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ABSTRACT

We present the results of CO(1–0) and CO(4–3) observations of the host galaxy of a long-duration gamma-ray

burst GRB 080207 at z = 2.0858 by using the Karl G. Jansky Very Large Array and the Atacama Large Millime-

ter/submillimeter Array. The host is detected in CO(1–0) and CO(4–3), becoming the first case for a GRB host with

more than two CO transitions detected combined with CO(2–1) and CO(3–2) in the literature. Adopting a metallicity-
dependent CO-to-H2 conversion factor, we derive a molecular gas mass of Mgas = 8.7×1010 M⊙, which places the host

in a sequence of normal star-forming galaxies in a Mgas–star-formation rate (SFR) plane. A modified blackbody fit to

the far-infrared–millimeter photometry results in a dust temperature of 37 K and a dust mass of Mdust = 1.5×108 M⊙.

The spatially-resolving CO(4–3) observations allow us to examine the kinematics of the host. The CO velocity field
shows a clear rotation and is reproduced by a rotation-dominated disk model with a rotation velocity of 350 km s−1

and a half-light radius of 2.4 kpc. The CO spectral line energy distribution derived from the four CO transitions is

similar to that of starburst galaxies, suggesting a high excitation condition. Comparison of molecular gas properties

between the host and normal (main-sequence) galaxies at similar redshifts shows that they share common properties

such as gas mass fraction, gas depletion timescale, gas-to-dust ratio, location in the Mgas–SFR (or surface density)
relation, and kinematics, suggesting that long-duration GRBs can occur in normal star-forming environments at z ∼ 2.
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1. INTRODUCTION

Long-duration gamma-ray bursts (GRBs) have been

shown to be associated with the explosions of mas-

sive stars (e.g., Hjorth et al. 2003; Stanek et al. 2003).

Due to the short lifetime of massive stars, GRBs are
thought to trace galaxies with ongoing star forma-

tion. Because GRBs are bright enough to be observable

in the cosmological distances (e.g., Tanvir et al. 2009;

Salvaterra et al. 2009), they are expected to be a new

tool to probe the star-forming activity in the distant uni-
verse (e.g., Totani 1997; Wijers et al. 1998; Kistler et al.

2009; Robertson, & Ellis 2012; Trenti et al. 2012). How-

ever, whether GRBs can be used as an unbiased tracer

of star formation in the universe is still a subject of
debate (e.g., Micha lowski et al. 2012; Perley et al. 2013;

Hunt et al. 2014; Greiner et al. 2015; Perley et al. 2015,

2016a; Vergani et al. 2015; Japelj et al. 2016). In or-

der to understand the environment where GRBs occur,

it is important to understand the properties molecular
gas, the fuel of star formation, in GRB host galax-

ies. While molecular hydrogen has been detected in

absorption in the spectra of GRB afterglows (e.g.,

Prochaska et al. 2009; Krühler et al. 2013; D’Elia et al.
2014; Friis et al. 2015), the detected column density

probes only one sight line in front of the GRB. Emis-

sion lines need to be observed in order to measure the

molecular gas content in host galaxies. Searches for

CO emission as a tracer of molecular gas have been
conducted in several GRB host galaxies (Kohno et al.

2005; Endo et al. 2007; Hatsukade et al. 2007, 2011;

Stanway et al. 2011), and five host galaxies have been

detected so far (Hatsukade et al. 2014; Stanway et al.
2015; Micha lowski et al. 2016; Arabsalmani et al. 2018;

Micha lowski et al. 2018). While earlier works suggest a

deficiency of molecular gas in the host galaxies com-

pared to their star formation rate (SFR) or stellar

mass (Hatsukade et al. 2014; Stanway et al. 2015), re-
cent studies show that the difference is not significant

and GRB host galaxies have more diverse in molecular

gas properties with an additional sample, appropri-

ate CO-to-H2 conversion factors (αCO), or a careful
choice of comparison sample (Arabsalmani et al. 2018;

Micha lowski et al. 2018).

One important issue for estimating the molecular gas

mass is the uncertainty of CO line ratios. The CO lu-

minosity of a ground rotational transition J = 1–0 is
required for deriving the molecular gas mass by apply-

ing the conversion factor, and we need to assume a CO

line ratio in the case of host galaxies with only higher J

CO lines. However, no GRB host galaxy has been de-
tected with multiple CO transitions including the CO(1–

0) line, and the CO line ratio for GRB host galaxies has

not yet been obtained. Since the CO spectral line energy

distribution (SLED) provides the molecular gas excita-

tion condition whether GRB host galaxies have a nearly

thermalized condition as in starburst galaxies or a low
excitation condition as in the Milky Way, it is essential

to obtain a sample of GRB host galaxies with multiple

CO transitions.

In this paper, we present the results of CO(1–

0) and CO(4–3) observations of the host galax-
ies of GRB 080207 with the Karl G. Jansky Very

Large Array (VLA) and the Atacama Large Millime-

ter/submillimeter Array (ALMA). The arrangement of

this paper is as follows. Section 2 outlines the host
galaxy of GRB 080207. Section 3 describes the obser-

vations, data reduction, and results. In Section 4, we

derived the molecular gas mass, dust mass, gas kine-

matics, and CO SLED, and compare them with other

galaxies populations. We discuss the availability of
GRBs as a tracer of star-formation activity in terms of

molecular gas properties. Conclusions are presented in

Section 5. Throughout the paper, we adopt a cosmology

with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
SFRs in this paper are converted to a Chabrier (2003)

IMF from a Salpeter (1955) IMF by multiplying a factor

of 0.61.

2. THE HOST GALAXY OF GRB 080207

The host galaxy of GRB 080207 has been well studied

at various wavelengths. GRB 080207 is identified as a

dark GRB due to the non-detection of its afterglow in
the optical and NIR and the inferred X-ray-to-optical

spectral slope (Hunt et al. 2011; Svensson et al. 2012;

Rossi et al. 2012). The redshift of z = 2.0858 ± 0.0003

is determined from the emission line in from the host

galaxy (Krühler et al. 2012). The host galaxy is a
red, massive, and actively star-forming galaxy with

stellar mass of M∗ ∼ 1011 M⊙ and SFR of 50–300

M⊙ yr−1 (e.g., Perley et al. 2013; Hunt et al. 2014;

Arabsalmani et al. 2018). The host galaxy has one of
the highest stellar mass and inferred visual extinction

(AV & 2 mag) among GRB hosts (e.g., Hunt et al.

2011, 2014; Perley et al. 2013, 2016b). The stellar mass

and SFR place the host galaxy on the massive end

of the main sequence (MS) of star-forming galaxies at
z = 2. The detections at 24 µm with Spitzer/MIPS

(Hunt et al. 2011; Svensson et al. 2012), 100 and 160

µm with Herschel/PACS (Hunt et al. 2014), and 5 GHz

with VLA (Perley & Perley 2013) suggest the existence
of dust-obscured star formation. The radio-derived

SFR of 846 ± 124 M⊙ yr−1 is larger than other es-

timates (Perley & Perley 2013). While the radio ob-

servations were conducted 3.4 and 4.3 years after the
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GRB, the lack of early-time radio observations pre-

vents constraining a long-lived radio afterglow, and its

contamination to the detected radio emission from the

host galaxy cannot be ruled out (Perley & Perley 2013).
The metallicity of the host galaxy is 12 + log (O/H) =

8.74 ± 0.15 (Krühler et al. 2015), which is derived with

N2 and O3N2 diagnostics based on the calibrators of

Nagao et al. (2006) and Maiolino et al. (2008). The host

galaxy is on the mass-metallicity relation at z ∼ 2 for
the stellar mass (e.g., Wuyts et al. 2014; Steidel et al.

2014).

Recently, Arabsalmani et al. (2018) detected the

CO(3–2) line with the Plateau de Bure/NOrthern Ex-
tended Millimeter Array. They derived the molecular

gas mass of Mgas = 1.1 × 1011 M⊙ and found that the

gas mass fraction and the gas depletion timescale are

comparable to star-forming galaxies at similar redshifts.

Micha lowski et al. (2018) reported the detection of the
CO(2–1) line with the IRAM 30 m telescope and a de-

rived molecular gas mass of Mgas = 2 × 1011 M⊙. The

detection of the CO lines and the large gas reservoir

make it the best target for studying the properties of
molecular gas in detail.

3. OBSERVATIONS AND RESULTS

3.1. VLA CO(1–0)

The VLA Ka-band observations (Project ID: 18A-103)

were performed on Nov. 11–16, 2018 using 26 antennas.

The array configuration was D and D→C (transition
from D to C) with a baseline length ranging from 40 m

to 3.4 km. The WIDAR correlator was used with 8-

bit samplers. We used two basebands with a 1 GHz

bandwidth centered at 36.34 and 37.34 GHz, which pro-

vides a total bandwidth of 2 GHz centered at 36.8 GHz
(0.81 cm). The redshifted CO(1–0) line was observed at

37.355 GHz. Bandpass and amplitude calibrations were

done with 3C286, and phase calibrations were done with

a nearby quasar J1415+1320. The total observing time
and the on-source time is 7.4 and 3.7 hours, respectively.

The data were reduced with Common Astronomy

Software Applications (CASA; McMullin et al. 2007).

The maps were produced with tclean task. The natu-

ral weighting was adopted, and the resultant synthesized
beamsize is 1.′′87 × 1.′′60 (PA = −0.45◦) for velocity-

integrated CO(1–0) map and 1.′′91 × 1.′′60 (position an-

gle PA = −25◦) for the continuum map. The continuum

map was created with a total bandwidth of ∼1.9 GHz,
excluding channels with emission line. The rms noise

level is 7.5 µJy beam−1 for the continuum map, and

83 µJy beam−1 for the spectra with a velocity resolu-

tion of 100 km s−1.

3.2. ALMA CO(4–3)

ALMA observations were conducted in Apr. 29, 2016

for a Cycle 3 program (Project code: 2015.1.00939.S)

as part of an ALMA CO search toward a sample of

long-duration GRB host galaxies (B. Hatsukade et al.
in prep.). The redshifted CO(4–3) line was observed

with Band 4. The correlator was used in the time do-

main mode with a bandwidth of 1875 MHz (488.28 kHz

× 3840 channels). Four basebands were used, provid-

ing a total bandwidth of 7.5 GHz centered at 2.1 mm.
The array configuration was C36-2/3 with the baseline

lengths of 15.1–640.0 m. The number of available an-

tenna was 41, and the on-source integration time is 41

min. Bandpass, flux, and phase calibrations were done
with J1256−0547, Titan, and J1347+1217, respectively.

The data were reduced with CASA, and maps were

processed with a tclean task. While Briggs weight-

ing with robust parameter of 0.5 was adopted for CO

maps, natural weighting was adopted for a continuum
map to maximize the sensitivity. The continuum map

was created with a total bandwidth of ∼7.5 GHz, ex-

cluding channels with emission line. Clean boxes were

placed when a component with a peak signal-to-noise
ratio (S/N) above 5 is identified, and CLEANed down to

a 2σ level. The synthesized beamsize is 0.′′90 × 0.′′83

(PA = −1.0◦) for a velocity-integrated CO map, and

1.′′21 × 1.′′03 (PA = −32◦) for the continuum map. The

rms noise level is 12.9 µJy beam−1 for the continuum
map, and 0.42 mJy beam−1 for a spectra with a veloc-

ity resolution of 20 km s−1.

3.3. Results

We detected CO(1–0) and CO(4–3) emission at the

position of the host galaxy and at the expected fre-

quency for z = 2.0858 (Figure 1 and 2). The CO(4–
3) spectrum shows a full width at zero intensity of

∼600 km s−1 with a range from −200 to 400 km s−1,

and a full width at half maximum (FWHM) of ∼450

km s−1. This is consistent with the spectrum of
CO(2–1) (Micha lowski et al. 2018) but is wider than

is reported for CO(3–2) (FWHM = 191 ± 35 km s−1;

Arabsalmani et al. 2018).

The line profile of CO(1–0) appears to be some-

what different from CO(4–3), although the S/N is lower
than that of CO(4–3). While the spectral feature at

∼300 km s−1 corresponds to the second peak of the

CO(4–3) spectrum, the component at ∼700 km s−1 is

not seen in CO(4–3). The ∼300 km s−1 and ∼700
km s−1 features are also marginally seen in the CO(3–2)

spectrum of Arabsalmani et al. (2018), and the CO(2–

1) spectrum of Micha lowski et al. (2018) has its peak

at ∼300 km s−1. Arabsalmani et al. (2018) reported
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Figure 1. Line profiles of CO(1–0) (top) and CO(4–3)
(bottom) of the GRB080207 host galaxy. Continuum emis-
sion is subtracted. The velocity resolution is 100 km s−1

and 20 km s−1 for CO(1–0) and CO(4–3), respectively. The
horizontal axis is the velocity relative to z = 2.0858. The
line flux is measured with a 1′′-radius aperture. The vertical
dashed lines represent the velocity range used for measuring
the flux. The red curve in the bottom panel shows the result
of model fit with GalPaK3D (see Section 4.3).

the presence of a broad component with a FWHM

of 1160 km s−1 centered at 320 km s−1 in the Hα

emission, suggesting an outflow from the host galaxy

or an interacting system. If we assume the ∼700
km s−1 component is a signature of outflow, the out-

flow mass is comparable to the main component of the

host galaxy and is in the order of 1010–1011 M⊙. Such

a massive molecular outflow is not seen in local ultra-

luminous IR galaxies (ULIRGs) or Seyfert galaxies (e.g.,
Cicone et al. 2014; González-Alfonso et al. 2017). An

interacting system is also a possible scenario. Signatures

of interaction have been observed in GRB host galax-

ies through optical/near-IR imaging (e.g., Perley et al.
2013) or absorption lines in afterglows (e.g., Thöne et al.

2013; Wiseman et al. 2017). Neutral hydrogen obser-

vations of GRB host galaxies suggest a recent mi-

nor/major merger, which could induced star formation

and the progenitor of a GRB formed in the star for-
mation episode that took place in newly accreted gas

(e.g., Micha lowski et al. 2015; Arabsalmani et al. 2015).

Since the ∼700 km s−1 component is not detected in

other higher J lines, the gas excitation condition would
be low. Although the component could be a signature of

an outflow or an interaction, the low significance (S/N

∼ 3.4 in the velocity-integrated map) prevents further

discussion. Note that no line or spurious can be found

in the spectra of calibrators at the velocity range.

Since the CO spectra in the velocity ranging from

−200 to +400 km s−1 share common features in all the
CO transitions, we adopt the velocity range for mea-

suring the line flux of CO(1–0) and CO(4–3) of the

host galaxy. The peak S/N of the velocity-integrated

intensity is 3.65 and 13.7 for CO(1–0) and CO(4–3), re-

spectively. Since the significance for the CO(1–0) is not
high, we conducted source extractions of positive peaks

and negative peaks in the map to estimate the proba-

bility of spurious detection. The number of positive and

negative peaks with S/N above 3.6 is 10 and 1, respec-
tively, and the fraction of negative to positive peaks is

0.1. Given that the position of the CO(1–0) emission

agrees with the host galaxy and the CO(4–3) emission

within errors, we can consider the CO(1–0) originates

from the host galaxy. The CO(1–0) emission is not spa-
tially resolved and we adopt the peak value as a total

flux. The CO(4–3) emission is spatially resolved with a

deconvolved source size of (0.′′7±0.′′2)×(0.′′5±0.′′2). The

CO line luminosities are L′
CO(1–0) = (1.7 ± 0.5) × 1010

(K km s−1 pc2) and L′
CO(4–3) = (1.5 ± 0.1) × 1010

(K km s−1 pc2).

Continuum emission at 0.81 cm is not detected

with VLA, giving a 3σ upper limit of S0.81cm < 22

µJy beam−1. Continuum emission at 2.1 mm is
marginally detected with a peak S/N of 3.4. The emis-

sion is spatially resolved by the beam and the integrated

flux measured with imfit is S2.1mm = 120±20 µJy. The

observation results are summarized in Table 1.
Figure 3 shows the contours of the CO(1–0) line, the

CO(4–3) line, and the 2.1 mm dust continuum emis-

sion overlaid on the image of HST/Wide Field Camera-

3 (WFC3) with the F110W filter. The astrometry of

image is calibrated by the source catalog of Gaia Data
Release 1 (Gaia Collaboration et al. 2016). The peaks of

the CO(1–0) and CO(4–3) lines are located at the cen-

ter of the optical components and consistent with the

GRB afterglow position within errors. The peak of the
dust continuum appears to be in-between the brighter

north and west optical components, although the posi-

tional uncertainty is large (∼0.4′′). The discrepancy in

the position between optical and CO/dust suggests the

obscured star formation in the host galaxy.

4. DISCUSSION

4.1. Molecular Gas Mass

We derive the molecular gas mass based on the CO(1–

0) emission. The CO luminosity is calculated as follows

(Solomon & Vanden Bout 2005),

L′

CO = 3.25 × 107SCO∆vν−2
obsD

2
L(1 + z)−3, (1)
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Figure 2. Maps of CO(1–0) integrated intensity (top left), 0.81 cm continuum (top right), CO(4–3) integrated intensity
(bottom left), and 2.1 mm continuum (bottom right). The same velocity range (−200 to 400 km s−1) is used creating the
CO maps. The images are 10′′ × 10′′ and the contours are ±2σ, ±3σ, and a 2σ step subsequently. Cross represents the GRB
afterglow position. The synthesized beam size is shown in the lower left corners.

where L′
CO is in K km s−1 pc2, SCO∆v is the velocity-

integrated intensity in Jy km s−1, νobs is the observed

line frequency in GHz, and DL is the luminosity distance

in Mpc. The molecular gas mass is derived from

Mgas = αCOL
′

CO(1−0), (2)

where the CO-to-H2 conversion factor αCO includes

the contribution of helium mass. The conversion fac-

tor is thought to be dependent on gas phase metal-

licity, increasing αCO with decreasing metallicity (e.g.,

Wilson 1995; Arimoto et al. 1996; Kennicutt, & Evans
2012; Bolatto et al. 2013). We adopt the relation be-

tween metallicity and αCO of Genzel et al. (2012) and

Genzel et al. (2015), where they derived an empiri-

cal relation by using local and high-redshift sample.
To apply the relation, we convert the metallicity re-

ported in Krühler et al. (2015) to the calibration of

Pettini, & Pagel (2004) by using the metallicity conver-

sion of Kewley, & Ellison (2008). The metallicity of the

host galaxy corresponds to a metallicity-dependent con-

version factor of αCO = 5.1 M⊙ (K km s−1 pc2)−1.

If we adopt a Galactic conversion factor of αCO = 4.3

M⊙ (K km s−1 pc2)−1 (Bolatto et al. 2013), a derived
molecular gas mass would be smaller by a factor of 1.2.

The molecular gas mass based on the CO(1–0) lumi-

nosity is estimated to be Mgas = (8.7 ± 2.4)× 1010 M⊙,

which is 1.5–2 times smaller than those derived from the
CO(2–1) and CO(3–2) observations (Micha lowski et al.

2018; Arabsalmani et al. 2018). The difference can be

explained by the assumed CO line ratios in the liter-

ature: the brightness temperature line ratios CO(2–

1)/CO(1–0) (r21) of 0.5 in Micha lowski et al. (2018)
and CO(3–2)/CO(1–0) (r31) of 0.6 in Arabsalmani et al.

(2018), while the derived ratios in this study are close

to unity (see Sec. 4.5). The host galaxy has molecu-

lar gas reservoir more than an order of magnitude com-
pared to the other CO-detected GRB host galaxies of

GRB 980425 at z = 0.0085, GRB 051022 at z = 0.809,
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Table 1. Results.

Observations CO Continuum

J SCO∆v∗ L′
CO Deconvolved Size† Scont Deconvolved Size†

(Jy km s−1) (K km s−1 pc2) (′′) (µJy) (′′)

VLA 1–0 0.078 ± 0.020‡ (1.7 ± 0.5) × 1010
· · · <22 (3σ) · · ·

ALMA 4–3 1.1 ± 0.1† (1.5 ± 0.1) × 1010 (0.7 ± 0.2) × (0.5 ± 0.2) 120 ± 20† (2.1 ± 0.5) × (1.0 ± 0.3)
∗ Velocity-integrated CO intensity derived by integrating the velocity from −200 to +400 km s−1.
† Derived from 2D Gaussian fit with CASA imfit.
‡ Peak intensity.
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Figure 3. Contours of CO(1–0), CO(4–3), and 2.1 mm con-
tinuum overlaid on HST/WFC3 F110W image. The image is
5′′

× 5′′ and the contours are −3,−2,+2,+3,+5,+9,+13σ.
Crosses represent the peak positions. The 0.′′5 error circle
of the GRB afterglow position obtained from X-ray observa-
tions (Svensson et al. 2012) is presented by the green circle.

GRB GRB 080517 at z = 0.089, and GRB 111005A

at z = 0.01326 (Hatsukade et al. 2014; Stanway et al.

2015; Micha lowski et al. 2016; Arabsalmani et al. 2018;

Micha lowski et al. 2018).
The derived molecular gas mass is compared with stel-

lar mass and SFR. We adopt the results of SED fitting

(M∗ = 1.7 × 1011 M⊙ and SFR = 1.2 × 102 M⊙ yr−1)

by T. Hashimoto et al. (in prep.), where they in-
clude newly-obtained ALMA photometry in addition

to UV–IR data. The molecular gas mass fraction de-

fined as Mgas/(Mgas + M∗) is 0.34, which is compara-

ble to those of z ∼ 1–2 MS galaxies with the similar

stellar mass (Tacconi et al. 2010, 2013; Sargent et al.
2014; Seko et al. 2016a). The star-formation effi-

ciency (SFR/Mgas) and the gas depletion timescale

(Mgas/SFR) are estimate to be 1.4 Gyr−1 and 0.71

Gyr, respectively. Figure 4 shows the comparison be-
tween molecular gas mass and SFR. Daddi et al. (2010)

107 108 109 1010 1011 1012

�gas (�⊙)

10−1

100

101

102

103

S
F
R
 (
�
⊙
 y
r−
1 )

GRB 080207
GRB 980425
GRB 051022
GRB 080517
GRB 111005A
local galaxies
z ~ 12 MS galaxies
SMGs

Figure 4. Comparison of molecular gas mass and SFR.
We plot the CO-detected GRB host galaxies of GRB with
metallicity-dependent conversion factor (Hatsukade et al.
2014; Stanway et al. 2015; Micha lowski et al. 2018), local
galaxies (Saintonge et al. 2011, 2017; Bothwell et al. 2014),
z ∼ 1–2 MS galaxies (Tacconi et al. 2013), and SMGs
(Bothwell et al. 2013). The solid and dashed lines represent
gas depletion times of 0.1 and 1 Gyr, respectively.

presented two different star-forming regimes for disk-

like normal star-forming galaxies and starburst galax-

ies in the Mgas–SFR (or surface density) plane, which

are applied for both local and high-z galaxies. The

GRB 080207 host galaxy is located in the similar region
for z ∼ 1–2 MS galaxies and on the sequence of disk-like

normal star-forming galaxies.

4.2. Dust Properties

By using the far-infrared (FIR)–millimeter photome-

try obtained in this study and literature, we derived the

FIR luminosity (LFIR) and dust mass (Mdust) following
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Table 2. Derived Properties.

Mgas Σgas fgas SFE τdepl τdyn Mdust Mgas/Mdust

(M⊙) (M⊙ pc−2) (Gyr−1) (Gyr) (Myr) (M⊙)

(1) (2) (3) (4) (5) (6) (7) (8)

(8.7 ± 2.4) × 1010 2.4 × 103 0.34 1.4 0.71 42 1.5 × 108 560

(1) Molecular gas mass derived with αCO = 5.1 M⊙ (K km s−1 pc2)−1. (2) Molecular
gas surface density within the CO half-light radius (0.5Mgas/πR

2
1/2,CO). (3) Molecular

gas mass fraction (Mgas/(Mgas +M∗)). (4) Star-formation efficiency (SFR/Mgas). (5)
Gas depletion timescale (Mgas/SFR). (6) Dynamical timescale at the CO half-light
radius (2πR1/2,CO/vrot). (7) Dust mass derived form the modified blackbody fit. (8)
Molecular gas mass to dust mass ratio.

De Breuck et al. (2003) as

LFIR = 4πMdust

∫ ∞

0

κd(νrest)B(νrest, Tdust)dν, (3)

Mdust =
SobsD

2
L

(1 + z)κd(νrest)B(νrest, Tdust)
, (4)

where κd(νrest) is the dust mass absorption coefficient,

νrest is the rest-frame frequency, Tdust is the dust tem-
perature, B(νrest, Tdust) is the Planck function, and

Sobs is the observed flux density. We assume that the

absorption coefficient varies as κd ∝ νβ and adopt

κd(125 µm) = 2.64± 0.29 m2 kg−1 (Dunne et al. 2003).

To derive the dust temperature and emissivity index,
we fit a modified black body to the photometry at

160 µm obtained with Herschel/PACS (Hunt et al.

2014), 480 µm and 650 µm with ALMA Band 8 and

9 (T. Hashimoto et al. in prep.), and our 2.1 mm with
ALMA Band 4. The best-fit values are Tdust = 37± 4 K

and β = 1.5 ± 0.3. The dust temperature is compa-

rable to the typical value of MS galaxies at z ∼ 2

with a similar stellar mass (e.g., Magnelli et al. 2014;

Genzel et al. 2015; Schreiber et al. 2018). Hunt et al.
(2014) estimated a 1.6 times higher dust temperature

of 61.3 K for the host galaxy by fitting the SED with

grasil (Silva et al. 1998). A possible cause of the dif-

ference is that, in addition to the different approaches,
they used only Herschel/PACS data at FIR–millimeter

wavelengths while we added new ALMA data points in

the Rayleigh-Jeans regime at rest-frame wavelengths of

155, 205, and 680 µm. The derived dust temperature of

∼37 K is lower among the sample of FIR–submillimeter
detected GRB host galaxies. Micha lowski et al. (2008)

studied four submillimeter-detected GRB hosts and

derived the dust temperature of Tdust = 44–51 K, and

Hunt et al. (2014) derived dust temperatures of 17 GRB
hosts with Herschel observations, which range from 21

to 132 K with an average temperature of 48 K. The low

dust temperature derived in this study is against the

hypothesis that GRB host galaxies have warmer dust

than in local ULIRGs and SMGs (Priddey et al. 2006;

Micha lowski et al. 2008; Hunt et al. 2014).

The derived dust mass and FIR luminosity are

Mdust = 1.5 × 108 M⊙ and LFIR = 1.4 × 1012 L⊙

(with 30% error from 1σ of the map), respectively. SFR
is = 150 M⊙ yr−1 derived from SFR = 1.72×10−10LFIR

(Kennicutt 1998a) and scaled to Chabrier (2003) IMF.

The SFR is consistent with the results of SED fitting by

Hashimoto et al. (in prep.). The molecular gas-to-dust
mass ratio is Mgas/Mdust ∼ 560, which is comparable

to those of z ∼ 1.4 MS galaxies with the similar stellar

mass and metallicity (Seko et al. 2016a,b).

4.3. Kinematics

In order to study the kinematics and morphological

parameters, we fit the spatially resolved CO(4–3) data

with GalPaK3D (Bouché et al. 2015)1, which is a code
designed to extract the intrinsic galaxy parameters and

kinematics directly from three-dimensional data cubes.

The algorithm directly compares data-cubes with a disk

parametric model with 10 free parameters: coordinates

of galaxy center (xc, yc, zc), flux, half-light radius (R1/2),
inclination angle (i), position angle (PA), turnover ra-

dius of the rotation curve (Rt), de-projected maximum

rotation velocity (vrot), and intrinsic velocity disper-

sion (σ0). The algorithm uses a Markov Chain Monte
Carlo (MCMC) approach and the knowledge of three-

dimensional spread-functions. We adopt a disk model

object with exponential flux profile, arctangent rotation

profile, and thick disk dispersion.

The procedure of model fitting converged with a
reduced-χ2 of 1.12. The output images of the best-

fit model are shown in Figure 5 and the best-fit pa-

rameters are presented in Table 3. The uncertainty

is the 95% confidence interval calculated from the last
60% of the MCMC chain for 15000 iterations. Note

1 http://galpak.irap.omp.eu/
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Table 3. Best-fit Parameters of GalPaK3D Modeling

Parameters Results

R1/2,CO (kpc) 2.39+0.15
−0.14

i (deg) 38.74+1.34
−1.41

PA (deg) 127.35+3.65
−3.53

Rt (kpc) 0.037+0.075
−0.025

vrot (km s−1) 347.59+2.25
−8.08

σ0 (km s−1) 63.44+8.38
−5.95

Notes. - The uncertainty is the 95% confidence interval.

that the output parameters have systematic errors of

∼10% for different imaging parameters (Tadaki et al.

2019). The CO line profile extracted from the best-
fit model is presented in Figure 1. The best-fit model

is a rotation-dominated disk with Rr1/2,CO = 2.4 kpc,

vrot = 348 km s−1, and σ0 = 63 km s−1. The half-

light radius is comparable to the deconvolved source size

(Section 3.3), and a factor of 1.4 smaller than the optical
half-light radius (R1/2,opt = 0.′′4 or 3.4 kpc) measured in

HST/F160W observations (Svensson et al. 2012). The

ratio of sizes between molecular gas and stellar compo-

nent is within the range of z ∼ 1–2 star-forming galaxies
(Tacconi et al. 2013) measured with the CO(3–2) line.

It is possible that the CO(4–3) emission traces denser,

compact regions compared to lower J lines. The ratio of

rotational motion to velocity dispersion of vrot/σ0 = 5.5

is comparable to those of z ∼ 1–1.5 star-forming galaxies
measured with CO lines (Tacconi et al. 2013) or z ∼ 2

star-forming galaxies measured with near-infrared in-

tegral field spectroscopy (e.g., Förster Schreiber et al.

2009, 2018; Genzel et al. 2011).
The dynamical mass enclosed at a radius R1/2,CO and

R1/2,opt calculated as Rv2rot/G is ∼7 × 1010 M⊙ and

∼9 × 1010 M⊙, respectively. The dynamical mass is

comparable to the sum of the molecular gas mass and

stellar mass, suggesting that the contribution of dark
matter to the enclosed mass is not significant. This

is consistent with the results on z ∼ 1–2 MS galaxies

(Förster Schreiber et al. 2009; Bolatto et al. 2015).

4.4. Kennicutt-Schmidt Relation

There is a correlation between gas surface density

(Σgas) and SFR surface density (ΣSFR) known as the

Kennicutt-Schmidt relation (Kennicutt 1998a; Schmidt

1959). Spatially-resolving observations of molecular gas
are still limited and it is not well examined whether

GRB host galaxies follow the the Kennicutt-Schmidt

relation or not. Arabsalmani et al. (2018) studied CO-

detected GRB host galaxies in the Σgas–ΣSFR plane by

� C
O
∆
�

Data

0.0
0.1
0.2
0.3
0.4
0.5
0.6

Jy
 b
ea
m

−1
 k
m
 s
−1

Model

2.2
2.4
2.6
2.8
3.0
3.2

Residual

�

−100
−50
0
50
100
150
200

km
 s
−1

σ

25
50
75
100
125
150
175

km
 s
−1

Figure 5. ALMA CO(4–3) images (1st row), the re-
sults of the GalPaK3D modeling (2nd row), and the residual
(3rd row) generated from the residual cube and is normal-
ized to the pixel noise. The 1st, 2nd, and 3rd column show
the velocity-integrated intensity maps, intensity-weighted ve-
locity field maps, and intensity-weighted velocity dispersion
maps, respectively. The panel size is 4.′′5 × 4.′′5. The ALMA
synthesized beamsize is shown in the lower left corner of the
top-left panel.

using the half-light radius of stellar emission for de-

riving the gas surface density. Our spatially-resolved

molecular gas data allow us to directly estimate the
molecular gas surface density. By using the CO half-

light radius R1/2,CO, the surface density of molecu-

lar gas and SFR is Σgas = 2.4 × 103 M⊙ pc−2 and

ΣSFR = 3.4 M⊙ yr−1 kpc−2, respectively. Figure 6
shows the location of the GRB host in the Σgas–ΣSFR

plane in comparison with other type of local and high-z

galaxies in the literature, where molecular gas and SFR

surface densities are available. As in the case of Mgas–

MSFR relation, the host galaxy is on the sequence of
normal star-forming galaxies, indicating that the star-

formation efficiency or gas deletion timescale is compa-

rable to those of normal star-forming galaxies. This is

consistent with the finding of Arabsalmani et al. (2018),
although they derived the molecular gas mass of the host

galaxy from CO(3–2) observations and adopted R1/2,opt

to estimate Σgas.

Kennicutt (1998a,b) showed that SFR surface density

scales with the ratio of gas surface density to dynami-
cal timescale in local spiral and starburst galaxies, and

the relation is found to be valid for high-z MS galax-

ies and SMGs (Daddi et al. 2010; Genzel et al. 2010).

The dynamical timescale of the GRB 080207 host galaxy
at the CO half-light radius is 42 Myr calculated as

τdyn = 2πR1/2,CO/vrot. Figure 7 shows that the host
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Figure 6. Comparison of molecular gas mass surface den-
sity and SFR surface density. For comparison, we plot other
type of galaxies in the literature, where size measurements
are available: local spirals (Kennicutt 1998b; Bigiel et al.
2010), local LIRGs (Kennicutt 1998b), z ∼ 1–2 MS galax-
ies (Tacconi et al. 2013), and SMGs (Bothwell et al. 2010;
Genzel et al. 2010). The solid and dashed lines represent
gas depletion times of 0.1 and 1 Gyr, respectively.

galaxy is on the general star-formation law for local and

high-z galaxies.

4.5. CO Line Ratios

The ratios of CO line luminosities in GRB hosts galax-

ies have been unexplored due to the limited number of

CO observations and the lack of detections of multiple
CO transitions. Since the GRB 080207 host was de-

tected with CO(2–1) and CO(3–2) in Micha lowski et al.

(2018) and Arabsalmani et al. (2015), the detections of

CO(1–0) and CO(4–3) in this study allow us to study
the CO excitation condition with the upper J level of

from 1 to 4. The derived brightness temperature line

ratios are summarized in Table 4. The line ratios of

the GRB 080207 host show that molecular gas excita-

tion is high and close to unity up to J = 4. In Fig-
ure 8, we compare the CO SLEDs of the GRB 080207

host galaxy and other type of galaxies. The line ra-

tio of the GRB 080207 host galaxy deviates from Milky

Way and is similar to those of local starburst M 82, lo-
cal (U)LIRGs, and QSOs/radio galaxies, suggesting the

presence of dense and warm gas (e.g., Weiss et al. 2007;

Carilli & Walter 2013). While the average SLEDs of the

MS galaxies at z ∼ 1.5 and SMGs have a subthermal
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Figure 7. Relation between SFR surface density and the
ratio of gas density to dynamical timescale. We plot other
type of galaxies in the literature, where size measurements
and dynamical timescale are available: local spirals and local
LIRGs are from (Kennicutt 1998b), and z ∼ 1–2 MS galaxies
and SMGs are from (Genzel et al. 2010).

excitation, they show a diverse range of excitation con-

ditions (Dannerbauer et al. 2009; Aravena et al. 2014;

Daddi et al. 2015; Bolatto et al. 2015; Bothwell et al.

2013). Bolatto et al. (2015) reported that two z ∼ 2
MS galaxies, which have a similar stellar mass and SFR

to the GRB 080207 host galaxy, have high CO excitation

conditions with r31 ∼ 0.9–1.1, which is comparable to

our results. There are many possible drivers for for high
excitation conditions. Daddi et al. (2015) found that

the ratio of CO(5–4) to lower-J CO emission is well cor-

related with the average intensity of the radiation field

and with ΣSFR among local spirals, local ULIRGs, and

z ∼ 1.5 MS galaxies. This is consistent with the model of
Narayanan, & Krumholz (2014). They combined hydro-

dynamic simulations of disk galaxies and galaxy merg-

ers with molecular line radiative transfer calculations,

motivated to examine the origin of a broad range of
observed CO SLEDs in local and high-redshift galaxies.

They found that CO SLEDs are well correlated with the

galaxy-wide SFR surface density, which is attributed to

the increase of gas density and temperature. As shown

in Figure 8, we find that their model for galaxies with
ΣSFR ∼ 5 M⊙ yr−1 kpc−2 agrees with our results.

It might be also possible that the high CO excitation

condition is attributed to a strong radiation by an AGN.

While no strong evidence for an AGN has been reported,
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Table 4. CO Brightness Temperature Line Ratio

Line Ratio

r21 1.22 ± 1.04

r32 0.90 ± 0.46

r43 0.90 ± 0.26

Notes. - The error is 1σ.

the optical emission-line diagnostic with the Baldwin-
Phillips-Terlevich (BPT) diagram (Baldwin et al. 1981)

studied in Krühler et al. (2015) shows that the host

galaxy is located in a starburst-AGN composite region.

The significantly high radio-derived SFR (850 M⊙ yr−1)

derived in Perley & Perley (2013) compared to other
methods could be explained by the contribution of an

AGN to the observed radio flux. Since peaks in CO

SLED for AGNs are J & 8–10 (e.g., Meijerink et al.

2006), where high ISM excitation occurs in X-ray dis-
sociation regions, observations of higher J CO lines are

important to diagnose the presence of an AGN.

4.6. Implication for GRBs as a tracer of SFR history

There is ongoing debate as to whether GRBs oc-

cur in normal star-forming galaxies or occur under
particular circumstances, and whether they can be

used as an unbiased tool to trace star formation in

the universe. It is suggested that GRBs prefer low-

metallicity environments with a threshold of 0.3–0.7 Z⊙

(e.g., Woosley & Heger 2006; Graham, & Fruchter 2013;

Vergani et al. 2015; Perley et al. 2016b; Vergani et al.

2017). The metallicity effect on the GRB rate is modest

at z & 2, where the mean metallicity decreases, and

GRBs can be unbiased tracers of star formation (e.g.,
Fynbo et al. 2006). In addition to the metallicity effect,

the reason for the smaller number of GRBs in massive

galaxies (e.g., Perley et al. 2013) can be attributed by

dust obscuration. GRBs are usually followed by af-
terglow, which has been a major probe to identify the

host galaxy and to study the interstellar medium. A

significant fraction (∼25–40%; e.g., Fynbo et al. 2009;

Greiner et al. 2011) of GRB afterglows is optically dark

compared with what is expected from X-ray afterglows,
which are know as dark GRBs (Jakobsson et al. 2004;

van der Horst et al. 2009), preventing follow-up obser-

vations of host galaxies. A possible explanation of

the origin of the dark GRBs is dust obscuration along
the line of sight to GRBs (e.g., Perley et al. 2009). It

has been found that dust-obscured GRB host galax-

ies are more massive than the those of optically bright

GRBs (e.g., Krühler et al. 2011; Perley et al. 2013).
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Figure 8. CO SLEDs normalized to the CO(1–0) line for
the GRB 080207 host galaxy and other type of galaxies. The
values for Milky Way, M 82, SMGs, and QSOs/radio galaxies
(RGs) are taken from the compiled data in Carilli & Walter
(2013), (U)LIRGs are from Papadopoulos et al. (2012), and
z ∼ 1.5 MS galaxies are from Daddi et al. (2015) and
Bolatto et al. (2015). We plot the (U)LIRGs, SMGs, and
QSOs/RGs with CO detection up to J ≥ 4. The average val-
ues are shown in bold dashed lines. The gray solid line rep-
resents constant brightness temperature (J2). The gray dot-
dashed line represents the model of Narayanan, & Krumholz
(2014) with ΣSFR = 5 M⊙ yr−1 kpc−2.

Whitaker et al. (2017) found a dependence of the frac-

tion of obscured star formation (SFRIR/SFRUV+IR) on
stellar mass out to z = 2.5: 50% of star formation is

obscured for galaxies with log(M/M⊙) = 9.4, and >90%

for galaxies with log(M/M⊙) > 10.5. Therefore, it is

natural for dark GRBs to be hosted by relatively massive

galaxies. GRB 080207 is identified as a dark GRB, and
the host galaxy is a massive and high-metallicity galaxy.

We found in this study that the host galaxy shares com-

mon properties in terms of molecular gas, such as gas

mass fraction, gas-to-dust ratio, location in the Mgas–
SFR or Σgas–ΣSFR relation, and gas kinematics, with

normal MS galaxies, which dominate the cosmic star

formation activity, suggesting that can GRBs occur in

normal star-forming environments at z ∼ 2. Currently

the sample of GRB host galaxies with CO detection is
limited and only one host galaxy is detected at z > 1.

It is essential to increase the sample size in order to

examine the general properties of molecular gas in GRB

host galaxies and the availability of GRBs as an unbi-
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ased tracer of cosmic SFR density. ALMA and NOEMA

are now routinely detecting molecular gas in MS star-

forming galaxies at z > 1. As discussed in this paper,

in order to study CO line ratios and molecular gas exci-
tation conditions in GRB host galaxies, observations of

ground state CO transition are also required by using

longer-wavelength sensitive facilities such as VLA.

5. CONCLUSIONS

We present the results of CO(1–0) and CO(4–3) ob-

servations of the GRB 080207 host galaxy at z = 2.0858
by using VLA and ALMA. The CO(1–0) and CO(4–3)

lines are detected, making the host galaxy the first case

in GRB host galaxies with more than two CO transi-

tions together with the CO(2–1) and CO(3–2) lines in
the literature. The CO(4–3) data is spatially resolved,

allowing us to estimate the kinematics and morphologi-

cal parameters of the host galaxy. We derived physical

quantities based on the observations:

By using the CO(1–0) line luminosity and adopting
a metallicity-dependent conversion factor of αCO = 5.1

M⊙ (K km s−1 pc2)−1, we derive a molecular gas mass

of Mgas = 8.7 × 1010 M⊙. We found that host galaxy

is located in the similar region for z ∼ 1–2 MS galaxies
and on the sequence of normal star-forming galaxies in

the Mgas–SFR plane. The molecular gas mass fraction

is Mgas/(Mgas + M∗) = 0.34, which is comparable to

z ∼ 1–2 MS galaxies with the similar stellar mass.

We fit a modified black body to the FRI–millimeter
photometry, and derived a dust temperature of Tdust =

37 ± 4 K, emissivity index of β = 1.5 ± 0.3, and a dust

mass of Mdust = 1.5 × 108 M⊙. The molecular gas-to-

dust mass ratio of Mgas/Mdust ∼ 560 is consistent with
z ∼ 1.4 MS galaxies with the similar stellar mass and

metallicity.

The model fitting to the spatially resolved CO(4–3)

cube data shows that the host galaxy is a rotation-

dominated disk with a CO half-light radius of Rr1/2,CO =
2.4 kpc and a rotation velocity of vrot = 348 km s−1.

The ratio of rotational motion to velocity dispersion of

vrot/σ0 = 5.5 is comparable to those of z ∼ 1–2 MS

galaxies. The dynamical mass is comparable to the sum
of the molecular gas mass and stellar mass, suggesting

that the contribution of dark matter is not significant.

The surface densities of molecular gas and SFR show

that the host galaxy follows the relation of normal star-

forming galaxies in the Σgas–ΣSFR plane. The CO spec-

tral line energy distribution derived from the four CO

transitions is similar to that of starburst galaxies, sug-

gesting a high excitation condition of molecular gas. If
we introduce the dynamical timescale, the host galaxy

is found to be on the general star-formation law for local

and high-z galaxies in the Σgas/τdyn–ΣSFR plane.

The CO line ratios show that molecular gas excita-

tion is high and close to unity up to J = 4, suggesting
the presence of dense and warm gas. The CO SLED is

consistent with the model of high ΣSFR.

We found that the host galaxy and normal MS galax-

ies at similar redshifts share common properties, sug-
gesting that long-duration GRBs can occur in normal

star-forming environments at z ∼ 2.
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