that we have on the H; mass. Low metallicity has
been shown to substantially reduce the CO luminosity, possibly as the result of the absence of dust-
shielding of UV radiation, leading to photodissociation of CO (Bolatto et al. 2013). FRB 121102
host galaxy has a metallicity 12 4 log;, [O/H] = 8.0 & 0.1, comparable to the metallicity of the
Small Magellanic Cloud (SMC; Dufour et al. 1982). X¢oo for the SMC is two orders of magnitude
larger than for the MW (Schruba et al. 2012). The Large Magellanic Cloud (LMC) has a metallicity
higher than the SMC by ~ 0.3 dex and a value of X higher by a factor of 20 times the MW value
(Schruba et al. 2012). Results for the Schruba et al. (2012) sample of galaxies are consistent with
a power-law index y = —2.0 to —2.8 for X¢p o (12 4 log,, [O/H])Y, depending on sample selection
criteria. Amorin et al. (2016) found a value of y = —1.5 4 0.3 for their sample. Thus, predictions for
the FRB 121102 host galaxy H, mass have an order of magnitude or more uncertainty. 2

The specific star formation rate (sSFR) and metallicity of the FRB host galaxy are typical of the
population of low-mass, low-metallicity starforming galaxies known as blue compact dwarfs (BCDs)
(Amorin et al. 2016). These dwarf galaxies are offset from the Schmidt-Kennicutt relation for star
formation, and, thus, have shorter gas depletion timescales, or higher SFE. The SFE appropriate for
the metallicity of the FRB host galaxy is much higher than that for MW-type galaxies. If we instead
use this higher SFE, ~ 3 x 1078, then My, ~ 6.6 x 10° M. Amorin et al. (2016) also find that Xco
at low metallicity is a factor of 10 larger than for MW-type galaxies. Thus, if the FRB 121102 host
galaxy is representative of the BCD population, the combination of reduced Hy mass and increased
Xco leads to one to three orders of magnitude reduction in the CO luminosity relative to the MW
estimate.

Dust mass estimates also suggest that the molecular hydrogen density could be lower than estimates
from the SFR. From the Ha to Hf3 ratio 2.71+0.26 (Kokubo et al. 2017), we estimate an upper limit

2 We note that giant molecular clouds (GMCs) in theory (Wolfire et al. 2010) and in observation (Leroy et al. 2011)
indicate lower values for X¢o than galaxy-wide measurements for low-metallicity regions. Given that our observations
cover the entire galaxy, however, it is likely that the galaxy-wide conversion factors are more relevant.



6 BOWER ET AL.

on the dust mass of ~ 10° My (Dominguez et al. 2013). Stellar population synthesis fits to the
broadband colors of the host galaxy do not require any dust contribution, leading to a similarly low
estimate for the dust mass (Bassa et al. 2017). For a dust-to-gas ratio of 1072, we find an upper limit
My, < 107 Mg, more than an order of magnitude lower than estimated from the Milky-Way-like
Xco, but consistent with the low metallicity dwarf estimate.

Our SMA and NOEMA results show, therefore, that the FRB host galaxy is underluminous in CO
relative to galaxies with Milky Way-like star-formation properties and of comparable star formation
rate. An order of magnitude or more reduction in the expected CO luminosity as the result of low
metallicity, however, would make the signal undetectable in either observation. Deep integrations
with ALMA have the potential to detect the FRB 121102 host galaxy if its CO-to-SFR conversion
is within an order of magnitude of the Milky Way.

The radio spectrum of the persistent source declines steeply at frequencies above 10 GHz and
includes a 230 GHz non-detection with ALMA at a 50 pJy threshold (30; Chatterjee et al. 2017).
An extrapolation of the low frequency spectrum (S o< ') predicts a 97 GHz flux density of ~
20pJy. This flux density is comparable to the ~ 1o threshold in the NOEMA data, and, therefore
undetectable. Thus, the spectrum of the persistent source is consistent with that of an optically-
thin nonthermal source. AGN and RSNe often show spectra similar to that of the persistent source
(de Zotti et al. 2010). The nature of the persistent source remains ambiguous. While the spectrum
is nonthermal, its luminosity significantly exceeds that of any Galactic PWN or RSNe. An AGN
interpretation of the spectrum and its luminosity is reasonable but is demographically unlikely given
the rarity of radio-loud AGN in dwarf galaxies.

The localization of FRB 121102 to a low metallicity dwarf galaxy at cosmological distance has
provided a substantial clue towards understanding the environment and nature of the host object
that produces fast radio bursts. We have searched for molecular gas emission that would serve as
an important diagnostic of star formation, dynamics, and the presence of an AGN. The absence of
a CO detection in our observations can be interpreted as the result of a low Hy mass, a high CO-
to-Hy conversion factor, a high star formation efficiency, or a combination of these factors. If the
host galaxy of FRB 121102 is representative of its class, then characterization of other host galaxies
through molecular gas must rely on discovery of systems that differ in at least one respect: higher
metallicity, greater mass, or lower redshift.

The Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory
and the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica. This work is based on observations carried out under project
number E1I6AF001 with the IRAM NOEMA Interferometer. IRAM is supported by INSU/CNRS
(France), MPG (Germany) and IGN (Spain).

Facilities: SMA, NOEMA
Software: MIR, MIRIAD, GILDAS, AIPS, MATLAB
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