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ABSTRACT

We searched for diffuse interstellar bands (DIBs) in the 0.91< λ <1.33 μm region by analyzing

the near-infrared (NIR) high-resolution (R = 20, 000 and 28,000) spectra of 31 reddened early-type

stars (0.04 < E(B − V ) < 4.58) and an unreddened reference star. The spectra were collected

using the WINERED spectrograph, which was mounted on the 1.3 m Araki telescope at Koyama

Astronomical Observatory, Japan, in 2012–2016, and on the 3.58 m New Technology Telescope at

La Silla Observatory, Chile, in 2017–2018. We detected 54 DIBs — 25 of which are newly detected

by this study — eight DIB candidates. Using this updated list, the DIB distributions over a wide

wavelength range from optical to NIR are investigated. The FWHM values of the NIR DIBs are found

to be narrower than those of the optical DIBs on average, which suggests that the DIBs at longer

wavelengths tend to be caused by larger molecules. Assuming that the larger carriers are responsible

for the DIBs at longer wavelengths and have the larger oscillator strengths, we found that the total

column densities of the DIB carriers tend to decrease with increasing DIB wavelength. The candidate

molecules and ions for the NIR DIBs are also discussed.

Keywords: Diffuse interstellar bands (379); Interstellar medium (847); Interstellar molecules (849);

Interstellar dust extinction (837)

1. INTRODUCTION

Corresponding author: Satoshi Hamano

satoshi.hamano@nao.ac.jp

Diffuse interstellar bands (DIBs) are ubiquitous ab-

sorption features that are detected in the visible to near-

infrared (NIR) spectra of reddened stars. Their ab-

sorbing matter is considered to be gas-phase carbona-

ceous molecules such as carbon chain molecules, poly-

cyclic aromatic hydrocarbons (PAHs), and fullerenes.
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2 Hamano et al.

However, there is no critical evidence to confirm this.

The ionized buckminsterfullerene (C+60) was almost con-

firmed as the carrier of the five NIR DIBs via a compari-

son between the astronomical spectra and the spectrum

of the gas-phase C+60 obtained from laboratory experi-

ments (Campbell et al. 2015; Walker et al. 2016; Camp-

bell & Maier 2018; Cordiner et al. 2019), although the

identification is still under discussion, because the in-

tensity ratios of the two strong bands were quite vari-

able after the correction of the contaminated stellar line

and the detection of the weak bands was not robust

(Galazutdinov et al. 2017a, 2021). The gas-phase ab-

sorption spectra of some neutral PAH molecules have

also been measured and compared to DIBs (Gredel et al.

2011; Salama et al. 2011). Although this comparison did

not result in the detection of corresponding absorption

bands in the astronomical spectra, Gredel et al. (2011)

and Salama et al. (2011) succeeded in setting stringent

upper limits for the abundances of specific neutral PAHs

in some translucent clouds. Further laboratory experi-

ments are required to test the so-called PAH–DIB hy-

pothesis (Leger & D’Hendecourt 1985; van der Zwet &

Allamandola 1985).

Spectroscopic surveys of DIBs with high signal-to-

noise (S/N) ratios over a wide range of wavelengths are

essential for the identification of DIB carriers via a com-

parison of the DIB spectra with experimentally obtained

absorption spectra of the candidate molecules. Some

spectroscopic surveys in the optical wavelength range

have successfully detected hundreds of DIBs within a

detection limit of a few mÅ in equivalent widths (EWs)

(Jenniskens & Desert 1994b; Weselak et al. 2000; Tu-

airisg et al. 2000; Galazutdinov et al. 2000; Hobbs et al.

2008, 2009; Fan et al. 2019). However, DIB observations

in the NIR range have been limited, because the perfor-

mance of NIR high-resolution spectrographs (in terms of

spectral resolution and sensitivity) has been lower than

that of optical spectrographs. In addition, many telluric

absorption bands in the NIR range prevent the detec-

tion of weak absorption features. Recent progress in

NIR spectroscopy has enabled searches for DIBs in the

NIR spectra over the last decade (Geballe et al. 2011;

Cox et al. 2014; Hamano et al. 2015; Elyajouri et al.

2017; Galazutdinov et al. 2017b; Lallement et al. 2018).

We have conducted a comprehensive survey of NIR

DIBs using the high-sensitivity high-resolution NIR

WINERED spectrograph (Ikeda et al. 2016). In our

first study (Hamano et al. 2015, hereafter, H15), we ob-

served 25 stars and successfully identified 15 new DIBs

in the range of 0.91 < λ < 1.32 μm. Moreover, we found

that the EWs of some NIR DIBs are highly correlated

with each other, which suggests that their carriers have

similar molecular properties. In our subsequent study

(Hamano et al. 2016, hereafter, H16), we investigated
the environmental dependence of NIR DIB strengths us-

ing the high-quality spectra of seven bright stars in the

Cygnus OB2 association, which is one of the most mas-

sive clusters or OB associations veiled with large inter-

stellar extinction (the extinction of the most reddened

member, No. 12, reaches AV = 10.2 mag; Wright et

al. 2015; Whittet 2015). Owing to the large extinction

and high flux density in the NIR wavelength range, we

could detect even the weakest DIBs reported in H15 with

high precision. We found that the NIR DIBs are not

correlated with the column densities of the line-of-sight

C2 molecules, which suggests that the DIB carriers are

not distributed in the molecular clouds traced with C2
molecules. We also found that the carrier of DIB λ10504

would be destroyed by the strong UV radiation in the

Cyg OB2 association, whereas the DIB carriers of other

strong DIBs survive in this environment, which suggests

differences in carrier properties, such as the ionization

potential and dissociation energy.

In this series, we explore the properties of the DIBs

in the Y and J bands, using the large quantity of high-

quality WINERED data. The most important DIBs, the

C+60 bands, which are covered by the spectrograph, will

be comprehensively investigated in order to reveal the

properties of C+60 in the interstellar medium. It is also of

great interest to explore the relation of other DIBs with

C+60. We will also study the correlations between NIR

DIBs and optical DIBs, which have been extensively in-

vestigated. Through this series, we aim to constrain the

carriers of DIBs in the Y and J bands.

In this first study of the series, we updated the catalog

of DIBs in the 0.91–1.33 μm range, using a larger sam-

ple and higher quality of spectra than those of H15. We

analyzed the high-S/N spectra of 32 objects, comprising

of an unreddened reference star (β Ori) and 31 reddened

stars in the range 0.04 < E(B−V ) < 4.58. To find very

weak DIBs, we included large-extinction lines of sight

of the Cyg OB2 association (2.2 < AV < 10.2 mag;

Wright et al. 2015) and Westerlund 1 (Wd 1) cluster

(8.5 < AV < 17 mag; Damineli et al. 2016). In compar-

ison with H15, the sensitivity and wavelength stability

of WINERED were improved by the upgrade (Ikeda et

al. 2022). The accuracy of the removal of telluric ab-

sorption lines is also improved (Sameshima et al. 2018).

With these improvements, we can detect much weaker

DIBs than those in H15. The updated catalog of DIBs

in the Y and J bands will be the basis of this series of

papers.

The remainder of this paper is organized as follows. In

Section 2, we describe our observations and targets. In
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NIR DIBs in Y and J bands 3

Section 3, our data reduction procedures are described.

In Section 4, we describe the newly detected DIBs, and

in Section 5, we discuss the distributions of DIBs from

the optical wavelength to the NIR range and the carriers

of the newly found DIBs. Finally, we present a summary

of the study in Section 6.

2. OBSERVATIONS AND TARGETS

2.1. Observations

The data were collected using the high-resolution NIR

echelle spectrograph, WINERED (Ikeda et al. 2016,

2022), which uses a 1.7 μm cutoff 2048 × 2048 HAWAII-

2RG IR array. We used the WIDE mode, with a 100 μm

slit, which includes the wavelength range of 0.91–1.35

μm, with a spectral resolving power of R ≡ λ/Δλ =

28,000 or Δv = 11 km s−1.
WINERED was mounted on the F/10 Nasmyth fo-

cus of the 1.3-m Araki telescope at Koyama Astro-

nomical Observatory, Kyoto Sangyo University, Japan

(Yoshikawa et al. 2012), from 2012 to 2016 December.

From 2017 to 2018, WINERED was mounted on the

ESO 3.58 m New Technology Telescope (NTT) at the La

Silla Observatory, Chile. The pixel scales of WINERED

were 0′′.8 pixel−1 and 0′′.27 pixel−1 for the Araki tele-
scope and the NTT, respectively. Most of the data were

obtained with the telescope dithered by 30 arcsec (Araki

telescope) or 10 arcsec (NTT) — the so-called “ABBA”

sequence. In the few cases in which the seeing was not

good, we alternately obtained the spectra of the object

and sky (the “OSO” sequence). The telluric-standard

A0V–A2V type stars were observed at airmasses that

were similar to those of the targets.

The observations made with the Araki telescope were

primarily conducted in 2014 January and 2014 August–

October. Only the observation of β Ori was conducted

on 2016 February 11. The typical seeing size at the

Koyama Astronomical Observatory is approximately 3–

5 arcsec. Some of the data have already been published

in H15 and H16. Immediately prior to conducting the

observations in 2014 August, we installed an H-band

blocking filter to decrease the thermal leak in the 1.7–

1.8 μm range. The new filter successfully decreased the

background noise, and it yielded spectra with high-S/N

ratios. However, the filter was bent by the tight me-

chanical mounting, which caused a slight off-focus of

the light on the IR array. Consequently, the spectral

resolving power was reduced to R = 20, 000, which is

lower than the nominal value, for the observations made

during 2014 August–October (since then, the problem

has been solved).

The observations using the NTT were conducted in

2017 July (ESO program ID: 099.C-0850(B)). The typ-

Figure 1. Variations of the telluric lines with the observa-
tion sites and seasons. The normalized WINERED spectra of
the telluric-standard stars obtained using the NTT in June
(top), the Araki telescope in December (middle), and the
Araki telescope in August (bottom) are shown.

ical seeing size was approximately 1 arcsec. Compared

with the spectra obtained using the Araki telescope, the

telluric absorption lines of the NTT spectra were consid-

erably weaker, owing to the lower humidity and higher

elevation of the La Silla Observatory. Figure 1 shows

the comparison of the spectra of the telluric-standard

stars. For the spectra obtained using the Araki tele-

scope, the telluric absorption lines strongly depend on

the season in which the observations were made. Very

strong absorption lines of atmospheric water vapor can

be seen in the Araki spectra obtained in August, which is

the season of high humidity and temperatures in Japan.

The difference in the intensities of the telluric absorp-

tion lines affected on the DIB search. The wavelength

ranges in which the water vapor lines are strong, such

as 0.93 < λ < 0.95 μm, 1.11 < λ < 1.17 μm and

1.33 < λ < 1.35 μm, were not available for the DIB

search in the Araki spectra obtained in August.

2.2. Targets

The targets and observation information are shown in

Table 1. We observed 31 reddened early-type stars and

one 1 reference star without any interstellar extinction

(β Ori). Figure 2 shows the distribution of E(B − V )

and the spectral types of our targets. The reddened stars

cover a wide range of spectral types, from A3 to O4.5;

however, our observations lack of the spectral-type cov-

erage of the reference star: only β Ori (B8Iab). To avoid

the misidentification of the stellar absorption lines as the

DIBs, we also utilized the model spectrum synthesized

using SPTOOL (Y. Takeda, private communication) as

a reference for the stellar spectra. Our targets include a

wide range of color excesses, 0.04 < E(B − V ) < 4.58,
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which enable us to find the DIBs that originate from

interstellar clouds. We comment on some targets below.

HD183143 is the most extensively observed star for

DIB studies, owing to its large flux density and DIB

strength, which is a result of its large extinction (E(B

- V ) = 1.27). The DIB properties of this star are well

known, owing to previous surveys of DIBs in optical

(e.g., Herbig 1975; Herbig & Leka 1991; Jenniskens &

Desert 1994b; Tuairisg et al. 2000; Galazutdinov et al.

2000; Hobbs et al. 2009; Cox et al. 2014) and NIR ranges

(Cox et al. 2014). The distributions and properties of

DIBs over a wide wavelength range are discussed in Sec-

tion 5.1 using the data of HD183143.

The Cyg OB2 association is one of the most massive

clusters in our galaxy. We examined the spectra of six

stars from Cyg OB2, which were also investigated in

H16. The distance to the Cyg OB2 is estimated as 1669

± 6 pc based on Gaia Data Release 2 data (Orellana

et al. 2021), and it has a very large extinction (Wright

et al. 2015). In H16, we detected DIBs with very large

EWs in the spectra of the Cyg OB2 members. In addi-

tion, various gaseous environments can be traced using

this target, because the gas clouds in the lines of sight of

Cyg OB2 have a complex structure, consisting of a dif-

fuse component and a patchy dense component (Whittet

2015). Therefore, Cyg OB2 is an ideal target for finding

very weak DIBs.

Wd 1 is a massive young stellar cluster with a mass

of ∼ 105M� (Negueruela et al. 2010) located at a dis-

tance of d = 4.12+0.66−0.33 kpc from the Sun (Beasor et al.

2021). The typical extinction of the cluster members is

AV = 11.4 ± 1.2 (Damineli et al. 2016). W7 and W33,

which are our targets, are very luminous B supergiants

in the cluster (Clark et al. 2005). The color excesses

of these two stars were calculated by using the stellar

intrinsic colors of Cox (2000). Owing to these color ex-

cesses being the highest among our targets, the DIBs

are the strongest; thus, these stars of Wd 1 are the best

targets for detecting new weak DIBs.

Figure 2. E(B − V ) distribution and the spectral types of
our targets.
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3. ANALYSIS

3.1. Data reduction

The obtained raw data were processed using the

pipeline that was developed to reduce the WINERED

data. The pipeline automatically produces the

wavelength-calibrated one-dimensional spectra from the

raw data. The pipeline conducts the subtraction of sky

frames, the subtraction of scattered light, flat-fielding,

bad pixel interpolation, the correction of echellogram

distortion, spectrum extraction, wavelength calibration,

and continuum normalization. A brief description of the

pipeline software is provided in Ikeda et al. (2022). A

more detailed description will be given by S. Hamano et

al., in preparation.

Since most of the optical components of the

WINERED spectrograph are maintained at room tem-

perature, the wavelength of the spectrum of each frame

shifted slightly with the changes in ambient tempera-

ture during the observations. The relative wavelength

shifts among the multiple frames of a target are cor-

rected in the pipeline by aligning the wavelengths of

the input frames with that of the frame with the high-

est count. However, the absolute wavelength shift from

the dispersion solution was left in the pipeline-reduced

spectra. In this study, the shift was measured using the

cross-correlation between the model spectra of telluric

absorption and the pipeline-reduced spectra. Because

we obtained high-S/N spectra of early-type stars, for

which the stellar lines are fewer than for late-type stars,

we could measure the wavelength shifts with a high accu-

racy. The wavelengths of the spectra were recalibrated

with the shift values.

The telluric lines of the target spectrum were removed

using the method detailed in Sameshima et al. (2018).

In the method, we made synthetic telluric spectra using

molecfit (Smette et al. 2015; Kausch et al. 2015). Using

these spectra as a reference, we identified stellar features

in the standard spectrum and fitted them with multiple

Gaussian curves, which were synthesized to construct

a stellar absorption-line spectrum. Because the telluric-

standard stars are A0V–A2V dwarf stars, the metal lines

of telluric-standard stars are not complex and can be fit-

ted well with multiple Gaussian curves. The observed

standard spectra were divided by the synthesized spec-

trum, to cancel out intrinsic stellar features, and the

resulting spectra were used to correct the telluric ab-

sorption lines of the targets. A detailed description of

this procedure is provided in Sameshima et al. (2018).

3.2. DIB measurement

Before the search for new DIBs, we measured the pa-

rameters of the DIBs that were found using the origi-

nally developed software. The spectrum files, the rest-

frame DIB wavelengths, and the guess velocities of the

DIBs were inputted to the software. First, the soft-

ware cut out the input spectrum around the DIBs in

the range of ±500 km s−1 and normalized it by fitting a

Legendre function to the surrounding continuum region.

Then, the S/N ratio per pixel was calculated from the

standard deviation of the continuum region. Using the

S/N ratio and the normalized spectrum of the telluric-

standard star, the uncertainty of each pixel of the input

spectrum was calculated. The absorption regions, for

which the depths by the peak are lower than the contin-

uum level (=1) by 2σ, are then automatically searched

for in the normalized spectrum. The region in which

the center velocity is the closest to the input velocity is

picked up as the DIB region. If the absorption region

cannot be found within a ±50 km s−1 range from the

input velocity, the DIB is judged as a nondetection.

For the detected DIBs, the EWs and their uncertain-

ties, the central wavelengths and corresponding helio-

centric velocities, the FWHM in a wavelength scale, the

wavelengths of the absorption peak, and the depth were

measured. For the undetected DIBs, the 3σ upper lim-

its of the EWs are calculated. The DIB EWs (W ) were

measured from the normalized spectra as follows:

W =

N∑
i=1

(1− In(xi))Δλ, (1)

where xi is the i th pixel, N is the total number of

summed pixels, In(xi) is the normalized flux at xi, and

Δλ is the wavelength width per pixel. The EW uncer-

tainty was then calculated using the following equation:

σW = (σ2stat + σ2cont)
1/2, (2)

where σstat and σcont are the statistical uncertainty and

the systematic uncertainty from continuum fitting, re-

spectively. σstat was calculated as follows:

σstat =

(
N∑
i=1

δI2n(xi)

)1/2
Δλ, (3)

where δIn(xi) is the uncertainty of the normalized flux

at xi. σcont was estimated with the rms shift method,

using the statistical uncertainties (Sembach & Savage

1992). In the case of a nondetection, the upper limit of

the EW is calculated using 3σW with Eq. (2), by setting

the integration range from the typical width of the DIBs

and the input velocity.

The central wavelength of each band, λc, was mea-

sured as the weighted average for the overall band as

follows:

λc =

∑N
i=1 λiτ(xi)∑N
i=1 τ(xi)

, (4)
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where τ(xi) is the optical depth at xi. A formulation was

adopted from a preceding survey of DIBs in the optical

wavelength range in Fan et al. (2019). For a DIB with

an asymmetric profile, the central wavelength measured

using Eq. 4 differs from the wavelengths at the absorp-

tion peak. The FWHMs of each DIB were determined

by calculating the difference between the wavelengths

where the depths are half of the peak depth.

All the results of the continuum normalization, the

search for DIBs, and the DIB measurements were

checked by eye, and if some of the procedures had failed,

owing to the systematic noise by telluric absorption lines

and the blending of the other features, the fitting pa-

rameters of the continuum normalization and/or the in-

tegration range were adjusted appropriately.

The velocities of the line-of-sight interstellar clouds

are necessary for the search for the DIBs in the spec-

trum. We do not have reliable interstellar features in

the 0.91 < λ < 1.33 μm range to determine the line-

of-sight velocities of the clouds, such as the K I line

at λ = 7698.9645 Å, which has frequently been used

to investigate the velocity profiles of the interstellar ab-

sorption. In this study, we use the DIB λ10780, which

is relatively narrow and strong in this wavelength range;

therefore, it is likely to be best suited for the velocity

measurement. First, the rest-frame wavelength of DIB

λ10780 is determined by comparing the velocities cal-

culated by DIB λ10780 with those measured using the

K I line. Among our 31 targets, the K I line profiles of

10 targets have been obtained in previous studies. We

used the average of the velocities of the components,

weighted by the column densities for the targets to-

ward which multiple-velocity components are detected

using a K I line. Table 2 shows the velocities and ref-

erences of the K I velocities. We determined the rest-

frame wavelength of DIB λ10780 as λrest = 10780.6Å

by minimizing the difference between the K I velocities

and the λ10780 velocities. In the calculation, we used

only six targets, for which the FWHMs of DIB λ10780

are lower than 1.5Å, in order to reduce the systematic

uncertainty in the rest-frame wavelength, owing to the

blending of multiple-velocity components. The FWHMs

of DIB λ10780 are also listed in Table 2. Figure 3 shows

the comparison between the spectra of DIB λ10780 and

K I 7699 for the six targets.

Our value, 10780.6Å, is slightly larger than the pre-

vious values of 10780.3 ± 0.2Å (Cox et al. 2014) and

10780.46± 0.10Å (H15), which were determined using a

Gaussian fitting. The difference in the rest-frame wave-

length is caused by the difference in the method of the

DIB wavelength measurements because the λ10780 pro-

file is asymmetric. We compared the wavelengths mea-

sured using our method (Eq. 4) with a Gaussian fitting.

It was found that the central wavelengths of DIB λ10780

measured using a Gaussian fitting are smaller than those

calculated with Eq. (4) by ∼ 0.2Å, which is comparable

to the difference between the rest-frame wavelength of

λ10780 in this study and those in the previous studies.

We further checked the robustness of the rest-frame

wavelength of DIB λ10780 by comparing the velocities

measured using a C+60 band, DIB λ9577. Although DIB

λ9577 is not suited for a velocity measurement, owing

to the contamination of the strong telluric absorption

lines and the intrinsically broad profile, the rest-frame

wavelength is measured in the laboratory experiments as

9577.0± 0.2Å (Campbell & Maier 2018). Galazutdinov

et al. (2017a) measured the rest-frame wavelengths of

C+60 bands λλ9577 and 9632 for 19 reddened stars, and

showed that the mean wavelengths, 9577.0 and 9632.2

Å, matched with the wavelengths measured in the lab-

oratory experiments but with a large scatter. The right

panel of Figure 4 shows the comparison between the ve-

locities. It was found that the velocities measured using

λ10780 and λ9577 are consistent, which suggests that

the rest-frame wavelength of λ10780, 10780.6Å, is ro-

bust for determining the line-of-sight velocities of the

interstellar clouds of our targets.

3.3. DIB search

We used the reduced spectra of all the targets to

search for new DIBs in the range of 0.91–1.33 μm. Our

strategy for distinguishing DIBs from stellar absorption

lines was to compare the heavily reddened targets to

reference stars without any extinction. Initial candidate

DIBs were acquired by comparing the spectra of the

most heavily reddened stars —HD183143, HD168625,

HD168607, and the stars of Cyg OB2 and Wd 1— to

those of the reference star, β Ori. Since the spectral

types of some highly reddened stars are earlier than that

of β Ori, the strengths of several lines change from ob-

ject to object. The clearest difference between late-B

and early-B/O stars is the line-strength ratio of He II to

He I. Thus, we compared the DIB candidates detected

in the Cyg OB2 members, but not in HD183143 against

the spectra of HD 210191 (B2III), to confirm that they

were not stellar absorption lines. Although there are in-

tervening clouds toward HD 210191 (E(B - V ) = 0.04),

this star can be used as a semi-standard star, owing to

the weakness of the strongest DIBs in the range (e.g.,

λ10780 < 5 mÅ). Note that the spectral resolution dif-

ference between the reference stars (R = 28, 000 or

Δv = 11 km s−1) and a subset of the reddened stars

(R ∼ 20, 000 or Δv ∼ 15 km s−1) did not affect the
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Figure 3. Comparison of the spectra of DIB λ10780 (this study) and K I 7699Å for six targets, which were used to determine
the rest-frame wavelength of DIB λ10780. The spectra of the K I absorption lines were reproduced from Welty & Hobbs (2001)
(for HD41117, HD141637, HD144470, and HD154368) and Siebenmorgen et al. (2020) (for HD170740 and HD147889). The
integration ranges of the DIB absorption are shown by the yellow areas. The central velocities measured from the profile of
DIB 10780 are marked with the vertical black lines. The K I velocities weighted with the column densities of each velocity
component are shown by the gray dashed lines.

Figure 4. Comparison between the velocities determined by the DIB λ10780 (λrest = 10780.6Å) and those with a K I line
(left) and the C+

60 DIB λ9577 (right). The stars with a FWHM10780 < 1.5 Å are shown with red diamonds, and those with a
FWHM10780 < 1.5 Å are shown with black circles.
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Table 2. Velocities of the interstellar clouds

Object vK I vλ10780 FWHMλ10780 Referencea

km s−1 km s−1 Å

HD 210191 ... ...

HD 20041 -5.4 1.3

HD 141637c -9.40 -10.8 1.1 1

HD 135591 6.3 1.2

HD 144470c -10.01 -8.5 1.1 1

HD 155806 -2.4 1.2

HD 179406 -2.6 1.5

HD 151804 -5.7 1.3

HD 41117c 13.72 16.3 1.2 1

HD 152408 -2.3 1.6

HD 170740c -10.83 -5.8 1.1 2

HD 43384 17.1 1.1

HD 223385 -22.30 -24.2 2.2 1

HD 149404 (1.0)b ...

HD 154368c -5.87 -0.8 1.4 1

HD 148379 -5.6 2.0

HD 152235 -8.4 1.4 3

HD 185247 -19.3 1.1

HD 147889c -7.73 -15.3 0.9 2

HD 169454 2.1 1.3

HD 183143 -2.94 5.6 1.6 4

HD 168625 9.7 1.8

HD 168607 7.9 1.6

Cyg OB2 No. 8 -2.0 1.8

Cyg OB2 No. 10 -0.8 2.1

Cyg OB2 No. 3 -0.9 1.6

Cyg OB2 No. 5 -10 (-2.5)b ... 5

Cyg OB2 No. 9 0.8 1.8

Cyg OB2 No. 12 -10 5.7 1.8 5

Wd 1 W 7 -19.0 2.9

Wd 1 W 33 -20.8 2.7

Note—

a1: Welty & Hobbs (2001), 2: Siebenmorgen et al. (2020), 3: Crawford
(2001), 4: Hobbs et al. (2008), 5: McCall et al. (2002)

b The velocities measured for DIB λ11797 are shown instead, because
the DIB λ10780 velocities could not be evaluated, owing to the broad
line of a stellar He I 10830 line.

c The stars are used to determine the rest-frame wavelength of DIB
λ10780, because the FWHMs of DIB λ10780 are narrower than
1.5Åand the velocities of the interstellar K I absorption lines are
known.

DIB search, because most of the DIBs and stellar lines

are broader than 30 km s−1, which is broader than the

velocity widths of the instrumental profiles .

To find new DIB candidates, we first shifted the spec-

tra of the heavily reddened stars into alignment using

the DIB λ10780 velocities (Table 2), and we then ex-

tracted candidates by comparing the spectra of the red-

dened stars with those of the reference stars. The can-

didate search was conducted by eye, while the spectra

of telluric-standard stars were simultaneously checked,

to avoid misidentification, owing to residual features

from the strong telluric absorption lines. The rest-frame

wavelengths of the DIB candidates were measured using

the shifted spectra of the reddened stars.

After this initial search, we searched for absorption

in the wavelengths of the DIB candidates toward all

the targets within a range of −30 < v10780 < 30 km

s−1 using the software described in §3.2. If any absorp-

tion bands with similar wavelengths to those of the DIB

candidates were detected with EWs at the 5σ level, we

measured the parameters of the DIBs as in §3.2; in the

case where no absorption bands were detected, we calcu-

lated the upper limits. In cases where stellar absorption

lines, residuals of telluric absorption lines, or spurious

features significantly affected the DIB candidates, we

evaluated neither the EW nor the upper limit. After

checking the measurements of the DIB candidates for

all targets, the parameters of each detected DIB can-

didate were checked. Compared with the velocities of

DIB λ10780, the DIB candidate absorptions for which

the velocities deviated from v10780 at more than a 3σ

level were rejected. Additionally, an FWHM histogram

was produced for each DIB candidate, and the DIB can-

didate absorptions that were peculiarly broad or narrow

were also rejected. The DIB candidates that signifi-

cantly blended with other features were also removed.

In the case of a slight blending with other features, the

integration range was arbitrarily adjusted. In that case,

therefore, the systematic uncertainties caused by the

blending should be included in the parameters of the

DIB candidates.

The candidates that satisfy the following requirements

are regarded as DIBs: (1) the candidates are detected

toward more than 10 reddened stars; and (2) the cor-

relation coefficients between the candidates’ EWs and

E(B−V ) are larger than zero, with p < 0.05. The mul-

tipeaked DIBs were treated as a single feature, because

we could not determine whether these multiple peaks

originated from the intrinsic profile of an identical DIB

carrier or the blended profile of multiple DIBs.

4. RESULTS

4.1. Detected and candidate DIBs
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Table 3. Detected DIBs

Wavelength Wavenumber Detection EW/E(B-V) RE(B−V ) FWHM Referencea Blending feature

(Å) (cm−1) (mÅ mag−1) Å

9577.0 10438.8 30/31 118.0 ± 3.3 0.79 2.8 ± 0.4 (2)

9632.1 10379.1 19/31 95.0 ± 2.9 0.84 2.0 ± 0.4 (2) Mg II

9673.4 10334.8 21/31 12.2 ± 1.1 0.92 1.0 ± 0.1 This work

9880.1 10118.5 23/31 22.7 ± 1.2 0.72 1.1 ± 0.2 (5) O II

9987.0 10010.3 14/31 20.4 ± 0.9 0.84 2.0 ± 0.1 This work

10006.6 9990.7 15/31 16.1 ± 1.0 0.72 1.5 ± 0.4 This work

10262.5 9741.5 12/31 6.0 ± 0.7 0.63 1.0 ± 0.2 (6)

10288.0 9717.4 21/31 8.9 ± 0.9 0.57 1.2 ± 0.2 This work

10360.7 9649.2 26/31 27.4 ± 0.9 0.87 1.7 ± 0.3 (4)

10393.5 9618.8 25/31 18.0 ± 1.2 0.91 1.0 ± 0.2 (4)

10439.0 9576.8 26/31 29.4 ± 1.6 0.78 2.3 ± 0.3 (4)

10504.4 9517.2 19/31 31.5 ± 1.3 0.94 1.1 ± 0.1 (4) Fe II, N I

10542.6 9482.8 17/31 16.8 ± 1.3 0.76 1.0 ± 0.2 This work N I?

10610.3 9422.2 24/31 11.4 ± 0.9 0.78 1.2 ± 0.3 This work

10697.6 9345.3 26/31 149.5 ± 2.2 0.87 4.3 ± 0.3 (4)

10734.5 9313.2 22/31 19.1 ± 1.2 0.75 1.5 ± 0.2 (6) O I

10771.9 9280.9 19/31 16.0 ± 1.2 0.87 1.5 ± 0.3 This work

10780.6 9273.4 28/31 134.0 ± 1.5 0.91 1.2 ± 0.1 (3)

10792.3 9263.3 25/31 33.9 ± 1.3 0.79 1.7 ± 0.2 (3)

10813.9 9244.8 18/31 20.5 ± 1.4 0.70 1.6 ± 0.4 This work

10876.9 9191.3 23/31 12.7 ± 1.1 0.56 1.6 ± 0.2 This work

10883.9 9185.4 25/31 19.1 ± 1.2 0.82 1.2 ± 0.2 (6)

10893.9 9176.9 19/31 15.5 ± 1.3 0.66 1.6 ± 0.3 This work

11018.2 9073.4 11/31 10.6 ± 1.1 0.76 0.9 ± 0.2 This work

11691.6 8550.8 15/31 17.2 ± 1.3 0.80 1.3 ± 0.2 This work

11695.0 8548.3 22/31 21.0 ± 1.3 0.84 1.4 ± 0.1 (6)

11698.5 8545.7 27/31 29.5 ± 1.6 0.92 1.4 ± 0.3 (6)

11709.9 8537.5 14/31 9.0 ± 0.9 0.72 1.0 ± 0.2 This work

11720.8 8529.5 27/31 38.7 ± 1.7 0.86 2.1 ± 0.1 (6)

11792.5 8477.6 22/31 18.6 ± 1.4 0.85 1.0 ± 0.3 (6)

11797.5 8474.0 30/31 119.8 ± 1.7 0.91 1.6 ± 0.1 (1)

11863.5 8426.9 20/31 10.4 ± 1.2 0.54 1.3 ± 0.3 This work

11929.3 8380.4 15/31 14.0 ± 0.9 0.77 1.5 ± 0.3 This work

12194.4 8198.2 10/31 8.4 ± 0.8 0.91 0.9 ± 0.2 This work P (12), Q(18) and R(28) of C2 (0,0)

12200.7 8194.0 26/31 17.7 ± 1.2 0.83 1.5 ± 0.4 This work P (14) and R(30) of C2 (0,0)

12222.5 8179.4 28/31 30.9 ± 1.2 0.90 1.2 ± 0.2 (6)

12230.0 8174.4 19/31 14.3 ± 1.0 0.89 1.1 ± 0.2 This work

12294.0 8131.8 29/31 20.5 ± 1.1 0.71 1.9 ± 0.1 (5) N I

12313.5 8118.9 22/31 7.2 ± 0.7 0.45 1.4 ± 0.3 This work

12337.1 8103.4 29/31 110.8 ± 2.0 0.92 3.5 ± 0.7 (4)

12519.0 7985.7 20/31 21.1 ± 1.2 0.90 1.7 ± 0.2 (5)

12537.0 7974.2 26/31 31.1 ± 1.5 0.88 1.8 ± 0.4 (5)

12594.9 7937.6 20/31 10.7 ± 1.2 0.74 1.6 ± 0.2 This work

12624.1 7919.2 29/31 68.5 ± 1.9 0.90 2.4 ± 0.6 (5)

12650.0 7903.0 21/31 19.7 ± 1.4 0.89 1.4 ± 0.2 This work

12691.9 7876.9 18/31 19.4 ± 1.2 0.67 2.1 ± 0.3 This work

12798.8 7811.1 18/31 35.4 ± 1.2 0.63 1.1 ± 0.2 (5) Paβ

12837.6 7787.5 14/31 57.9 ± 1.9 0.80 4.3 ± 0.2 (6) Paβ

12861.5 7773.0 26/31 38.3 ± 1.7 0.85 2.3 ± 0.6 (5) Paβ

12878.9 7762.5 12/31 11.2 ± 1.0 0.73 1.6 ± 0.4 This work

13021.0 7677.8 20/31 14.6 ± 1.0 0.88 1.8 ± 0.3 This work

13027.7 7673.9 24/31 59.4 ± 1.7 0.90 3.5 ± 0.6 (4)

Table 3 continued
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Table 3 (continued)

Wavelength Wavenumber Detection EW/E(B-V) RE(B−V ) FWHM Referencea Blending feature

(Å) (cm−1) (mÅ mag−1) Å

13050.5 7660.4 17/31 11.7 ± 1.1 0.82 1.6 ± 0.2 This work

13175.9 7587.5 30/31 442.7 ± 3.1 0.91 4.1 ± 0.3 (1)

Note—

aThe references that confirmed the DIBs for the first time: (1) Joblin et al. (1990); (2) Foing & Ehrenfreund (1994); (3) Groh et al. (2007);
(4) Cox et al. (2014); (5) H15; and (6) Ebenbichler et al. (2022)

As a result of the search for new DIBs in §3.3, we de-
tected 34 new DIBs, nine of which were independently

reported by Ebenbichler et al. (2022). In addition, we

also detected eight candidates. Figure 5 shows the spec-

tra of 54 detected DIBs, 25 of which were newly de-

tected in this study. The spectra of two stars with

no or low reddening, β Ori and HD 210191, and the

stars with the largest reddening in the Cyg OB2 as-

sociation (No. 12) and Wd 1 (W 33) are plotted. In

Figure 5, the DIBs detected toward W 33 have broader

profiles compared to those of Cyg OB2 No. 12, on aver-

age, probably because of the Doppler broadening. Ta-

bles 3 and 4 summarize the results of the measure-

ments for the detected DIBs and candidate DIBs, re-

spectively. Tables 3 and 4 show the rest-frame wave-

lengths (column 1), wavenumbers (column 2), numbers

of detections (column 3), EWs per a unit of E(B − V )

(column 4), the correlation coefficients with E(B − V )

(column 5), FWHMs in a wavelength scale (column

6), and comments on the blending features (column

7). The DIB rest-frame wavelengths were determined

by minimizing the squared difference between the ve-

locities of DIB λ10780 (Table 2) and the DIB veloci-

ties, which depend on the rest-frame wavelengths of the

DIBs. The EWs per a unit of E(B − V ) were calcu-

lated as W/E(B − V ) =
∑N

i WiEB−V,i/
∑N

i E2B−V,i.

The FWHMs in Tables 3 and 4 are the average of the

FWHMs of the detected DIBs with a sigma clipping. To

avoid the effect of Doppler broadening in the FWHM

calculation, as far as possible, the FWHMs larger than

the 1σ level were clipped, whereas the FWHMs smaller

than the 2σ level are clipped. In the following subsec-

tions, we comment on some specific DIBs and candi-

dates.

4.1.1. C+
60 DIBs

All five absorption bands identified as the electronic

band of C+60 are located in the wavelength range of our

observations (Campbell et al. 2015, 2017). Two main

bands, λ9577 and λ9632, which were contaminated with

the strong water vapor lines, could be detected toward

many targets. The latter band is known to overlap with

a pair of stellar Mg II lines at 9631.9 and 9632.4Å (Jen-

niskens et al. 1997; Galazutdinov et al. 2017a; Walker

et al. 2017). We did not try to remove the effect of the

overlapping Mg II lines because that is outside the scope

of this study. Therefore, we note that the measured pa-

rameters of λ9632 in Table 3 are affected by Mg II lines.

Three weak subbands, λ9348, λ9365, and λ9428, are

contaminated with stronger water vapor lines. There-

fore, these bands could not be detected at all in the

spectra obtained using the Araki telescope, owing to

the strong water vapor lines (Figure 1). We tried to

analyze the three subbands in the NTT spectra; how-

ever, we could not detect them clearly, owing to the

intrinsic weakness of the bands, the systematic uncer-

tainties caused by the removal of the telluric lines, and

the blending stellar lines. Therefore, we did not include

these three bands in Table 3 in this study. The prop-

erties of C+60 in the interstellar clouds and their rela-

tions with the other interstellar features, including the

newly found NIR DIBs, are of great interest. An anal-

ysis dedicated to these C+60 bands will be conducted in

the subsequent study.

4.1.2. λ11691, λ11695, and λ11698

Three DIBs, λ11691, λ11695, and λ11698, were de-

tected in the wavelength range where the telluric lines

are strong. Because the profiles of these DIBs are clearly

resolved in the spectra of most of the targets, we have

treated these features as independent DIBs in this study.

However, the EWs of these DIBs are well correlated with

each other (r ∼ 0.9). Considering that these DIBs are

affected by strong telluric lines, which increase the scat-

ter in the correlation, it is possible that these DIBs orig-

inate from the same carrier, and the separations and the

relative intensities of the three peaks may be important

for constraining the molecular properties of the carrier

molecule.

4.1.3. DIBs overlapping with the C2 Phillips bands
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Table 4. Candidate DIBs

Wavelength Wavenumber Detection EW/E(B-V) RE(B−V ) (p-value) FWHM Blending Feature

(Å) (cm−1) (mÅ mag−1) Å

10280.3 9724.7 13/31 5.9 ± 0.7 0.55 (5.1e-02) 1.0 ± 0.1

10528.3 9495.6 11/31 13.1 ± 1.3 0.10 (7.7e-01) 1.7 ± 0.4 Fe II?

10650.2 9386.9 11/31 7.8 ± 0.9 0.56 (7.3e-02) 1.0 ± 0.1 N I?

12110.8 8254.8 9/31 26.7 ± 2.3 0.76 (1.8e-02) 1.4 ± 0.2 Q(8) of C2 (0,0)

12175.2 8211.1 13/31 6.8 ± 0.9 0.00 (9.9e-01) 0.9 ± 0.1 Q(16) and R(26) of C2 (0,0)

12406.2 8058.3 20/31 12.4 ± 1.0 0.20 (4.0e-01) 1.8 ± 0.2

12486.7 8006.3 9/31 4.7 ± 0.7 0.77 (1.5e-02) 1.1 ± 0.1

12668.3 7891.6 10/31 5.8 ± 0.8 0.60 (6.5e-02) 1.5 ± 0.1

Note—

The electronic bands of C2 and CN are located in

the range of 0.91–1.33 μm (Hamano et al. 2019). In

particular, the C2 bands have many rotational lines in

a wide wavelength range, because C2 can be rotation-

ally excited to higher levels. The rotational lines of the

J ′′ = 0 − 20 of the C2 (1,0) and (0,0) bands range be-

tween 10130–10300Å and 12070–12332Å, respectively.

It was difficult to find weak DIBs in these wavelength

ranges of the C2 bands, because the C2 bands were

strong in the spectra of most of the stars in the Cyg

OB2 association and the Wd 1 cluster, which were

used for the initial search for new DIBs. Four DIBs—

λ12194, λ12200, λ12294, and λ12313—and a DIB candi-

date λ12110, were detected in the region of the C2 (0,0)

band, while we could not find any new DIBs in the region

of the C2 (1,0) band. In particular, λ12110 is blended

with a Q(8) line, which is relatively strong among the

C2 lines. We did not deblend the Q(8) line from λ12110

by simulating the C2 line profile. Therefore, λ12110 was

measured only in the spectra of the stars toward which

the C2 band was not detected or very weak.

4.1.4. DIBs detected in the wing of Pa β

DIBs λ12799, λ12838, and λ12862 were detected on

the wing of the broad Paβ absorption line. We removed

this broad wing by fitting a polynomial function for mea-

suring the EWs of these DIBs.

4.2. NIR DIBs in the 0.91–1.33 μm range

Figure 6 shows the EWs of the NIR DIBs in the range

of 0.91–1.33 μm for Cyg OB2 No. 12, toward which all

54 DIBs were detected, except for DIB λ12110, which

was blended with the C2 band. The EWs of 20 of the

DIBs in this object that were detected in previous stud-

ies (H15, Cox et al. 2014; Joblin et al. 1990; Foing &

Ehrenfreund 1994; Groh et al. 2007) are larger than 30

mÅ, whereas the EWs of the weakest DIBs that are

newly detected in this study are as small as 10 mÅ. The

lack of DIBs in λ < 9500Å, 11100 < λ < 11500Å, and

λ > 13300Å in Fig. 6 is a result of the strong telluric

absorption lines. Accordingly, there are fewer DIBs in

and near these wavelength ranges in Fig. 7, which shows

the distribution of the DIB numbers and EWs for Cyg

OB2 No. 12. The peaks of the number density distribu-

tions in the Y and J bands are at approximately 10500

and 12500 Å, respectively, where the telluric absorption

lines are very weak. The weakest DIBs in the Y and

J bands are also detected in these bins. These results

suggest that the detection sensitivity of the NIR DIBs

is strongly influenced by the accuracy of the telluric ab-

sorption.

Figure 8 shows the overall distribution of the central

wavelengths of the DIBs, from the optical wavelength

range to the K band, where the longest-wavelength

DIBs have been detected. This figure primarily uses the

DIB EWs of HD183143 obtained by Fan et al. (2019, for

4000–9000 Å), those obtained in this study (for 9100–

13300 Å) and those from Cox et al. (2014, for 15000–

18000 Å). For the DIBs in the K band and some weak

DIBs in the H band, we adopt the DIB EWs for Cyg

OB2 No. 5 from Galazutdinov et al. (2017b), because,

to date, these DIBs have not been detected toward

HD183143. Although the number of DIBs detected in

the NIR region has gradually increased over the course

of the past decade, previous surveys could not detect

DIBs in the range of W < 50 mÅ, in which the majority

of the optical DIBs are distributed. In this study, we

were able to detect a number of weak NIR DIBs, which

has enabled us to discuss the DIB distribution over a

wide wavelength range (see Section 5). It will be possi-

ble to investigate the profiles of these DIBs, as well as

their correlations with gaseous parameters (e.g., H I col-

umn density), and to use them for comparison with the

laboratory spectra of candidate molecules for new NIR

DIBs. These new DIBs will provide new insights into the
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Figure 5. The spectra of all 54 DIBs detected in the 0.91–1.33 μm range. The spectra of β Ori (the top spectrum), HD210191
(the second spectrum from the top), Cyg OB2 No. 12 (the third spectrum from the top), andWd1W33 (the bottom spectrum) are
shown in each panel. The horizontal axis shows the line-of-sight velocities that were calculated with the rest-frame wavelengths
shown in Table 3. The spectra are shifted by the velocities that were measured using the DIB λ10780, to align the DIBs. The
regions that are contaminated with the strong telluric absorption lines are interpolated from the surrounding regions, which
the strong telluric absorption lines do not contaminate. The interpolated and original spectra are shown using the thick and
thin lines, respectively. The spectra are shown with gray lines in cases where the DIBs could not be evaluated, owing to the
blending of the other features. The detected DIBs are indicated by the yellow areas. The marks with the black thin lines that
are sometimes plotted above the spectra show DIBs and candidates that appear in the panels of the other DIBs.
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Figure 4. Continued.
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Figure 6. Upper panel: the EWs of the DIBs detected to-
ward No. 12 in the range of 0.91–1.33 μm. The circles show
the DIBs detected or confirmed in H15 (blue), and the DIBs
detected in this study (red). The black squares show the
DIBs detected in the literature (Joblin et al. 1990; Foing &
Ehrenfreund 1994; Groh et al. 2007). The green diamonds
show the DIBs detected in Ebenbichler et al. (2022). The
light blue triangles show the candidate DIBs in this study.
Lower panel: transmittance spectrum of the atmosphere.
The spectrum is synthesized using ATRAN. The locations of
the Paschen H I lines and C2 Phillips bands are also shown.

mysterious carriers of DIBs. In particular, in our forth-

coming study, we will investigate the DIB–E(B−V ) and

DIB–DIB correlations.

5. DISCUSSION

5.1. Distributions of DIB numbers and strength

In this subsection, we discuss the distributions of

the DIB numbers and strength, using the DIBs of

HD183143, which is most frequently used for the

DIB surveys. The DIBs toward HD183143 have been

searched for from the optical wavelength range to the

NIR range, at high sensitivities. In Section 5.1.1, we dis-

cuss the DIB distributions over a wide wavelength range,

from the optical wavelength range to the H band. In

Section 5.1.2, we attempt to deduce the intrinsic distri-

bution of the DIBs toward HD183143 by considering the

biases among the observations in different wavelength

ranges, such as the differences in S/N, the spectral res-

olutions, and telluric absorption lines.

5.1.1. DIBs in the 0.4-1.7 μm range

Herein, we discuss the number and EW distributions

for all the DIBs ever detected toward HD183143, to in-

vestigate the wavelength ranges (and, thus, the energies

of the transitions) in which the DIBs are the most pop-

ulous. From the previous surveys in the optical wave-

Figure 7. Number density (top) and EW density (bottom)
distributions toward Cyg OB2 No. 12. The bin width is 500
Å in all panels. The black, gray, and white bars show DIBs
with EW > 100 mÅ, 10 < EW < 100 mÅ, and EW < 10
mÅ, respectively.

length range, we have adopted the most extensive cat-

alog of DIBs, which was reported by Fan et al. (2019),

who obtained a high-sensitivity (S/N ∼ 1300 at the me-

dian) and high-resolution (R = 38, 000) spectrum of

HD183143 and detected 472 bands between 4000 and

9000 Å. The EWs of the DIBs of HD183143 in the H

band (15,000 < λ < 18,000 Å) are adopted from Cox et

al. (2014).

Figure 9 shows the distributions of number density

(top), total EW (middle), and the summation of the

product of the oscillator strengths and column densities

of the DIB carriers (bottom). The summation is calcu-
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Figure 8. Upper panel: overview of DIBs from the optical wavelength range to the K band. The circles show the DIBs
detected or confirmed in H15 (blue), and the DIBs detected in this study (red). The black squares show the DIBs detected in
the literature (Joblin et al. 1990; Foing & Ehrenfreund 1994; Groh et al. 2007). The green diamonds show the DIBs detected
in Ebenbichler et al. (2022). The light blue triangles show the candidate DIBs in this study. Gray and black circles show the
DIBs in the range of 4000–9000 Å (Fan et al. 2019) and the H-band DIBs (Cox et al. 2014), respectively. For the DIBs in the
K band and some weak DIBs in the H band, we adopt the DIB EWs for Cyg OB2 No. 5 from Galazutdinov et al. (2017b),
because, to date, these DIBs have not been detected toward HD183143. Note that the points of No. 5 are only plotted to show
the DIB distribution at the longest wavelength, and cannot be directly compared with the other data from HD183143, owing to
the difference in the DIB EWs between HD183143 and No. 5. The gray shaded areas show the wavelength ranges in which we
could not search for DIBs, owing to strong telluric absorption. Lower panel: synthetic spectrum of telluric absorption created
by ATRAN (Lord 1992).

lated as follows:

∑
i

fiNi(cm
−2) =

∑
i

1.13× 1020
Wi(Å)

λ2i (Å)
, (5)

where i is the DIB index within each wavelength bin, fi
and Ni are the oscillator strength and column density

of the ith DIB carrier, respectively, and Wi and λi are

the EW and central wavelength of the ith DIB, respec-

tively. In this calculation, an optically thin condition is

assumed.

The peak of the number density distribution (Fig. 9,

top panel) was around the bins from 6000 to 7000 Å.

According to Fan et al. (2019), this peak does not re-

flect the intrinsic DIB distribution, because a significant

fraction of the weak DIBs at λ > 7000 Å were not de-

tectable, owing to contamination by strong telluric ab-

sorption. The number density of the NIR DIBs at 9000

< λ < 13500 Å is considerably lower than that of the

optical DIBs, which may be a result of both the intrinsic

DIB distributions and the differing spectral qualities in

terms of S/N, spectral resolution, and telluric lines. In
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particular, very few DIBs with W < 10 mÅ are detected

in the NIR wavelength range.

The difference in the detection limits among the obser-

vations has a lower impact on the EW distribution than

on the number density distribution because most of the

EW contribution comes from strong DIBs (W > 100

mÅ). For example, the 4000–4500 Å bin has a very high

value, owing to λ4430, which is the strongest DIB ever

found. Although this stochasticity primarily affects the

distribution, a trend of decreased EWs at longer wave-

lengths is seen, which may be attributable to an intrinsic

distribution of DIB EWs rather than to observational

bias. This trend is more clearly seen in the distribution

of
∑

i fiNi (the bottom panel of Fig. 9).

Figure 10 shows the DIB distributions on a wavenum-

ber scale. The wavelength coverage of our observations

corresponds to 7400 < ν < 11100 cm−1. The wavenum-

ber distribution is probably more appropriate than the

wavelength distribution for investigating the intrinsic

distributions of the DIB numbers and strengths than the

wavelength distribution because the transition energies

are simply proportional to the wavenumbers. The trends

seen in Fig. 9 can also be seen in these distributions,

but the differences between the optical and NIR ranges

are diluted, because a bin in the wavenumber units cov-

ers a larger wavelength range at a longer wavelength.

In particular, the EWs are nearly constant across the

wavenumber plot, except for a few bins that contain the

strongest DIBs. To understand the intrinsic distribution

of these DIB properties, it is necessary to consider the

effects on the distributions that arise from differences in

observational conditions.

5.1.2. Observational biases

Next, we deduced the intrinsic distribution of the

DIBs from the observed distribution by minimizing the

effects of observational bias. The observed distributions

were affected by observational biases on the strength

and density of the telluric absorption and the detection

limits.

To remove the effect of telluric absorption, we selected

five wavelength ranges in which the telluric absorption

lines are weak: 5300 < λ < 6850 Å, 7300 < λ < 7590

Å, 10300 < λ < 10900 Å, 12200 < λ < 12550 Å, and

15400 < λ < 15680 Å. In the following calculation, the

first wavelength range is divided into five sub-ranges:

5300 < λ < 5600 Å, 5600 < λ < 5900 Å, 5900 < λ <

6200 Å, 6200 < λ < 6500 Å and 6600 < λ < 6850 Å;

the 6500 < λ < 6600 Å range was excluded to avoid the

stellar Hα line.

For the detection limit, we used only those DIBs that

were deeper than a fixed peak depth (dp) threshold for

Figure 9. Distributions of the numbers (upper panel), total
EWs (middle panel), and

∑
i fiNi (lower panel) of the DIBs.

The horizontal axes indicate the wavelength, and the bin size
is 500 Å. The inset panel in the lower panel shows a detailed
view of the histograms at λ > 7500 Å. The colors indicate
the same factors as in Fig. 7.

all wavelength ranges, to minimize the effects of different

detection limits. Since the S/N ratio and spectral res-

olution of the optical spectrum of HD183143 obtained

by Fan et al. (2019) are both higher than those of our

NIR spectrum of HD183143, the threshold from the NIR

spectrum was set to be dp = 7 × 10−3, which is the 5σ

detection limit for our NIR spectrum of HD183143.

Figure 11 shows the resultant wavenumber density of

the numbers, EWs, and
∑

i fiNi of the DIBs in the

sampled wavelength ranges. The number density ex-

hibits a peak in the 6600 < λ < 6850 Å bin, and a
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Figure 10. Distributions of the numbers (upper panel),
total EWs (middle panel), and

∑
i fiNi (lower panel) of the

DIBs. The horizontal axes indicate the wavenumber, and the
bin size is 1000 cm−1. The inset in the lower panel shows
a detailed view of the histograms at ν < 13000 cm−1. The
colors indicate the same EW ranges as in Fig. 7.

declining trend is seen toward both the shorter- and

longer-wavelength ranges. This is consistent with the

results shown in Fig. 10, and the peak wavelength cor-

responds to the 1.8 eV transition energy. In contrast,

the EW density is approximately constant over the en-

tire range, with the exception of the 6200 < λ < 6500

Å bin, in which the second-strongest DIB, λ6284.3, is

located. The almost constant wavenumber density of

the DIB EWs results in a rapid decrease of
∑

i fiNi to-

ward the longer-wavelength limit, as seen in the bottom

panel of Figure 11. Therefore, the carrier abundance

Figure 11. Wavenumber densities of the DIB numbers (top
panel), EWs (middle panel), and the sums of the products
of the oscillator strength and column density (lower panel),
after considering the observational biases. See the main text
for the sampled wavelength region and the threshold used
for the depth of the DIBs. The horizontal bars indicate the
sampled ranges. The vertical bars in the top panel show the
square roots of the numbers of DIBs, that is, the Poisson
uncertainties of the DIB numbers. As a reference, we also
plot the data for the H-band DIBs with an open circles, to
see their trend at longer wavelengths. Note that the effects of
the observational biases were not considered for these points.

of the DIBs tends to be reduced at longer wavelengths,

suggesting that the NIR DIBs trace molecular species

that are less abundant in interstellar clouds and/or have

much smaller oscillator strengths than those in the op-

tical region.
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5.2. FWHM distribution

In this subsection, we discuss the distributions of the

FWHMs of the optical and NIR DIBs for HD147889,

using the data of Fan et al. (2019) and this study.

HD147889, which is considered to be a single-cloud

sightline (Siebenmorgen et al. 2020), is a good target

for investigating the DIB profiles. Here, we compare

the FWHMs of the DIBs in the optical range and those

in the NIR range in order to examine the relation be-

tween the DIB width and the wavelength. The intrinsic

profiles of the DIBs are important for constraining the

DIB carriers (e.g., Huang & Oka 2015). If an intrinsic

DIB profile reflects the rotational contour of a molecu-

lar electronic transition, the FWHM on a wavenumber

scale is a function of the rotational temperature (Trot)

and the rotational constant (B′′) (Cami et al. 2004). A

difference in the FWHM distribution between the op-

tical and NIR wavelength ranges would imply that the

carriers producing the DIBs in each wavelength range

have different molecular properties (e.g., electric dipole

moment and molecular size), on average.

Figure 12 shows the histograms of the DIB FWHMs

measured in the wavelengths, normalized by wavelength,

and measured in wavenumbers for optical DIBs (5000 <

λ < 6500 Å; Fan et al. 2019) and NIR DIBs (9100 < λ <

13300 Å; this study). The bin size for the NIR DIBs is

twice as large as that for the optical DIBs, owing to the

difference in their numbers. The spectral resolutions in

Fan et al. (2019) and in this study were 8 and 11 km s−1,
respectively. The thresholds corresponding to the spec-

tral resolutions were also plotted with the histogram of

the normalized DIB FWHMs. In the FWHM distribu-

tion on a wavenumber scale, the DIB width is narrower

in the NIR range, on average. Because most of the DIBs

have FWHMs broader than the spectral resolutions (see

the center panels in Figure 12), the difference of the

FWHM distribution on a wavenumber scale is probably

not caused by the difference of the spectral resolutions.

The detection limits of the observations also affect the

FWHM distributions. Since the broader DIBs have shal-

lower depths, it is relatively difficult to detect broader

DIBs at the same EW. Therefore, the detected weak

DIBs tend to have narrower widths, and the detection

limit can change the FWHM distribution. The FWHM

distributions of the DIBs with a central depth larger

than 0.009 are also shown with the black bars in Fig.

12. The threshold is sufficiently higher than the de-

tection limits of both observations, without a significant

decrease in the DIB numbers. The FWHM distributions

of the DIB samples that are limited by depth would re-

flect the intrinsic DIB properties better than that of

a full sample would. Other factors of the observations,

such as the contamination of the telluric absorption lines

and the wavelength coverages of each echelle order, can

bias the FWHM distributions; however, it is difficult to

evaluate their effects.

In these depth-limited samples, the difference between

the wavenumber-scale FWHM distributions is clear: the

medians are 2.1 and 1.5 cm−1 for the optical and NIR

wavelength ranges, respectively. To investigate the sta-

tistical significance of the difference in the FWHM distri-

butions, we conducted a Mann–Whitney U test, which

is a nonparametric statistical test with the null hypothe-

sis that the medians of two samples are the same, under

the assumption that the shapes of the distributions are

identical. The sample sizes of the optical and NIR DIBs

are 29 and 27, respectively, which are sufficient for the

statistical test. We rejected the null hypothesis, with a

p-value of 0.038, which suggests that the difference in the

FWHM distributions between the optical and NIR DIBs

is statistically significant. The difference in the FWHM

distributions between the optical and NIR wavelength

ranges may imply that the DIB width on a wavenum-

ber scale becomes intrinsically narrower at longer wave-

lengths.

5.3. Carriers

5.3.1. General implications

Herein, we comment on the implications for the car-

riers of the NIR DIBs, based on our results. In Sec-

tion 5.2, we suggested that the intrinsic FWHMs of

the NIR DIBs in units of wavenumber are, on an av-

erage, narrower than those of the optical DIBs. If we

assume that the intrinsic widths of the DIBs are de-

termined by the rotational constants of the DIB carri-

ers, the NIR DIB carriers should have smaller moments

of inertia (i.e., they should be larger in size) than the

optical DIB carriers. This is consistent with the re-

lationship between the transition wavelengths and the

molecule sizes of conjugated molecules, such as carbon

chains, PAHs, and fullerenes. This proportional rela-

tion between the transition wavelength and the number

of carbon atoms in molecules has been experimentally

confirmed for the π − π electronic transitions of poly-

acetylene chains (Maier 1998). The relation is also seen

for the PAH molecules and ions in the calculation of the

wavelengths of the PAH bands that was conducted in

Ruiterkamp et al. (2005).

In Section 5.1, we suggested that the summation

of the DIB column density (
∑

i fiNi) decreases with

wavelength. We cannot determine whether oscillator

strength or column density is the primary contributor to

this decrease. If we assume that conjugated molecules

are a potential carrier, then their oscillator strengths will

－ 22 －

Hamano+2022,「arXive:2208.03131v3 からの転載」



20 Hamano et al.

Figure 12. FWHM distribution of the DIBs for HD147889. The upper and lower panels show the DIBs in the optical (5000
< λ < 6500 Å) and NIR (9100 < λ < 13300 Å) wavelength ranges, respectively. The left, middle, and right panels show the
FWHMs measured in wavelengths, normalized by wavelength, and measured in wavenumbers, respectively. The dashed lines
show the FWHMs corresponding to the spectral resolutions. The black bars show the DIBs with the central depths larger than
0.009.

be in proportion to the total electron number, i.e., the

number of carbon atoms (e.g., Halasinski et al. 2003).

If the carriers of the DIBs at longer wavelengths are

larger in size, as suggested by their FWHM distribution,

then the DIBs at longer wavelengths can be considered

to have higher oscillator strengths. In this case, col-

umn densities associated with longer-wavelength DIBs

decrease more rapidly than is observed for
∑

i fiNi with

increasing wavelength. It follows that larger DIB car-

riers have lower column densities in interstellar clouds,

because large molecules can have a variety of structural

patterns and more atoms are necessary to form bigger

molecules. In summary, we suggest that DIBs at longer

wavelengths tend to be caused by larger molecules.

Ruiterkamp et al. (2005) simulated DIB spectra to-

ward a line-of-sight cloud of HD147889, the physical

parameters of which have been well constrained, under

the assumption that the DIB absorption in this region

is caused by interstellar PAHs. Their results suggest

that larger PAH ions tend to have transitions at longer

wavelengths, and that the ionization fraction of PAHs

strongly depends on their size and structure. Metallicity

is another key parameter that determines the DIB dis-

tribution (Cox & Spaans 2006). Further high-sensitivity

observations in both the optical and NIR wavelength

ranges toward various lines of sight would put con-

straints on the DIB carrier properties.

5.3.2. Possible carriers

DIBs are considered to originate from interstellar car-

bonaceous molecules (Sarre 2008). Specific candidates

include carbon chain molecules, PAHs, and fullerenes.

The only positively identified carrier to date is ionized

buckminsterfullerene (C+60), which has been identified

as the carrier of five DIBs at approximately 0.95 μm

(Campbell et al. 2015; Walker et al. 2015; Campbell et

al. 2016). Other fullerenes, such as C+70 and C2+70 , were

also tested by the same authors (Campbell et al. 2016,

2017), but their transitions were not detected in the as-

tronomical spectra. Omont (2016) reviewed the prop-

erties of other fullerenes and fullerene derivatives to ex-

plore their ability to produce interstellar DIB features.

Fullerene compounds may be candidates for DIB carri-

ers. Tomita et al. (2005) obtained NIR spectra of C−
60 in

its gas phase at room temperature (300K) and identified
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three absorption bands at 9382, 9145, and 10460 cm−1,
which corresponded to air wavelengths of 10655, 10931,

and 9557 Å, respectively. Near the strongest of the three

bands (10655 Å), we detected a weak DIB candidate at

10,650 Å (Table 4). The EW and FWHM of the λ10650

for Cyg OB2 No. 12 are 27±2 mÅ and 2.5 Å, respec-

tively. We could not detect DIBs close to the other two

weaker bands at 10931 and 9557 Å. The band at 10931 Å

overlaps the H I line, and the band at 9557 Å is heavily

contaminated by telluric lines; therefore, we could not

even set upper limits. Despite the wavelength difference

between the main band at 10655 Å and λ10650, a small

shift such as this may be induced because the absorp-

tion band was obtained at room temperature (Tomita

et al. 2005), which can broaden and shift bands. Based

on the oscillator strength of f = 0.022 (Strelnikov et al.

2015), the EW toward Cyg OB2 No. 12 (27 mÅ) corre-

sponds to N(C−
60) = 1.2 × 1012 cm−2. Considering the

amount of C+60 in the line of sight of Cyg OB2 No. 12

(N(C+60) = 2.5 × 1013 cm−2 estimated from the λ9577

band), C−
60 may be present, and it would favor denser

clouds with reduced UV intensity. Although it remains a

matter of speculation, DIB λ10650 is a potential candi-

date for the absorption band of C−
60. Firm identification

requires (1) obtaining the gas-phase spectrum of C−
60 at

a low temperature, and (2) detecting the other two sub-

bands. Since the detection of the band at 10931 Å is

nearly impossible, owing to its overlap with the stellar

H I line, detecting the band at 9557 Å would be more

significant.

Ionized PAHs are another class of DIB carrier candi-

dates in the NIR range. Mattioda et al. (2005) obtained

the NIR (0.7–2.5 μm) spectra of cations and anions of

27 PAHs (the largest of which was C50H22) using matrix

isolation spectroscopy. The Ar matrix that they used

can broaden and shift the obtained absorption band.

Therefore, it was difficult for them to identify DIBs as

the absorption bands of ionized PAHs. They demon-

strated that strong and narrow bands exist in the NIR

absorption spectra of PAH cations and anions. In H15

and in this study, we have detected DIBs whose wave-

lengths are close to the absorption bands of PAH cations

and anions. If the gas-phase spectra of such ionized

PAHs can be obtained, the DIBs detected here can po-

tentially be confirmed.

6. SUMMARY

We explored weak NIR DIBs the in 0.91–1.33 μm

range using the NIR high-resolution (R = 20, 000 and

28,000) spectra of 31 reddened stars that were collected

using the WINERED spectrograph. Our findings are

summarized as follows:

1. The large DIB EWs toward the heavily reddened

lines of sight enabled us to detect 54 DIBs, 25 of

which were newly discovered by our observations.

We also independently detected nine of 12 DIBs

newly detected in Ebenbichler et al. (2022). We

succeeded in detecting DIBs as weak as 10 mÅ in

the NIR range. We found that, as in the opti-

cal range, many weak DIBs populate in the NIR

range of 0.91–1.33 μm. The wavelength range of

0.91–1.33 μm that has been explored in this study

is of great importance for the study of interstel-

lar molecules, because it contains the absorption

bands of both small and large carbon molecules,

including C+60, C2, and CN, and many anonymous

DIBs.

2. The FWHMs of the NIR DIBs were found to be

narrower than those of the optical DIBs, on av-

erage. Assuming that the DIB width is deter-

mined by the rotational constant, this difference

suggests that the DIBs at longer wavelengths tend

to be caused by larger molecules, which is consis-

tent with the properties of conjugated molecules.

3. We investigated the distributions of the DIB num-

bers, EWs, and column densities, according to

wavelength (wavenumber), from the optical to the

NIR range. The number density of the DIBs peaks

at λ ∼ 6600 Å and declines toward both the

shorter and longer wavelengths. Additionally, the

sum of the DIB column densities decreases with in-

creasing wavelength. Assuming that the DIBs at

longer wavelengths tend to originate from larger

molecules, as suggested by their FWHM distribu-

tions, the oscillator strength can be assumed to be

larger for DIBs at longer wavelengths. Thus, we

suggest that DIBs at longer wavelengths trace less

abundant molecules.

4. The comparison of the DIB catalog that has been

compiled in this study with the gas-phase spectra

of candidate molecules, such as fullerenes, PAHs,

and carbon chains, will contribute to the fur-

ther identification of DIB carriers. As a trial, we

checked the NIR absorption spectra of the gas-

phase C−
60 that was obtained at room temperature,

and we found that the DIB candidate λ10650 was

close to the main absorption band of C−
60 at 10655

Å. The detection of weaker subbands in astronom-

ical spectra and in the laboratory spectra of gas-

phase C−
60 at lower temperatures will be necessary

to confirm the identification of this ion.
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It will be of great interest to investigate the correla-

tions among DIBs, particularly the correlations of all

DIBs with the C+60 DIBs at λ = 9577 and 9632 Å, to

assess the contribution of fullerenes and their associated

compounds to DIBs. Moreover, it will also be important

to constrain the sizes and structures of the DIB carriers

by fitting the molecular rotational contour to the ob-

served DIB profiles (e.g., Huang & Oka 2015). The new

list of DIBs in the NIR range produced by this study

represent a valuable input to for further investigations

into DIB carriers.
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ABSTRACT
We report on the first polarimetric study of (3200) Phaethon, the target of JAXA’s DESTINY+ mission, in the negative branch to

ensure its anhydrous nature and to derive an accurate geometric albedo. We conducted observations at low phase angles (Sun-

target-observer angle, 𝛼 = 8.8–32.4◦) from 2021 October to 2022 January and found that Phaethon has a minimum polarization

degree 𝑃min = −1.3 ± 0.1 %, a polarimetric slope ℎ = 0.22 ± 0.02 % deg−1, and an inversion angle 𝛼0 = 19.9 ± 0.3◦. The

derived geometric albedo is 𝑝𝑉 = 0.11 (in the range of 0.08–0.13). These polarimetric properties are consistent with anhydrous

chondrites, and contradict hydrous chondrites and typical cometary nuclei.

Key words: techniques: polarimetric – minor planets, asteroids: individual: (3200) Phaethon.

1 INTRODUCTION

C-complex asteroids are particularly important for revealing the aque-

ous activity that might have occurred < 10 Myr after the beginning of

the solar system formation (Fujiya et al. 2012). Most of them are rich

in volatile components, maintaining the primordial information since

the formation epoch (Krot et al. 2015). Accordingly, recent asteroid

explorations targeted carbonaceous asteroids. The OSIRIS-REx mis-

★ E-mail: ksky0422@snu.ac.kr
† E-mail: ishiguro@snu.ac.kr

sion investigated its target asteroid (101955) Bennu and revealed

unambiguous evidence for widespread hydrated minerals (Hamilton

et al. 2019). On the other hand, (162173) Ryugu, the target asteroid of

the Hayabusa2 mission, indicated a weak signature of the hydrated

minerals that might have experienced a mild heating process at >
300 ◦C in the parent body (Kitazato et al. 2021). Therefore, hydrated

silicate abundance is an important tracer for the thermal history of

C-complex asteroids (Hiroi et al. 1996).

(3200) Phaethon (F- or B-type, a subclass of C-complex, Tholen &

Barucci 1989; Bus & Binzel 2002) is the target of JAXA’s DESTINY+
mission (Arai et al. 2018), and known to have unique properties. It

© 2022 The Authors
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has an asteroid-like orbit (the Tisserand parameter with respect to

Jupiter, 𝑇J > 3) that likely originates in the main asteroid belt (de

León et al. 2010; MacLennan et al. 2021). It has shown evidence for

dust ejection reminiscent of comets (Jewitt & Li 2010). Phaethon’s

albedo has not been determined well, making it difficult to identify if

this object consists of a comet-like or asteroid-like composition (see

Section 4).

There is a large discrepancy in the interpretation of Phaethon’s

spectrum. Licandro et al. (2007) argued that Phaethon’s spectrum is

similar to those of aqueously altered CI/CM meteorites and hydrated

minerals. Licandro et al. (2007) further suggested that Phaethon is

likely an activated asteroid similar to the main-belt comets rather

than typical comets of outer solar system origins. On the other hand,

Clark et al. (2010) reported that Phaethon’s spectrum matches CK

meteorites or an experimental mixture of chlorite and carbon lamp-

black. Later, Takir et al. (2020) reported that this asteroid shows

no hydrated mineral absorption near 3 𝜇m, supporting the idea of

anhydrous material. Note that the interpretation of anhydrous mate-

rial conflicts with Licandro et al. (2007). Such a large discrepancy

arises the necessity to examine the nature of Phaethon by a method

independent of spectroscopy.

Recently, Ishiguro et al. (2022) proposed that polarimetry at low

phase angles (Sun–target–observer angle, 𝛼 � 20◦) is a useful di-

agnostic tool for conjecturing if C-complex asteroids are hydrous

or anhydrous. However, due to the unfavorable observational condi-

tions until recently, Phaethon’s polarimetric property at low phase

angles (𝛼 < 19.1◦) has not been investigated. Taking advantage of

the opportunity in late 2021 and early 2022, we obtained polarime-

try at low phase angles (𝛼 = 8.8–32.4◦) and found that Phaethon’s

surface is anhydrous. In addition, we narrowed down the albedo es-

timate range with our polarimetry. In this paper, we describe our

observations in Section 2 and the derivation of polarimetric param-

eters in Section 3. We provide two major findings (the composition

and geometric albedo) in Section 4. We discuss these results in Sec-

tion 5, focusing on the significance of the albedo determination and

hydrous/anhydrous nature.

2 OBSERVATIONS AND DATA ANALYSIS

We made polarimetric observations using three instruments: the Hi-

roshima Optical and Near-InfraRed camera (HONIR; Akitaya et al.

2014) on the 1.5-m Kanata Telescope at the Higashi-Hiroshima Ob-

servatory, the Wide Field Grism Spectrograph 2 (WFGS2; Uehara

et al. 2004; Kawakami et al. 2022) on the 2.0-m Nayuta telescope

at the Nishi-Harima Astronomical Observatory, and the Andalucia

Faint Object Spectrograph and Camera (ALFOSC) with the FAPOL

polarimeter on the 2.56-m Nordic Optical Telescope at the Ob-

servatorio del Roque de los Muchachos, La Palma. These instru-

ments equip a polarizer and a rotatable half-wave plate mounted in

the Cassegrain focus of each telescope. We acquired HONIR and

WFGS2 data at four different angles of the half-wave plate (0◦, 45◦,

22.5◦, and 67.5◦, in that order) and FAPOL data at 16 different angles

(0◦, 22.5◦, 45◦, 67.5◦, 90◦, 112.5◦, 135◦, 157.5◦, 180◦, 202.5◦, 225◦,

247.5◦, 270◦, 292.5◦, 315◦, and 337.5◦, in that order). We used only

𝑅C-band filter. In addition to these new observations, we reanalyzed

the 𝑅C-band polarimetric data published in Shinnaka et al. (2018).

Because this data was taken near the inversion angle with a good

signal-to-noise (S/N) ratio (i.e., small random errors), we reanalyzed

them by paying particular attention to the systematic errors.

An outline of the data analysis consists of five major steps: (1)

preprocessing the raw observed images, (2) extraction of source sig-

nals by aperture photometry, (3) correction for systematic errors, (4)

derivation of Stokes parameters (𝑞 and 𝑢), polarization degree (𝑃),

and polarization position angle (𝜃P), and (5) obtaining the nightly

weighted mean of 𝑞 and 𝑢. Because we strictly followed the reduction

processes (1), (2), (4), and (5) written in Ishiguro et al. (2022), we

skipped the detailed explanation in this paper. The reduction process

(3) is particularly important for this work, not only because the po-

larization degrees at these phase angles are small (𝑃 � 1 − 2 %)

and comparable to the instrumental polarization (an inherent artifact

of polarization) of some instruments but also because we need to

compare the data taken with different instruments.

In the HONIR data analysis, we examined the polarization ef-

ficiency (𝑃eff) by observing a star (HD 14069) through a wire-

grid filter. We investigated the instrumental polarization parameters

(𝑞inst and 𝑢inst) and position angle offset (𝜃off) through observa-

tions of unpolarized stars (G191B2B, HD 212311, and BD +32

3739) and strongly polarized stars (HD 29333, BD +59 389, BD

+64 106, and HD 204827). We determined 𝑃eff = 97.58 ± 0.08 %,

𝑞inst = −0.0097 ± 0.0498 %, 𝑢inst = −0.0077 ± 0.0371 %, and

𝜃off = 36.08 ± 0.13◦. These parameters are consistent with Akitaya

et al. (2014), ensuring the long-term stability of the polarimetric

performance of HONIR.

In the WFGS2 data analysis, it was reported that 𝑞inst and 𝑢inst

depended on the instrument rotator angle (𝜃rot). To eliminate this

effect, we observed unpolarized stars (HD 212311 and HD 21447) at

four different instrument rotator angles and derived two equations:

𝑞inst (𝜃rot) = 𝑞0 cos 2𝜃rot−𝑢0 sin 2𝜃rot and 𝑢inst (𝜃rot) = 𝑞0 sin 2𝜃rot+

𝑢0 cos 2𝜃rot, where 𝑞0 = −0.042 ± 0.016 % and 𝑢0 = 0.178 ± 0.011

% for the 2021 October observation and 𝑞0 = −0.043 ± 0.012 %

and 𝑢0 = 0.273 ± 0.012 % for the 2021 November observation. We

determined 𝜃off = −5.19 ± 0.15◦ from the observations of strongly

polarized stars (HD 204827, HD 25443, BD +59 389, and HD 19820).

We assumed 𝑃eff = 1.

In the FAPOL data analysis, we divided each set of data (consisting

of 16 different half-wave plate angles data) into four subgroups. The

procedure for deriving the Stokes parameters from each subgroup (the

process (4)) is the same as the procedure for HONIR and WFGS2.

To investigate 𝑞inst, 𝑢inst, and 𝜃off, two unpolarized stars (G191B2B

and HD 14069) and one strongly polarized star (BD +59 389) were

observed. We determined 𝑞inst = −0.05±0.07 %, 𝑢inst = −0.04±0.11

%, and 𝜃off = −92.30 ± 0.06◦. These values are in good agreement

with previous observations (Ishiguro et al. 2022).

We analyzed the PICO data following Ikeda et al. (2007). How-

ever, it should be noted that 𝑞inst and 𝑢inst errors in our analysis

are different from those described in Ikeda et al. (2007). They esti-

mated the errors of the instrumental polarization to be ∼ 0.3 % over

the entire field of view (5′×10′). After analyzing standard star data

taken during the Phaethon observations, we found that the instru-

mental polarization of PICO was significantly smaller than 0.3 %.

The Phaethon’s images were taken in the central part of PICO, where

the polarization performance is the best in the field of view (Ikeda

et al. 2007). Accordingly, we considered 0.1 % errors for 𝑞inst and

𝑢inst and derived Phaethon’s polarization degrees. We also updated

the errors of 𝑃eff and 𝜃off to 0.02 % and 0.18◦ based on the measure-

ment of calibration data taken during Phaethon’s run. Although we

only use data at a low phase angle (𝛼 < 30◦), we confirm that our

results show good agreement with Shinnaka et al. (2018) within their

3𝜎-uncertainty throughout the whole phase angles. Only the errors

are slightly different because we considered systematic errors com-

prehensively, following the data reduction processes in Ikeda et al.

(2007).
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Table 1. Observation Circumstance and Polarimetric Result

Date in UT𝑎 Inst𝑏 Exp𝑐 N𝑑 𝑟𝑒 Δ 𝑓 𝜙𝑔 𝛼ℎ 𝑃𝑖 𝜎 𝑃 𝑗 𝜃𝑘
𝑃 𝜎 𝜃𝑙𝑃 𝑃r

𝑚 𝜃r
𝑛

(s) (au) (au) (◦) (◦) (%) (%) (◦) (◦) (%) (◦)

2021 Oct 27 18:53–19:35 WFGS2 300 8 2.31 1.46 235.4 15.9 0.51 0.58 69.9 47.2 -0.45 104.5

2021 Oct 28 14:41–18:14 WFGS2 300 12 2.31 1.45 234.1 15.5 1.09 0.35 65.3 16.3 -1.01 101.2

2021 Nov 14 12:35–20:31 WFGS2 300 40 2.25 1.30 188.3 9.0 1.47 0.15 21.1 10.8 -1.33 102.8

2021 Nov 15 10:24–15:23 WFGS2 300 44 2.25 1.30 184.0 8.8 1.29 0.16 12.4 14.3 -1.23 98.4

2021 Nov 02 17:22–19:50 HONIR 120 56 2.29 1.39 225.3 13.4 1.00 0.25 41.0 7.3 -0.99 85.7

2021 Dec 22 10:22–13:17 HONIR 120 64 2.07 1.33 80.5 22.6 0.57 0.41 -0.29 20.3 0.55 9.2

2021 Dec 23 09:12–12:41 HONIR 120 80 2.06 1.34 79.8 23.0 0.96 0.32 3.6 9.6 0.85 13.8

2021 Nov 10 00:57–02:49 FAPOL 180 16 2.27 1.33 206.2 10.5 1.37 0.23 26.5 14.9 -1.37 90.4

2021 Nov 13 01:18–01:33 FAPOL 180 8 2.26 1.31 195.2 9.5 1.33 0.25 10.7 7.9 -1.31 85.5

2021 Nov 15 01:55–02:23 FAPOL 180 8 2.25 1.30 186.4 9.0 1.47 0.20 176.7 5.5 -1.39 80.3

2021 Nov 30 22:15–23:33 FAPOL 180 20 2.18 1.26 114.3 11.5 1.29 0.13 113.3 4.9 -1.29 89.0

2021 Dec 11 21:15–21:43 FAPOL 180 8 2.13 1.28 91.5 17.2 0.67 0.20 86.0 11.5 -0.66 84.6

2021 Dec 23 19:27–21:39 FAPOL 180 28 2.06 1.34 79.5 23.2 0.70 0.11 159.8 7.1 0.66 -9.7

2022 Jan 24 20:08–20:11 FAPOL 180 8 1.84 1.59 68.4 32.4 3.55 0.32 151.36 3.6 3.55 -7.07

2017 Dec 09 12:16–17:39 PICO 30 188 1.13 0.15 201.8 19.3 0.40 0.11 -4.2 7.8 -0.24 64.0

2017 Dec 10 10:58–16:53 PICO 30 144 1.11 0.14 187.9 19.2 0.17 0.11 15.4 18.3 -0.16 97.5

2017 Dec 11 10:46–16:18 PICO 30 424 1.10 0.12 170.4 20.0 0.02 0.10 31.5 52.0 0.00 131.2

2017 Dec 12 12:39–16:32 PICO 30 180 1.08 0.11 149.0 22.6 0.94 0.11 67.5 7.9 0.90 8.5

2017 Dec 13 10:24–15:08 PICO 30 172 1.07 0.09 129.7 27.1 1.92 0.10 34.5 3.1 1.89 -5.1
𝑎 UT at exposure start,𝑏 Instrument, 𝑐Exposure time, 𝑑 Number of images used to the analysis, 𝑒 Median heliocentric distance,
𝑓 Median geocentric distance, 𝑔 Position angle of the scattering plane, ℎ Median solar phase angle, 𝑖 Nightly averaged polarization degree,
𝑗 Uncertainty of 𝑃, 𝑘 Position angle of the strongest electric vector, 𝑙 Uncertainty of 𝜃P, 𝑚 Polarization degree referring to the scattering plan
𝑛 Position angle referring to the scattering plane.

We note that the PICO data in this table is the result of reanalysis of data published by Shinnaka et al. (2018).

The web-based JPL Horizon system (http://ssd.jpl.nasa.gov/?horizons) was used to obtain 𝑟 , Δ, 𝜙, and 𝛼 in the table.

Figure 1. Phase angle (𝛼) dependence of polarization degree (𝑃r). The

solid and dash-dot lines are curves that fit only the Phaethon data using the

trigonometric and linear-exponential functions, respectively.

3 DERIVATION OF POLARIMETRIC PARAMETERS AT
LOW PHASE ANGLES

Table 1 summarizes the weighted means of nightly data. We com-

puted the polarization degree and the position angle referring to the

scattering plane (𝑃r and 𝜃r). Fig. 1 indicates the phase angle depen-

dence of 𝑃r.

In Fig. 1, the data taken with different instruments agree well,

indicating that the data reduction processes described in Section 2

seem to work well to eliminate the instrumental effects. Moreover,

Figure 2. Comparison of ℎ–𝑃min between Phaethon, other B-type asteroids,

and carbonaceous meteorites. 𝐵T and 𝐵P indicate B-type asteroids with a low

albedo (i.e., the Themis group) and a high albedo (i.e., (2) Pallas belongs to the

Pallas group, Clark et al. 2010). Ch-type is based on the classification in Bus

& Binzel (2002). The meteorites and asteroid data are obtained from Zellner

et al. (1977), Geake & Dollfus (1986),Cellino et al. (2018) and Gil-Hutton

et al. (2014). F-type asteroids are not shown because of large ℎ values.

Phaethon’s profile is in good agreement with (155140) 2005 UD (a

dynamical association with Phaethon, Ohtsuka et al. 2006), support-

ing previous results (Ishiguro et al. 2022).

We fit the data of Phaethon at low phase angles (𝛼 < 30◦) by

using the Lumme–Muinonen function (L/M, Lumme & Muinonen
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1993) and linear-exponential function (L/E, Muinonen et al. 2009).

We use the same notations as the one used in Cellino et al. 2015.

The Markov chain Monte Carlo method implemented in PyMC3

(Salvatier et al. 2016) is employed. We set boundary conditions of

ℎ ∈ [0 % deg−1, 1 % deg−1], 𝛼0 ∈ [10◦, 30◦], 𝑐1 ∈ [0, 10], and

𝑐2 ∈ [0, 10] for L/M, and 𝐴 ∈ [10, 20], 𝐵 ∈ [15, 25], and 𝐶 ∈ [0, 1]

for L/E. The uncertainties of the optimal parameters are derived in

the same manner as Geem et al. (2022). The fitting results and their

uncertainties obtained by using L/E are covered by those of L/M.

4 RESULTS

As a result of the data fitting, we obtained the minimum polarization

degree 𝑃min = −1.3+0.1
−0.1

% at the phase angle 𝛼min = 9.0+0.7
−0.8

◦,

the polarimetric slope ℎ = 0.22+0.01
−0.02

% deg−1, and the inversion

angle 𝛼0 = 19.9+0.3
−0.3

◦. As shown below, we further examined the

composition and geometric albedo with this result.

4.1 Comparison with meteorites and other asteroids

Fig. 2 compares 𝑃min and ℎ of Phaethon with those of carbonaceous

chondrites and other C-complex asteroids. As described in Ishiguro

et al. (2022), anhydrous meteoritic samples (CK, CO, and CV) are

distributed in the upper left, while hydrous ones (CM and CI) are in

the lower right. Because the distribution of Ch-type asteroids (de-

fined by the presence of an absorption near 0.7 𝜇m due to Fe-bearing

phyllosilicates) mostly matches the hydrous meteorite samples, this

𝑃min–ℎ plot is adaptable to actual asteroids. Since the low albedo

B-type asteroids (the so-called Themis group, Clark et al. 2010) are

distributed between hydrous and anhydrous, their surfaces likely ex-

perienced some degree of dehydration. Both Phaethon and 2005 UD

are located near the concentration of anhydrous samples and (2) Pal-

las (B-type with a moderately high albedo, Clark et al. 2010) but

significantly deviated from the concentration of hydrous samples.

Therefore, we conclude that the surface of Phaethon is likely com-

posed of anhydrous carbonaceous material. Although the anhydrous

nature was suggested based on the spectral studies (Clark et al. 2010,

2011; de León et al. 2012; Takir et al. 2020), it is significant that

the independent approach via polarimetry ensures the possibility of

anhydrous nature.

4.2 Geometric albedo

It is known that the geometric albedo in𝑉-band (𝑝V) has a tight corre-

lation with ℎ (Geake & Dollfus 1986). This relationship is expressed

as log10 (𝑝V) = 𝐶1 log10 (ℎ) + 𝐶2, where 𝐶1 and 𝐶2 are constants.

These constants are derived using databases of asteroid polarime-

try and albedos. We employed the constant values from two recent

works (Cellino et al. 2015; Lupishko 2018). Cellino et al. (2015) de-

rived these constants for asteroids without albedo constraint and with

𝑝V > 0.08, while Lupishko (2018) derived these constants without

albedo constraint. We used three sets of these constants and estimated

the 𝑅C-band geometric albedo of 𝑝RC
= 0.09±0.01 for the constants

in Cellino et al. (2015) (without the albedo constraint) and Lupishko

(2018), and 𝑝RC
= 0.11 ± 0.02 for the constants in Cellino et al.

(2015) (with the albedo constraint). We regard 𝑝𝑅C
= 𝑝V because

Phaethon has a nearly flat spectrum over this wavelength. With these

𝑝V values and errors, the median, minimum, and maximum values

are 𝑝V = 0.11, 0.08, and 0.13.

5 DISCUSSION

Phaethon’s geometric albedo had been derived by various methods,

yet it varies widely from 0.037 to 0.220 in the literature when the

errors are considered (Green et al. 1985; Harris 1998; Tedesco et al.

2004; Usui et al. 2011; Hanuš et al. 2018; McAdam et al. 2018;

Alí-Lagoa et al. 2018; Masiero et al. 2019). This factor of ∼ 6 differ-

ence made it difficult to establish the fly-by observation plan for the

DESTINY+ mission. This large discrepancy may be caused by differ-

ent thermal models with different absolute magnitudes. Polarimetry

has the advantage of converting directly from ℎ to 𝑝v without any

assumptions. It is worth noting that we considered all possible un-

certainties (i.e., in ℎ, 𝐶1, and 𝐶2) for deriving the reliable 𝑝v and

its range. Although the median albedo value is not so different from

previous works, it is significant to narrow the possible range to 1/3 of

the previous estimate range for preparing the DESTINY+ fly-by ob-

servation. The updated albedo value is also valuable for considering

the nature of the asteroid.

The association of Phaethon with comet nuclei has been discussed.

From the visible spectrum, Phaethon is classified as either B- (based

on Bus & Binzel 2002) or F-type (based on Tholen & Barucci 1989).

Although F-type asteroids account for only 3 % of all asteroids in the

Tholen classification, they show an interesting polarization property.

Belskaya et al. (2005) noticed that three F-type asteroids exhibited

unique 𝛼0 values (14–16◦), which are predominantly smaller than

asteroids in general (𝛼0 ∼ 20◦). The small 𝛼0 values of F-types may

be linked to two comets, (7968) Elst-Pizarro (i.e., main-belt comet)

and 2P/Encke (𝛼0=17.6±2.1◦ in 𝑅-band and ∼ 13◦, respectively,

Bagnulo et al. 2010; Boehnhardt et al. 2008). While the number of

comet samples is only two, Cellino et al. (2018) suggested a con-

nection between F-type and comet nuclei. Belskaya et al. (2005)

suggested a possible interpretation that an optical homogeneity of

regolith microstructure at scales of the order of visible light wave-

lengths may be responsible for the small 𝛼0. However, Phaethon’s

𝛼0 is different from F-type asteroids and two comet nuclei but con-

sistent with asteroids in general. The geometric albedo determined

in this study (𝑝𝑉 ∼ 0.11) is significantly higher than comets (in-

cluding Elst-Pizarro, 𝑝𝑉 = 0.06 − 0.07, Boehnhardt et al. 2008)

and F-type asteroids (𝑝𝑉 = 0.058 ± 0.011, Belskaya et al. 2017).

Comets generally have a red spectra, while Phaethon has a flat or

even blue spectrum. Accordingly, Phaethon’s surface materials are

likely different from ordinary comets.

How can we explain Phaethon’s recent activity (Jewitt & Li 2010)

and its anhydrous nature found in our study? From polarimetry at

large phase angles, Ito et al. (2018) suggested that (1) Phaethon’s

actual albedo could be much lower than the estimate at the time, or

(2) the asteroid was covered with large grains (probably produced

via a sintering effect at the perihelion). With the updated albedo, we

estimated the particle size using the same method as Ito et al. (2018)

and found that it is∼ 300 𝜇m (with an error of∼ 70 𝜇m). This particle

size is larger than other asteroids such as Ryugu (Kuroda et al. 2021),

increasing the confidence of the sintering hypothesis.

Dust ejection under such a high-temperature condition has also

been studied recently. Masiero et al. (2021) devised a mechanism

for dust ejection by sodium sublimation. Bach & Ishiguro (2021)

developed an idea of Jewitt & Li (2010) and proposed that dust pro-

duction and ejection would happen by the combination of thermal

fatigue, thermal radiation pressure from the surface, and solar radi-

ation pressure. These recent studies considered a cometary activity

in the high-temperature environment (∼ 1000 K) near the Sun, com-

pletely different from general comets, whose activities are driven by

ice sublimation. Under such an environment at high temperatures, de-

MNRAS 000, 1–6 (2022)

－ 31 －

Geem+2022,「arXive:2208.11912v1 からの転載」



Phaethon polarimetry in the negative branch L5

hydration (Hiroi et al. 1996) and subsequent sintering would happen

near the perihelion. To sum up our findings and other recent research

on Phaethon, the surface is unlikely primordial but experiences a

high degree of thermal alternation.

6 SUMMARY

We conducted the polarimetric observations of Phaethon at low phase

angles and found that this asteroid has a polarimetric property sim-

ilar to anhydrous chondrites. Phaethon’s albedo and inversion angle

are significantly different from comet nuclei. Although the interior

composition is still unknown, we conjecture that the surface mate-

rial shows considerably-evolved features that have experienced ther-

mal metamorphism and dehydration rather than primitive features of

comets and hydrous asteroids.
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available via the GitHub service2.

NOTE ADDED IN PROOF

We calculated the geometric albedo using recently published results

in Kiselev et al. (2022) with ours and updated it to 𝑝𝑉 = 0.10 (in the

range of 0.08–0.12).

1 https://doi.org/10.5281/zenodo.6791884
2 https://github.com/Geemjy/Geem_etal_MNRAS_2022.git
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ABSTRACT

Context. Hyperactive comets are a small group of comets whose activity is higher than expected. They seem to emit more water than
would normally be expected given the size of their nucleus. Comet 46P/Wirtanen (hereafter, 46P) is among these objects of interest.
Investigating its activity and composition evolution could provide clues about its origins and its formation region in the Solar nebulae.
Aims. Given the exceptional close approach of comet 46P to the Earth in 2018, we aim to study the evolution of its activity and
composition as a function of heliocentric distances before and after perihelion.
Methods.We used both TRAPPIST telescopes to monitor the comet for almost a year with broad and narrow-band filters. We derived
the production rates of five gaseous species (OH, NH, CN, C3, and C2) using a Haser model as well as the A(θ)fρ dust proxy parameter.
The comet was also observed with the two optical high-resolution spectrographs UVES and ESPRESSO, mounted on the 8-m ESO
VLT, to measure the isotopic ratios of C and N, along with the oxygen forbidden-line ratios and the NH2 ortho-to-para ratios.
Results. Over nearly a year, we followed the rise and decline of the production rates of different species as well as the dust activity of
46P on both pre- and post-perihelion. Relative abundances with respect to CN and OH along the orbit of the comet show constant and
symmetric abundance ratios and a typical coma composition. We determined the rotation period of the nucleus using high-cadence
observations and long series of CN images on several nights. We obtained a value of (9.18±0.05) hours at perihelion. Using the
high-resolution spectra of 46P coma, we derived C and N isotopic ratios of 100±20 and 150±30 as well as a green-to-red forbidden
oxygen [OI] line ratio of 0.23±0.02. We measured a NH2 ortho-to-para ratio of 3.31±0.03 and derived an ammonia ratio of 1.19±0.03,
corresponding to a spin temperature of 27±1 K.
Conclusions. Narrow-band observations show that comet 46P is a hyperactive comet for which 40% of its nucleus surface is active. It
has a typical composition, similar to other normal comets; however, an asymmetric behavior with respect to perihelion has been seen
in its activity, which is typical of seasonal effects. Photometric measurements show no evidence for a change in the rotation period of
the nucleus during this apparition. High-resolution spectra show that 46P has typical NH2 ortho-to-para, [OI] lines ratios, and C and
N isotopic ratios.

Key words. Comets: general - Comets: individual: 46P/Wirtannen - Techniques: photometric, spectroscopy

1. Introduction

46P/Wirtanen is a Jupiter-family comet (hereafter, JFC), with an
orbital period of 5.5 years, that was discovered on January 17,
1948 by Carl Wirtanen at the Lick Observatory (Jeffers 1948).
It has been classified as an hyperactive comet, namely, it is part
of a small group of comets whose activity levels are higher than
expected based on the sizes of their nuclei. It was an initial target
of the Rosetta mission and many studies have been performed to
determine its nucleus size, shape, rotation period, albedo, and
color, as well as its gas and dust activity (Farnham & Schleicher
1998; Lamy et al. 1998; Schulz et al. 1998; Bertaux et al. 1999;
Crovisier et al. 2002). New radar observations have estimated the
nucleus radius to be (0.70±0.05) km during its 2018 passage1.

1 https://wirtanen.astro.umd.edu/46P/

The comet’s return to perihelion was highly anticipated, as it
made an unusually close approach to Earth (0.07 au) in Decem-
ber 2018 that was only about 30 times the distance to the moon,
and with an excellent visibility from both hemispheres. This
passage allowed for observations to be undertaken around the
world and in great detail, with a broad set of ground-based and
space telescopes at a wide range of wavelengths. This close ap-
proach provided a rare spatial resolution of about 50 km/arcsec,
which offered unique conditions to study the inner coma of a
comet. Several results have been published on the characteri-
zation of 46P including measurements of the nucleus’ rotation
period (Farnham et al. 2021), the detection of mini-outbursts
(Kelley et al. 2019, 2021), measurement of the D/H ratio (Lis
et al. 2019), abundances of several organic molecules observed
at near-infrared wavelengths at different heliocentric distances
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(McKay et al. 2021; Khan et al. 2021; Roth et al. 2021a), search
for icy grains in the coma (Protopapa et al. 2021; Bonev et al.
2021), and coma features from optical imaging (Knight et al.
2021). Millimeter and submillimeter observations of 46P have
reported on the detection of several complex organic molecules
and showed that the comet is relatively rich in methanol, but rel-
atively depleted in CO, CS, HNC, HNCO, and HCOOH (Biver
et al. 2021; Roth et al. 2021b; Coulson et al. 2020; Bergman
et al. 2022). Using both TRAPPIST-North (TN) and TRAPPIST-
South (TS), we collected photometric observation over almost a
year. 46P was visible for many hours during the night, allow-
ing for long observing sequences for months during its return,
passing near to the Sun.

In this work, we report on the activity, composition, and rota-
tion period of comet 46P during its 2018 perihelion passage. An
introduction and historical background of comet 46P is given
in Section 1. We describe the observing circumstances and data
reduction process in Section 2. In Section 3, we discuss the evo-
lution of the gas and dust activity before and after perihelion and
we compare the behavior of 46P to previous apparitions. The rel-
ative molecular abundances and their evolution with respect to
the heliocentric distances are discussed in the same section. In
Section 4, we measure the nucleus’ rotation period and its vari-
ation around perihelion. In Section 5, we present the C and N
isotopic ratios and the NH2 (and NH3) ortho-to-para ratio (OPR)
and the green-to-red [OI] lines (G/R) ratio derived from high-
resolution spectra. The summary and conclusions of this work
are given in Section 6.

2. Observations and data analysis

2.1. TRAPPIST

We used both TN and TS telescopes (Jehin et al. 2011) to ob-
serve and follow comet 46P over almost a year. We started mon-
itoring the comet at the beginning of August 2018 (rh=1.88 au,
pre-perihelion) until the end of March 2019 (rh=1.70 au, post-
perihelion). More than 2400 broad and narrow-band images of
the comet were collected over 45 nights with TS and 40 nights
with TN. 46P reached its perihelion on December 12, 2018 at
1.06 au from the Sun and only at 0.08 au from Earth. For the data
reduction, we followed standard procedures using frequently up-
dated master bias, flat, and dark frames. The sky contamination
was removed and a flux calibration was performed using stan-
dard stars. In order to derive the production rates, we converted
the flux of different gaseous species (OH, NH, CN, C3, and C2),
measured through the HB narrow band cometary filters (Farn-
ham et al. 2000), to the column densities using heliocentric dis-
tance and heliocentric velocity-dependent fluorescence efficien-
cies (Schleicher 2010, and references therein). To convert the
column densities into production rates, we used a Haser model
(Haser 1957) to fit the coma profile. The model adjustment was
performed at a physical distance of 10 000 km from the nu-
cleus. The scale lengths and g-factors of different molecules at
1 au were scaled by r−2h (A’Hearn et al. 1995; Schleicher 2010).
More details about the Haser model and its parameters are given
in our previous works (Moulane et al. 2018; Moulane et al.
2020). We derived the water-production rate from our the OH
production rates using the empirical formula Q(H2O)=1.36 r−0.5

h
Q(OH), given in Cochran & Schleicher (1993); Schleicher et al.
(1998). We derived the Afρ parameter, a proxy for the dust pro-
duction (A’Hearn et al. 1984), from the dust profiles using the
HB cometary dust continuum BC, GC, and RC filters and the
broadband R and I filters. We corrected the A(θ)fρ for the phase

angle effect to obtain A(0)fρ using the phase function given in
Schleicher (2007). The main uncertainties in the gas-production
rates and Afρ come from the absolute flux calibration and the
sky background subtraction. For the absolute flux calibration, we
used an uncertainty of 5% on the extinction coefficients in all fil-
ters as seen in our long-term observations of the standard stars.
This is almost negligible compared to the sky level uncertainty
at lower airmass, but it becomes significant at high airmasses.
We estimated the three-sigma-level uncertainty on the sky back-
ground value and use it to computed the error on production rates
due to the sky subtraction. As a result, errors given in the follow-
ing sections are a quadratic combination of sky background and
extinction coefficient uncertainties.

2.2. UVES and ESPRESSO at 8-m ESO VLT

We obtained a high-resolution spectrum of comet 46P with the
Ultraviolet-Visual Echelle Spectrograph (UVES) mounted on
the Unit 2 telescope (UT2) of the Very Large Telescopes (VLT)
at the European Southern Observatory (ESO) on December 9,
2018 (a week after perihelion, rh=1.05 au and Δ=0.09 au). We
used the UVES standard setting DIC#1 346+580 covering the

range 3030 to 3880 Å in the blue and 4760 to 6840 Å in the
red. We used a 0.44′′ wide slit, providing a resolving power of
R∼80000. We took two spectra at UT 0:59:52 (exposure time of
2300 s) and UT 1:19:54 (exposure time of 2300 s) as a start time.

The ESO UVES pipeline (Dekker et al. 2000) was used to
reduce the spectra in the extended object mode, in which the spa-
tial information is kept. The spectra were corrected for extinction
and flux calibrated using the UVES master response curve pro-
vided by ESO. One-dimensional spectra were then extracted by
averaging the 2D spectra with simultaneous cosmic ray rejec-
tion and then corrected for the Doppler shift due to the velocity
of the comet with respect to the Earth. More details about the
UVES data reduction are given in the UVES manual2. The dust-
reflected sunlight was finally removed using a reference solar
spectrum, BASS20003. A more detailed description of the steps
for the UVES data reduction and the solar spectrum subtraction
is given in Manfroid et al. (2009) and references therein.

A set of six spectra were also obtained with the new Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations (ESPRESSO) at the VLT (Pepe et al. 2021) over
two nights on December 9 and 10, 2018. Exposure times ranged
from 5400 s for the first spectrum to 6300 s for the follow-
ing five spectra. We used the ultra-high-resolution mode of the
instrument, providing a spectral resolution of 190000 between

3800 and 7880 Å. In this mode, the spectrograph is fed by two
0.5′′-size fibers: one centered on the object and another 7′′ away
usually used for simultaneous observation of the sky or a wave-
length drift reference. However, in the case of the very extended
coma of 46P, both fibers contained comet signal and provided
an opportunity to probe different parts of the coma. Observa-
tions were executed in visitor mode, with good seeing (typi-
cally less than 1 arcsec) and the data were reduced using the
ESPRESSO pipeline. which is publicly available from the ESO
pipeline repository4.

2 ftp : / / ftp . eso . org / pub / dfs / pipelines / uves / uves -
pipeline-manual-22.17.pdf
3 http://bass2000.obspm.fr/solar_spect.php
4 http://www.eso.org/sci/software/pipelines/espresso/
espresso-pipe-recipes.html

Article number, page 2 of 10

－ 36 －

Moulane+2023,「arXive:2301.10954v1 からの転載」



Moulane et al. 2022: Comet 46P/Wirtanen

 1x1027

 1x1028
-90 -80 -70 -60 -50 -40 -30 -20 -10  0  10  20  30  40  50  60  70  80

OH
NH
CN
C2
C3

 1x1024

 1x1025

-90 -80 -70 -60 -50 -40 -30 -20 -10  0  10  20  30  40  50  60  70  80

Pr
od

uc
tio

n 
ra

te
s 

(m
ol

ec
ul

es
/s

)

Time to perihelion (days)

-1.55 -1.48  -1.40  -1.32  -1.25  -1.19 -1.14 -1.10  -1.07  -1.06  1.07  1.09  1.14   1.19   1.25  1.32  1.40  1.50 

Heliocentric distance (au)

Fig. 1. OH, NH, CN, C2, and C3 loga-
rithmic production rates of comet 46P as
a function of the heliocentric distance and
of time to perihelion. The vertical dashed
line indicates the perihelion at 1.06 au on
December 12, 2018. Open circles indicate
pre-perihelion observations, filled symbols
are used for post-perihelion observations.
Negative signs in x-axis represents pre-
perihelion data. The values of the produc-
tion rates and their relative uncertainties
are given in Table A.1.

3. Activity and composition

3.1. Gas-production rates and ratios

We followed the evolution of the production rates of different
gaseous species over a year. The derived production rates for
each species and the A(0)fρ parameter, as well as their uncer-
tainties are given in Table A.1. Figure 1 shows the logarithmic
evolution of OH, NH, CN, C2, and C3 production rates as a func-
tion of the distance to the Sun and time to perihelion. The gas
activity of the comet was increasing slightly as the comet was
approaching the Sun and decreased rapidly after perihelion, and
more sharply for NH, OH and the dust. This fall-off could be
due to the orientation of the active source regions on the surface
of the comet toward the Earth before and after perihelion. The
same behavior has been observed in the Lowell Discovery Tele-
scope data (Knight et al. 2021). This explanation is supported
by a study of the morphological features seen in 46P coma dur-
ing this passage, reported by Knight et al. (2021). They show
that 46P had large changes in both the sub-solar and sub-Earth
latitudes during the apparition as well as changes in the pole
orientation of the nucleus, assuming that there is no significant
non-principal-axis rotation considered. It is also possible that the
ice material present under the surface across the nucleus of the
comet has different sublimation efficiency at the same heliocen-
tric distances pre- versus post-perihelion. As mentioned above,
we used narrow and broadband dust filters to estimate the dust
production using the Afρ parameter introduced by A’Hearn et al.
(1984) (see Figure 2). The behavior of the comet dust activity is
similar to the gas on both sides of perihelion. This kind of asym-
metry has been seen in many LPCs and JFCs.

3.2. Molecular abundances and dust-to-gas ratio

Using the production rates above, we derived the ratios with re-
spect to CN and to OH as well as the dust-to-gas ratios. Fig-
ure 3 shows the evolution of the logarithm of the production
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Fig. 2. A(0)fρ parameter from the broad and narrow-band filters as a
function of time to perihelion in days. Triangle symbols indicate data
acquired with TN. Filled circles indicate TS.

rate ratios with respect to CN and to OH as well as ratios of
A(0)fρ-to-Q(OH) and A(0)fρ-to-Q(CN) with time to perihelion.
The C2/CN ratio decreases when the comet gets far away from
the Sun (40 days post-perihelion). The abundances ratios did
not show any significant variation on both sides of perihelion.
This implies that 46P has an homogeneous composition along
its orbit around the Sun. Comet 46P has been observed with
many ground-based telescopes over the previous passages us-
ing narrow-band photometry, since it was an important target se-
lected initially for the Rosetta mission in 1994. Table 1 summa-
rizes the mean relative molecular abundances in 46P measured
in 2018 (this work), in the 1991 apparition A’Hearn et al. (1995),
and in the 1997 apparition (Farnham & Schleicher 1998) com-
pared to the database of comets given in (Schleicher 2008). The
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Fig. 3. Logarithm of the production rate and dust-to-gas ratios of comet 46P with respect to CN (Log10[Q(xx)/Q(CN)]) and to OH
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comets given in Schleicher (2008).

Table 1. Mean relative molecular abundances of comet 46P for the perihelion 1991 to 2018 compared to typical and depleted comets.

Log production rate ratio
1991 1997 2018 Typical comets Depleted comets

(A’Hearn et al. 1995) (Farnham & Schleicher 1998) This work (Schleicher 2008)
C2/CN -0.01 0.10±0.10 0.08±0.04 0.10±0.10 -0.61±0.35
C3/CN -1.05 -1.05±0.10 -0.54±0.08 -0.57±0.11 -1.49±0.14
CN/OH -2.52 -2.50±0.12 -2.57±0.06 -2.55±0.18 -2.69±0.14
C2/OH -2.53 -2.36±0.30 -2.49±0.06 -2.46±0.20 -3.30±0.35
C3/OH -3.57 -3.49±0.12 -3.10±0.08 -3.12±0.29 -4.18±0.28
NH/OH -2.13 -2.36±0.30 -2.10±0.06 -2.23±0.27 -2.48±0.34
A(0)fρ/CN -23.36 -23.55±0.38 -23.05±0.20 -23.30±0.32 -22.61±0.15
A(0)fρ/OH -25.88 -25.92±0.21 -25.62±0.25 -25.82±0.40 -25.30±0.29

Notes. The Afρ/Q values for typical and depleted comets are from A’Hearn et al. (1995). We note that the difference in C3 abundance in 2018 is
due to the use of an updated dust continuum removal factor for the new C3 filter, which results in an increase of the C3 flux of about 2.1 times
compared to the previous factors used in A’Hearn et al. (1995) and Schleicher et al. (1998). More details are given in Farnham et al. (2000) and
Schleicher & Osip (2002).

measurements in the 1991, 1997 and 2018 apparitions show that
46P has a "typical" coma composition and a normal dust-to-gas
ratio. Given the uncertainties on the ratios, no significant change
is observed in the molecular abundances of 46P over the last

four orbits. This shows that even an hyperactive comet, while
outgassing a lot, does not change its main surface composition
properties after several passages close to the Sun.
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3.3. Parent and daughter molecules

In order to investigate the origin of the radicals observed in 46P’s
coma, we compared our daughter species abundances with par-
ent molecular abundances obtained at Infrared wavelengths. Ta-
ble 2 summarizes the abundances for some radicals observed in
the optical compared to their possible parent abundances ob-
served at NIR wavelengths (Roth et al. 2021a; Bonev et al.
2021; McKay et al. 2021; Khan et al. 2021), measured during
the same period of time. We compared these abundances at two
epochs, perihelion (rh=1.06 au) and post-perihelion (rh=1.12),
when the infrared observations are available. Our CN/OH ra-
tios are in agreement with the HCN/H2O ratios derived directly
from IR observations around the same dates, namely, Dec. 16-
23, 2018 (see Table 2). In addition, the HCN production rates
(1.06±0.03)×1025 molec/s obtained from millimeter (Biver et al.
2021) and (1.60±0.10)×1025 molec/s from sub-millimeter ob-
servations (Bergman et al. 2022) show an agreement with our
Q(CN) values obtained during the same nights of Dec. 15 and
20. This indicates that the observed CN abundances are consis-
tent with HCN being the dominant parent. The C2 abundance is
much higher than C2H2 which suggests that C2 could be disso-
ciated from both C2H2 and C2H6. It has been shown that C2 is
still linked to both molecules even at large heliocentric distances
≥ 3 au in comet Hale-Bopp (Helbert et al. 2005). We looked for
a C3 parent but none has been identified in 46P at infrared wave-
lengths pointing to a C3 production coming from chemical reac-
tions in the coma. Based on direct detections of NH3 lines, the
mixing ratio of NH3/H2O ∼0.50 in 46P (See Table 2) is lower
than the NH/OH ∼ 0.72 obtained with TRAPPIST. This result
suggests that NH is not dissociated directly from NH3, but obvi-
ously via NH2 which has been demonstrated for several comets
(Shinnaka et al. 2011, 2016).

3.4. Water-production rates and active area

We derived the water-production rate from OH using an empir-
ical relationship (see Section 2) proposed by Cochran & Schle-
icher (1993) and Schleicher et al. (1998). Figure 4 shows a com-
parison of our water-production rates for the 2018 apparition
with other measurements derived at different wavelengths us-
ing various techniques. First, we have a very good agreement
between the TRAPPIST data (red circles) and the Lowell Ob-
servatory data (black squares) on both sides of perihelion, with
both using the same technique based on narrow-band filters and
the same model to derive the water-production rates. We also
have a good agreement with H2O measured directly from the
NIR spectra from iSHELL at the NASA-IRTF and NIRSPEC-
2 at Keck (McKay et al. 2021; Roth et al. 2021a; Khan et al.
2021; Bonev et al. 2021). The data from Combi et al. (2020) who
derived the water-production rates from the hydrogen Lyman-α
emission observed by the SWAN instrument on board SOHO
show an offset on both sides of perihelion. This disagreement
is probably the result of using different techniques and models.
It is also tricky to compare these results as SWAN/SOHO in-
strument threshold only allows for Lyman-α emission to be ob-
tained within a small range of heliocentric distances. SWAN’s
values have rather large error-bars and dispersion among their
measurements during this passage and the same for the previous
ones (see Figure 5). We have seen this systematic difference also
for comet 21P/Giacobini-Zinner (Moulane et al. 2020).

As 46P was the original target selected for Rosetta mis-
sion, many observations were performed in the previous pas-
sages in order to characterize the comet. Here, we compare the
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from Knight et al. (2021) were derived from the OH production rates.
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served by the SWAN instrument on board SOHO and Crovisier et al.
(2002) values were derived from the OH emission observed at the radio
wavelengths.

water-production rates obtained in the previous passages 1991
and 1997 with those obtained in 2008 and 2018 (see Figure
5). Besides the offset between narrow-band and spectroscopic
data, the comet’s activity was similar in 1991 and 1997 but
30% lower in 2008-2018 apparitions. We did not include the
2002 observations in this comparison as they were dominated
by large outbursts5 after perihelion (Combi et al. 2020). The
maximum water-production rate in 2018 was measured ten days

5 http://www.aerith.net/comet/catalog/0046P/2002.html
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Table 2. Abundances ratios derived from the optical and infrared data of comet 46P in its 2018 apparition.

UT Date rh � Abundances (%) Reference
(au) (au) CN/OH HCN/H2O C2/OH C2H2/H2O C2H6/H2O NH/OH NH3/H2O

2018 Dec 16 1.06 0.07 0.22±0.01 - 0.30±0.02 - - 0.72±0.05 - This work
2018 Dec 17 1.07 0.07 - 0.20±0.01 - 0.07±0.01 0.75±0.08 - 0.66±0.15 Bonev et al. (2021)
2018 Dec 18 1.07 0.07 0.75±0.08 Roth et al. (2021a)
2018 Dec 21 1.07 0.08 - 0.21±0.01 - 0.08±0.01 0.71±0.09 - 0.50±0.06 Khan et al. (2021)
2018 Dec 23 1.07 0.09 0.22±0.01 - 0.33±0.02 - - 0.74±0.08 - This work

2019 Jan 10 1.12 0.17 0.33±0.01 - 0.43±0.02 - - 0.85±0.05 - This work
2019 Jan 11 1.13 0.18 0.68±0.06 McKay et al. (2021)

pre-perihelion with Q(H2O)=(8.00±0.30)×1027 molec/s, while it
was (7.40±0.20)×1027 molec/s a month after perihelion in 2008,
(1.23±0.10)×1028 molec/s a week before perihelion in 1997, and
1.25×1028 molec/s three weeks after perihelion in 1991 (Farn-
ham & Schleicher 1998; Fink et al. 1998; Bertaux et al. 1999;
Crovisier et al. 2002; Kobayashi & Kawakita 2010). There is
a decrease in the gas-production rates by a factor of two over
the last two decades (from 1997–2018), taking into account the
uncertainties and systematic offset between different techniques.
Our results are similar to those reported by others who found a
similar decrease rate of the water-production rate over several
previous apparitions (Combi et al. 2020; Knight et al. 2021).

Comet 46P is considered a hyperactive comet as it is emit-
ting more water than it would be expected from its nucleus ra-
dius. Based on the standard water vaporization model (Cowan &
A’Hearn 1979)6, we estimate the evolution of the active area of
46P during our observational campaign in 2018 by modeling the
water-production rate as a function of the heliocentric distances.
We assumed a bond albedo of 5%, 100% infrared emissivity, and
the rotational pole pointed at the Sun (see, e.g., A’Hearn et al.
1989; McKay et al. 2018, 2019). We found that the active area
of 46P varied from ∼0.9 km2 at 1.52 au pre-perihelion, reached a
maximum of ∼2.5 km2 at 1.06 au during the perihelion passage,
and decreased to ∼0.7 km2 at 1.53 au post-perihelion. Based on a
radius of ∼0.7 km, the active fraction of the nucleus was ∼14%,
∼40% and ∼11%, respectively. These values are much larger
than the active fraction of less than 3% derived for the majority
of JFCs that have radius measurements (A’Hearn et al. 1995).
Since the comet had been observed in its previous passages,
we compared the active fraction of its nucleus at perihelion in
the past. Based on the water-production rates derived from the
empirical conversion of Haser OH production rates (Schleicher
et al. 1998; Farnham et al. 2007), we estimated the active frac-
tions of its nucleus to be ∼72% at rh=1.11 au in 1991, ∼65%
at rh=1.07 au in 1997, ∼37% at rh=1.05 au in 2008 and ∼40%
at rh=1.06 au in 2018. It is clear that there is a decrease in the
active fraction of the nucleus with time. Comet 103P/Hartley 2
was the first known "hyperactive" comet and it was visited by
the Deep Impact eXtended Investigation mission, demonstrating
that this hyperactivity was produced by sublimation of icy grains
in the coma (A’Hearn et al. 2011; Protopapa et al. 2014). Several
authors reported on the presence of an extended source of water
ice sublimation in 46P coma in the form of small grains or large
chunks. Bonev et al. (2021) provided indirect arguments for the
presence of an extended source of water vapor in the coma of
46P at NIR spectra, but they did not provide information on the
properties of the ice that produces the water vapor, such as par-
ticle size and ice-to-dust ratio, while Protopapa et al. (2021) and

6 https://pdssbn.astro.umd.edu/tools/ma-evap/index.
shtml

Kareta et al. (private communication) did not detect any water
ice absorption features in their NIR spectra.

4. Rotation period and CN coma morphology

We took the opportunity provided by this very close approach
of 46P to investigate the rotation period of its nucleus, using
long CN series of images collected during the same night and
at different epochs on both sides of the perihelion. Thanks to the
visibility of the comet in both hemispheres, we collected long
series of CN images for many hours on several nights with both
telescopes. These series were taken over 12 nights with TS and 8
nights with TN.We determined the rotation period from CN light
curves. We tested different size apertures and we finally used 20′′
which gave the largest amplitude in the light-curve. We phased
multiple nights data to construct more extensive light curves and
searched for the best alignment of the overlapping segments. We
derived a rotation period of 9.12±0.05 hr in late November and
early December (pre-perihelion), 9.18±0.05 hr between Decem-
ber 7 and 10 (perihelion time) and 9.00±0.04 hr in mid January
2019 (post-perihelion). These results are in agreement (within
the error bars) with those derived by Farnham et al. (2021) from
the CN coma morphology and photometric series (see Table 3).
Given the uncertainties on the measurements, we did not detect
any significant change in the rotation period of the nucleus on
both sides of the perihelion. Figure 6 shows the CN light curves
at different epochs, showing two asymmetric maxima and min-
ima, which could be due to two active areas on the surface of the
nucleus.

Table 3. Rotation period of 46P nucleus at different epochs.

Epoch Date UT Rotation period (hour)
This work Farnham et al. (2021)

Pre-perihelion Nov 23-28, 2018 9.12±0.05 9.03±0.04
At perihelion Dec 7-10, 2018 9.18±0.05 9.14±0.02
Post-perihelion Jan 12-15, 2019 9.00±0.04 9.01±0.01

We searched for CN coma features using the rotational fil-
ter technique as described in our previous work (Moulane et al.
2018). Figure 7 shows the detection and evolution of a CN jet
at different epochs and on both sides of perihelion. We did not
detect any clear rotation of this jet with time in our images for
many hours during the same night. This could be due to an orien-
tation of the jet towards the Earth. Around November 16, another
small jet appeared in the CN images but it disappeared in the
following nights. This could suggest that the nucleus might be
in a non-principal-axis (NPA) rotational state, as was previously
mentioned by Samarasinha et al. (1996). The orientation of the
jet remains the same before perihelion, while it changes by ∼ 95
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Fig. 6. Phased CN light curves for the nucleus rotation period of comet
46P at different epochs. Time origin for the phase is JD 2458440 on
Nov. 17, 2018. Data combined for (a) Nov. 23, 28 and Dec. 1, 2018 pre-
perihelion, (b) Dec. 7-10, 2018 at perihelion and for (c) Jan. 12 and 15,
2019 post-perihelion. The red curve shows the best fit of the data.

degrees counterclockwise after perihelion because of the view-
ing geometry of the comet with respect to Earth. Farnham et al.
(2021) used the 4.3-m Lowell Discovery Telescope to investigate
the CN coma morphology of 46P. They were able to detect two

spiral jets in the coma. The first one appears to have been active
(at varying levels) throughout most of a rotation, corresponding
to the bright jet detected in our data. The second seems to turn
on and off with time and it could correspond to the small jet that
appears around mid November in our images. Compared to the
previous apparitions, Lamy et al. (1998) derived a rotation pe-
riod of the nucleus of 6.0±0.3 using data fromHST, while Meech
et al. (1997) found a possible rotation of 7.6 hr and a very small
amplitude variation of 0.09 mag using ground-based telescope
during the 1997 apparition. Based on these results, we conclude
that the rotation of the 46P nucleus might have slowed down by
16% to 45% over the last four orbits. These changes might be
due to some unusual activity in the previous apparitions. There
is some evidence for potentially significant outburst activity dur-
ing the 2002 apparition (Combi et al. 2020) that could explain
these changes.

20000 km
Nov. 08, 2018 Nov. 16, 2018 Nov. 23, 2018

Nov. 28, 2018 Dec. 3, 2018 PerihelionDec. 9, 2018

Dec. 15, 2018 Dec, 23, 2018 Jan. 3, 2019

Fig. 7. Evolution of the CN jets of comet 46P along its orbit around the
Sun. The images are oriented north (N) up and east (E) right.

5. Optical high-resolution spectra

5.1. The 12C/13C and 14N/15N isotopic ratios

We obtained high-resolution observations with UVES/VLT
(Dekker et al. 2000) of comet 46P on December 9, 2018 (rh=1.05
au and Δ=0.09 au). Using the 12C14N B-X(0,0) band, we esti-
mated the 12C/13C and 14N/15N isotopic ratios of 46P. We used
a CN fluorescence model to create synthetic spectra of 13C14N,
12C15N, and 12C14N. More details of the model are given in Man-
froid et al. (2009). Figure 8 shows the observed CN spectrum
compared to the synthetic one made under the same observing
conditions. The ratios found for 12C/13C and 14N/15N are 100±20
and 150±30, respectively. These values are consistent with those
of about 20 comets with different dynamical origins, 91.0±3.6
and 147.8±5.7 for 12C/13C and 14N/15N, respectively (Manfroid
et al. 2009; Bockelée-Morvan et al. 2015).

5.2. The NH2 and NH3 ortho-to-para ratios

From the UVES spectra, we measured the ortho-to-para (OPR,
hereafter) abundance ratio of NH2 using the three robivronic
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Fig. 8. Observed and synthetic CN isotopologues spectra of the R
branch of the B-X (0, 0) violet band in comet 46P.

emission bands (0,7,0), (0,8,0), and (0,9,0) following the method
described in Shinnaka et al. (2011). The derived OPRs of NH2

and of its parent molecule NH3 are listed for each band in Table
4, and they have average values of 3.31 ± 0.03 and 1.19 ± 0.02,
respectively. A nuclear spin temperature (Tspin) for ammonia of
28 ± 1 K was derived. The 46P value is consistent with typi-
cal values measured in comets (see Fig. 9), which is a possible
cosmogonic indicator linked to the formation temperature of the
molecule.
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Fig. 9. NH3 Tspin in comets of various dynamical origin. The red filled
circle is the value of 46P obtained with UVES at VLT (this work).

We would like to point out that recent laboratory experiments
show that the OPR of water does not retain the memory of its for-
mation temperature in the natal molecular cloud or in the solar
nebula 4.6 Gyrs ago (Hama et al. 2011, 2016; Hama & Watan-
abe 2013). The OPR of water just after its sublimation from the
solid phase is set to a statistical weight ratio (i.e., 3 for water).
It is likely that this is also the case for ammonia (but the sta-
tistical weights ratio is unity for ammonia) although no experi-
mental studies have been reported so far. The OPRs of cometary
volatiles might have been modified by some kind of ortho-to-
para conversion processes in the inner coma such as water clus-
ters, or by other catalyst activities of dust crust surfaces of the

nucleus (Shinnaka et al. 2016). Thus, the observed OPRs might
be diagnostic of the physico-chemical conditions in the inner-
most coma or beneath the surface.

Table 4. Derived NH2 and NH3 OPRs in comet 46P. Upper and lower
values for each band are the results for the two spectra taken at UT
0:59:52 and UT 1:19:54 on Dec. 9, respectively.

NH2 band NH2 OPR NH3 OPR Tspin(K)

(0,7,0) 3.40±0.09 1.20±0.05 26+2/−1
3.32±0.07 1.16±0.04 28+2/−1

(0,8,0) 3.21±0.09 1.11±0.05 31+4/−3
3.29±0.10 1.15±0.05 29+3/−2

(0,9,0) 3.30±0.06 1.15±0.03 29±1
3.33±0.05 1.17±0.03 28±1

Average 3.31±0.03 1.16±0.02 28±1

5.3. The [OI] G/R ratio

Using the very high-resolution ESPRESSO spectra (Pepe et al.
2021), we were able to resolve the telluric and cometary for-
bidden oxygen lines even with a Doppler shift as small as 5
km/s. We detected the cometary [OI] lines at 557.73, 630.03,
and 636.38 nm in all six spectra (See Figure 10) and used them
to measure the ratio between the green line (557.73 nm) and the
sum of the two red lines (630.03 and 636.38 nm), commonly re-
ferred to as the G/R ratio. Due to the low geocentric velocity of
the comet at the time of our observations (between -5.4 km/s and
-4.5 km/s), the cometary and telluric lines were slightly blended,
even at the very high resolution of ESPRESSO. We used two
Gaussian to fit both lines simultaneously.We performed the mea-
surements for the center and the sky fiber separately for the six
spectra and subsequently averaged the values for each fiber. The
uncertainty of the measurement is the standard deviation of the
measurements made of six spectra. We measured a G/R ratio
of 0.23±0.02 in the central fiber and of 0.05±0.01 only in the
sky fiber (7′′ away). Both measurements are in agreement with
what has been measured in several comets at the same nucleo-
centric projected distances (Decock et al. 2015). The difference
of G/R ratio at different distances from the nucleus is mainly
due to the collisional quenching of O(1S) and O(1D) by water
molecules in the inner coma. This fits with the general behav-
ior observed in several comets, where the G/R ratio decreases
monotonically with the projected distance to the nucleus (De-
cock et al. 2015). The intensity of these lines can be used to
derive the CO/CO2/H2O abundances ratios and, hence, the C/O
ratio, which can provide a diagnostic of solar nebula chemistry
in the comet-forming region (Öberg et al. 2011). The detail anal-
ysis and modeling of the [OI] lines are out of the scope of this
paper.

6. Summary and conclusions

We conducted an extensive monitoring of the Jupiter Family hy-
peractive comet 46P on both sides of perihelion with TRAP-
PIST telescopes. These observations led us to an overview of the
comet activity along its journey around the Sun in 2018-2019.
Using narrow and broadband filters with the TRAPPIST tele-
scopes, we derived different quantities related to the activity of
the comet such as the gas-production rates, the A(0)fρ param-
eter, the rotation period of the nucleus, and the morphology of
the coma. Comet 46P shows an asymmetric activity with respect
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Fig. 10. Three forbidden oxygen [OI] lines in comet 46P, from
ESPRESSO observations, at 557.73 nm (left) for the green line, and
630.03 nm (middle) and 636.38 nm (right) for the red doublet. The
cometary oxygen lines are identified by tick marks and the telluric lines
marked by dashed tick. The y-axis is in arbitrary units for all three pan-
els. The red line is a fit for one of the six spectra taken in the centered
fiber.

to perihelion, steeper decrease after perihelion for OH, NH, and
dust (Afρ parameter). This might be due to the spin axis orien-
tation or the distribution of activity on the comet’s surface. The
comet has exhibited a decrease in its activity from the 1997 to
2018 apparition by about 30%. This implies a decrease of the nu-
cleus’s active fraction to ∼40% which confirms its hyperactivity
compared to most of JFCs. The molecular abundances relative
to CN and OH remained the same as a function of the heliocen-
tric distance, showing that 46P has a typical composition similar
to what has been found in previous apparitions. These derived
abundances in the optical showed a good correlation with their
possible mother molecules measured in the IR (HCN, C2H2, and
NH3) and sub-millimeter (HCN), confirming the link between
different molecules observed in several comets. Given the close
approach of the comet, we obtained high spatial and high reso-
lution spectra for the comet around the perihelion. Using UVES
spectra, we measured typical 12C/13C and 14N/15N isotopic ratios
of 100±20 and 150±30, and average NH2 OPR of 3.31±0.03 and
1.16±0.03 for NH3, with a nuclear spin temperature of 28±1 K.
The ammonia OPR was found equal to 1.19±0.03, correspond-
ing to a spin temperature of 27±1 K. Using very-high-resolution
ESPRESSO spectra, we measured a forbidden oxygen lines ratio
G/R of 0.23±0.02. These measurements are in agreement with
those found for several comets of different dynamical types and
origins and do not reveal any peculiarity with regard to the hy-
peractive comet 46P.
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Appendix A: Gas-production rates and A(0)fρ parameter of comet 46P/Wirtanen

Table A.1. Gas-production rates and A(0)fρ parameter of comet 46P/Wirtanen measured with TRAPPIST-South (TS) and -North (TN). The A(0)fρ
values are computed at 10 000 km from the nucleus and corrected for the phase angle effect.

UT Date rh Δ ΔT Production rates (×1024 molecules/s) A(0)fρ (cm) Tel
(au) (au) (Days) OH NH CN C2 C3 BC RC GC R

2018 Sep 14 1.55 0.63 -89.52 2.28±0.29 2.79±0.14 29.8±10.4 TS
2018 Sep 15 1.54 0.62 -88.60 2.80±0.15 2.95±0.16 29.7±10.4 TS
2018 Sep 17 1.53 0.60 -86.61 3.21±0.08 3.42±0.12 28.7±14.6 33.3±11.5 35.2±10.6 TS
2018 Sep 18 1.52 0.59 -85.60 1050±371 3.38±0.09 3.60±0.15 1.05±0.05 26.6±13.0 32.0±10.4 TS
2018 Sep 23 1.48 0.55 -80.59 1080±248 3.63±0.08 4.03±0.20 1.00±0.06 35.8±10.8 TS
2018 Oct 01 1.42 0.48 -72.65 1690±271 4.70±0.10 5.43±0.22 1.39±0.08 55.8±12.8 59.4±11.1 TS
2018 Oct 05 1.38 0.45 -68.58 1590±100 4.49±0.07 4.68±0.10 1.40±0.12 54.7±10.4 TS
2018 Oct 12 1.33 0.39 -61.54 1780±328 4.79±0.06 71.8±10.5 TS
2018 Oct 15 1.30 0.38 -58.63 1930±164 6.11±0.11 6.98±0.14 1.71±0.13 62.9±13.1 75.5±12.1 74.0±11.0 TS
2018 Oct 21 1.26 0.34 -52.62 2860±180 8.73±0.09 10.50±0.13 2.63±0.11 85.4±15.0 93.4±13.5 84.1±12.2 TS
2018 Oct 24 1.24 0.32 -49.60 3240±120 27.60±1.03 7.87±0.12 9.32±0.21 2.14±0.20 69.5±17.9 90.0±13.1 68.2±12.6 TS
2018 Nov 01 1.19 0.27 -41.71 3830±110 28.30±0.84 8.91±0.08 10.10±0.10 2.13±0.07 83.4±15.9 101.5±13.0 93.6±14.9 119.7±11.6 TS
2018 Nov 04 1.18 0.26 -38.61 4050±176 31.80±1.61 9.55±0.06 11.40±0.09 2.72±0.09 103.5±16.3 118.5±12.7 109.8±12.2 129.2±10.8 TS
2018 Nov 08 1.15 0.23 -34.61 4970±119 37.00±1.03 10.60±0.10 12.70±0.11 3.22±0.07 108.1±16.4 126.5±13.6 116.7±13.1 147.7±10.8 TS
2018 Nov 13 1.13 0.21 -29.61 5220±310 35.20±1.60 10.90±0.06 12.80±0.13 3.24±0.11 115.8±18.0 137.5±14.0 155.4±11.4 TS
2018 Nov 14 1.13 0.20 -28.90 5050±140 11.20±0.15 156.1±11.7 TS
2018 Nov 15 1.12 0.20 -27.67 5260±177 11.30±0.08 13.50±0.13 159.6±12.9 TS
2018 Nov 17 1.11 0.19 -25.57 5280±133 12.30±0.16 13.90±0.18 114.2±16.6 135.0±12.6 128.6±14.6 169.3±11.7 TS
2018 Nov 20 1.10 0.17 -22.62 5650±122 34.70±1.03 12.10±0.18 14.20±0.20 3.32±0.05 99.7±17.5 155.1±12.6 171.0±12.9 TS
2018 Nov 21 1.10 0.17 -21.58 5510±130 13.00±0.20 165.3±13.8 TS
2018 Nov 23 1.09 0.16 -19.70 5050±191 40.20±1.10 14.20±0.19 4.18±0.16 99.7±20.4 147.0±16.4 131.6±18.7 178.1±13.8 TS
2018 Nov 26 1.08 0.14 -16.89 5770±101 44.30±0.90 14.10±0.18 17.40±0.22 4.13±0.05 123.4±17.8 160.3±11.7 154.2 ±11.5 200.8±13.2 TS
2018 Nov 27 1.08 0.14 -15.90 13.70±0.21 205.0±12.6 TS
2018 Nov 27 1.08 0.13 -14.99 5340±155 13.20±0.23 15.40±0.26 4.10±0.06 112.9±17.5 165.6±14.1 149.1±14.6 201.6±13.8 TN
2018 Nov 28 1.07 0.13 -14.66 5140±102 39.30±0.80 14.00±0.20 17.00±0.22 4.16±0.06 135.5±11.7 175.0±13.2 153.5±13.8 205.3±12.9 TS
2018 Nov 30 1.07 0.13 -12.90 5700±265 43.80±1.50 13.60±0.30 17.00±0.32 4.21±0.09 157.5±14.0 180.0±12.0 167.6±13.5 210.7±13.5 TS
2018 Dec 01 1.07 0.12 -11.73 5250±117 39.40±0.75 12.90±0.26 16.80±0.21 4.45±0.10 146.8±18.9 178.6±15.2 150.0±15.4 207.8±10.6 TS
2018 Dec 02 1.06 0.11 -10.01 6040±219 42.90±1.46 12.80±0.25 16.60±0.35 4.04±0.12 127.4±12.3 182.7±13.4 143.6±13.7 207.7±14.5 TN
2018 Dec 03 1.06 0.11 -09.74 5730±110 36.90±1.00 13.90±0.28 4.72±0.08 135.7±21.9 186.9±15.4 153.2±17.1 216.9±14.0 TS
2018 Dec 04 1.06 0.11 -08.68 39.30±0.62 13.80±0.32 16.60±0.25 143.9±14.5 169.6±17.0 149.9±15.3 213.6±12.8 TS
2018 Dec 04 1.06 0.10 -08.01 4830±135 36.90±1.20 12.40±0.26 14.90±0.40 3.95±0.10 146.0±12.8 174.4±13.3 148.2±13.6 211.1±15.3 TN
2018 Dec 07 1.06 0.10 -05.71 13.90±0.33 18.50±0.22 202.4±17.3 225.7±15.7 TS
2018 Dec 07 1.06 0.10 -05.90 4950±131 42.50±1.12 12.50±0.27 18.40±0.28 4.32±0.11 149.5±13.3 193.1±13.2 166.2±14.3 222.1±16.5 TN
2018 Dec 08 1.06 0.19 -04.93 5380±130 41.40±1.14 14.20±0.28 17.70±0.45 4.20±0.08 153.6±13.2 198.2±14.2 171.0±15.3 238.5±16.9 TN
2018 Dec 09 1.06 0.09 -04.00 13.60±0.30 17.50±0.43 4.10±0.11 234.3±17.1 TN
2018 Dec 09 1.06 0.09 -03.69 5050±152 38.90±1.21 14.50±0.40 17.50±0.40 4.30±0.09 176.6±19.4 204.2±17.3 144.2±13.1 234.3±16.5 TS
2018 Dec 10 1.06 0.09 -02.98 5030±166 34.50±1.34 13.70±0.28 18.40±0.41 TN
2018 Dec 10 1.06 0.09 -02.65 5410±144 14.40±0.42 19.90±0.50 4.04±0.09 162.2±15.0 207.0±16.0 207.0±16.0 236.9±17.2 TS
2018 Dec 12 1.06 0.08 -01.00 5260±173 41.80±1.63 13.00±0.34 15.40±0.62 4.07±0.12 TN
2018 Dec 14 1.06 0.08 +01.01 5440±180 33.30±1.89 13.70±0.32 15.80±0.47 4.00±0.08 170.6±16.8 217.8±17.7 186.7±17.0 249.1±19.2 TN
2018 Dec 15 1.06 0.08 +02.17 5260±237 14.90±0.41 4.12±0.05 196.1±16.4 180.7±12.9 216.2±14.2 219.0±16.3 TS
2018 Dec 16 1.06 0.08 +03.10 5600±154 40.30±1.58 13.70±0.34 17.20±0.50 3.93±0.06 160.7±17.2 213.6±16.0 181.9±16.6 242.6±18.0 TN
2018 Dec 17 1.06 0.08 +04.02 13.10±0.34 TN
2018 Dec 17 1.06 0.08 +04.02 14.60±0.40 TS
2018 Dec 18 1.06 0.08 +05.95 12.30±0.26 15.00±0.38 172.2±17.6 200.7±15.6 162.4±19.1 227.1±19.7 TN
2018 Dec 21 1.06 0.08 +08.01 236.6 ±20.4 152.9±20.1 116.2±20.1 221.6±28.8 TN
2018 Dec 23 1.07 0.09 +10.88 4120±183 30.50±1.88 11.40±0.21 13.70±0.48 2.95±0.16 180.5±20.1 172.2±14.3 125.5±19.8 170.5±25.6 TN
2018 Dec 25 1.07 0.10 +12.95 3620±110 29.20±1.28 11.20±0.23 14.10±0.46 3.25±0.12 127.7±14.9 143.3±17.7 121.3±12.1 169.8±13.4 TN
2018 Dec 29 1.08 0.11 +16.91 3500±100 31.00±0.89 10.80±0.18 14.60±0.26 3.39±0.08 87.0±14.9 137.2±13.4 99.2±13.2 143.9±14.7 TN
2019 Jan 02 1.09 0.13 +20.98 27.00±0.95 10.50±0.25 13.40±0.40 3.14±0.05 73.3±14.3 118.4±15.4 101.1±13.4 140.2±13.4 TN
2019 Jan 05 1.10 0.14 +23.21 10.30±0.17 14.00±0.44 3.00±0.06 88.0±11.5 116.9±12.1 99.0±11.9 125.9±11.9 TN
2019 Jan 10 1.12 0.17 +28.32 2940±115 25.50±0.90 9.89±0.14 12.70±0.32 2.64±0.07 75.4±12.8 109.4±10.8 87.4±11.1 115.2±11.5 TN
2019 Jan 13 1.14 0.19 +31.22 9.36±0.11 12.00±0.26 2.46±0.07 106.4±11.5 TN
2019 Jan 15 1.15 0.21 +34.01 8.58±0.09 10.30±0.22 TN
2019 Jan 19 1.17 0.23 +37.29 3000±120 23.20±0.85 8.75±0.10 11.00±0.23 2.44±0.05 80.7±11.3 100.1±11.3 82.8±11.7 102.3±11.7 TN
2019 Jan 23 1.19 0.25 +41.27 2690±105 22.90±1.67 8.05±0.21 9.27±0.20 2.04±0.06 61.1±14.7 95.8±12.1 96.3±15.8 101.0±13.2 TN
2019 Jan 25 1.20 0.27 +43.26 2150±110 24.40±0.95 7.56±0.09 9.10±0.10 1.94±0.07 82.6±13.8 94.8±11.0 66.6±12.8 91.1±15.1 TN
2019 Jan 28 1.22 0.28 +46.15 8.37±0.08 106.7±11.3 TN
2019 Jan 31 1.24 0.31 +49.31 1920±100 17.30±1.15 6.80±0.07 7.33±0.13 1.75±0.04 27.9±13.6 56.3±10.2 37.5±15.5 56.3±11.9 TN
2019 Feb 05 1.28 0.35 +55.04 6.01±0.05 52.3±14.3 TN
2019 Feb 08 1.30 0.37 +57.26 14.70±0.90 5.67±0.06 5.89±0.08 1.26±0.03 25.4±12.3 62.3±11.5 40.9±10.6 62.9±11.3 TN
2019 Feb 11 1.32 0.39 +60.15 1730±95 16.30±0.95 6.18±0.07 5.53±0.12 1.34±0.05 64.2±13.0 TN
2019 Feb 14 1.34 0.41 +63.25 5.02±0.07 58.8±11.5 TN
2019 Feb 22 1.40 0.49 +71.30 5.69±0.10 4.00±0.16 0.90±0.10 TN
2019 Feb 28 1.45 0.55 +77.45 4.33±0.04 4.13±0.08 48.1±12.1 TN
2019 Mar 10 1.53 0.65 +87.10 3.16±0.05 2.81±0.10 0.60±0.03 17.2±10.9 19.4±11.4 33.4±12.5 TN
2019 Mar 20 1.62 0.77 +97.35 3.05±0.13 2.00±0.13 TN
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