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Fig. 1. Column density maps. Total hydrogen column density map (left), H2 column density map (centre), and molecular fraction (right). The gas
enters the box from both sides (x-axis), and the conditions for the other sides are periodic. The gas is compressed along the x-direction and the
cloud forms toward the middle of the box.

Fig. 2. Slices cut through the mid-plane. The panel on the left shows the total number density of hydrogen nucleons, the panel in the centre shows the
number density of molecular hydrogen (on the same scale), and the panel on the right shows the mean shielding factor for the H2 photodissociation
rate coe�cient, calculated as hexp(�⌧d,1000) fshieldi.

4.2. Molecular hydrogen

We now discuss the H2 abundance. The middle and right pan-
els of Fig. 1 show the H2 column density and molecular abun-
dance, f (H2) = 2n(H2)/n. As expected, the high column density
regions are dominated by the H2 molecules, and values of f (H2)
close to 1 are obtained there. The values of f (H2) are obviously
significantly lower in the outer parts of the cloud.

4.2.1. UV screening factor

The middle and right panels of Fig. 2 show a cut of n(H2) and
the value of the shielding parameter, �shield = kph/kph,0. This lat-
ter steeply decreases when entering the cloud, where it takes val-
ues of the order of 10�3. A comparison between the density cut
with kph/kph,0 reveals that there are regions of di↵use material
in which the shielding parameter is low. This is because these
regions are surrounded by dense gas in which H2 is abundant,
which provides an e�cient self-shielding. As a consequence,
there are low-density regions that contain a relatively high abun-
dance of H2 (see left and middle panels of Fig. 2).

A more quantitative statement can be drawn from Fig. 7,
which displays the distribution of the dust shielding, � (top
panel), and of the total shielding �shield as a function of den-
sity (bottom panel). As expected, most low-density cells are as-
sociated with � values that are close to 1, that is to say, they
are weakly shielded. There is a fraction of them, however, that
presents values of �shield as low as 10�5. At higher densities, the
mean value of � decreases with a steep drop between n ' 103

and 104 cm�3 , which corresponds to the point where the dust

significantly absorbs the UV external field. For the total shield-
ing, a steep drop is observed at about 10 cm�3. There is a broad
scatter, however, which increases from n = 1 to n = 104 cm�3

for the dust shielding and tends to decrease for the total shield-
ing �shield. This indicates that the mean value of �shield is not
su�cient information to quantify the abundance of H2 expected
at a given density. This is a clear consequence of the complex
cloud structure. Since �shield plays a key role in the formation
of H2, this complex distribution certainly makes molecular hy-
drogen formation in a multiphase turbulent cloud a complicated
problem.

4.2.2. Global evolution of molecular hydrogen

Figure 8 shows f (H2), the mean molecular fraction within the
whole cloud, as a function of time. During the first 5 Myr, f (H2)
exponentially increases from nearly 0 to about '0.1. After this
phase, f (H2) continues to increase in a more steady almost lin-
ear way. Near 15 Myr, about 40% of the gas is in H2 molecules.
Since, as discussed before, the cloud is rather inhomogeneous
in density and temperature, we also plot the time evolution per
bin of density and temperature. The corresponding curves are
displayed in Fig. 9. As expected, the total distribution closely
follows the values of the densest bins, that is to say, it corre-
sponds to densities higher than 100�1000 cm�3. For these densi-
ties, the timescale for H2 formation is thus of a few ('6�8) Myr.
As recalled previously, this typical timescale is about 109/n yr.
The timescale we observe in the simulation therefore agrees
well with this scaling. Altogether, this agrees well with the re-
sults of Glover & Mac Low (2007a,b), who found that H2 could
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Previous Studies on TSMSs (tiny-scale molecular structures)

ObservationsTheory

TSMS
(𝑛!! > 10" cm-3)

≲ 𝟏𝟎𝟑 au

Valdivia+2016

Detections are extremely limited
due to insufficient angular resolution
of connected arrays.

e.g., Structures resolvable 
      with ALMA (W-band = Band 3)

> 10!	au at 1 kpc from us

The existence of even smaller structures is also predicted.

Molecular gas formed 
by HI converging flow
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Methodology for the Indirect Detection of TSMSs
𝒕 = 𝒕𝟎

TSMS
background source

(QSO)

The normalized spectrum 
obtained from observations.
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𝒕 = 𝒕𝟏

As TSMSs drift 
across the line of sight, 
the absorption depth changes.

Methodology for the Indirect Detection of TSMSs
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𝒕 = 𝒕𝟎 𝒕 = 𝒕𝟏

Methodology for the Indirect Detection of TSMSs

𝒕𝟏− 𝒕𝟎

Absorption depth variation 
corresponding to TSMS size and motion.

Time variation in absorption depth → Indirect evidence of TSMS existence
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Observation Setup
KVN (Korean VLBI Network):  𝜃#$% ∼ 1.5 mas,  𝑇!"! ∼ 200 K
    The only W-band (~89 GHz) VLBI system with multi-epoch capability within a year.

Main Observation Goals
1. Evaluate the detectability of molecular absorption with VLBI. ←Nov. 2023

2. Investigate possible time variability in absorption depth. ←Jan. 2024 + Dec. 2024

- Observed Background Sources:
    NRAO 150; 3C 111; BL Lac; 3C 454.3
- Observation epochs:
    Nov. 2023; Jan. 2024; Dec. 2024

- Observed molecular lines: 
    HCN (	𝐽 = 1 → 0, ∼ 88.6GHz); 
     HCO⁺ (	𝐽 = 1 → 0, ∼ 89.2GHz) 
           — known to produce deep absorption

e.g., Ando+2016

Yeonsei

Ulsan

Tamna

PyeongChang
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✓ Successful detection of molecular absorption lines with VLBI!

bg-QSO
Molecular

Spectra Observed in Nov. 2023

HCN (𝐽 = 1 → 0) HCO+ (𝐽 = 1 → 0)

NRAO 150

3C 111

BL Lac

3C 454.3 Non-Detection

Nakashima et al. submitted



slope 𝑎 = 1.288#$.$&'($.$')

Nakashima et al.
submitted
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Same gas properties?

Liszt & Gerin 2025

Consistent with the previously reported 
slope (𝑎 = 1.25 ± 0.06) within the uncertainties.

+ known values of Galactic diffuse gas (43 lines of sight)

Comparison with the Previous Studies

✓ Chemical properties consistent with previous studies.

𝑁(HCN)/𝑁(HCO#) is used as an indicator of interstellar UV radiation field.
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The angular resolution was 
insufficient to identify the gas.

Previous surveys in this region.

＋

HI4PI Collaboration 2016
HI

𝜃-./ = 160. 2

＋

Dame+2022
CO

𝜃-./ = 15′

10°

10°

Detected HCO+ (𝐽 = 1 → 0) absorption

Planck Collaboration 2013

2.26 kpc

Edge-on map of the Galactic plane

Calculate a kinematic distance

Investigation for the interstellar environment for the sources
Molecular gas structure toward 3C 454.3
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Nobeyama 45-m telescope
New CO Single-Dish Observations

Obs. Date: Dec. 25 & 27, 2024
Total obs. time: 6hr
𝜽𝐫𝐞𝐬 = 𝟏𝟓′′ (x60 better than before)

Nobeyama 45-m

- One of the world's largest high-sensitivity millimeter-wave telescopes
   (mirror precision 0.1mm), in scientific operation since 1982.
 

- Equipped with several receivers, capable of observing 20–120 GHz.
 

- Beam waveguide optics facilitate receiver development.

9-point observation centered on bg-QSO

CO (𝐽 = 1 → 0)

𝐫𝐦𝐬	 = 	𝟎. 𝟎𝟏	K
Δ𝑣 = 0.08 km s-1

𝑇$%&' = 𝟎. 𝟒𝟖 K

Ave. of 9 points
Nobeyama Radio Observatory

in Nagano, Japan



W-band VLBI system development at the Nobeyama 45-m
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Future Work

TSMS Exploration with Japan-Korea W-band VLBI

𝜽𝐫𝐞𝐬 ∼ 𝟎. 𝟓 mas
→ The 𝜏-map from molecular absorption 
     directly probes the structure of TSMS.

→ resolve bg-QSO (𝜃 ∼ 1 mas)

bg-QSO 
> beam size

KVN + Nobeyama 45-m

TSMS

x3 better 𝜃-./ than KVN alone

W-band receiver
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Summary

- Investigation of a tiny-scale molecular structure called TSMS (≲ 𝟏𝟎𝟑 au), 
  of which existence is predicted theoretically but observationally constrained insufficiently, 
  by using VLBI absorption line observations with 1.5 mas high angular resolution.
 
- Successful detection of HCN and HCO+ absorption lines 
  in multiple directions with VLBI!
 
- VLBI-detected gas shows chemical properties consistent with previous studies.
  (The same trend appears even with angular resolution differing by three orders of magnitude.)

- A ∼ 2 pc molecular cloud was found ∼ 2.26 kpc away from the Galactic mid-plane.


