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変光星周期位相と一酸化珪素メーザー分布
の相関関係
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目的

✤ 漸近巨星枝段階にある脈動変光星（特にO-rich Stars）の星周では、SiOメーザーが検
出される。SiOメーザーは星半径1-2倍の近傍星周で生じることから、質量放出による
ガスの運動や中心星変光に伴う物理環境の変化に影響されると考えられるが、SiO
メーザーの励起機構の解明は十分ではない。!

✤ SiOメーザー複数輝線の相対分布から励起機構の推察が可能であることから、SiO v=3 

J=1→0 メーザーをプローブとして励起機構を解明できないか。



Summary

✤ 脈動変光星12天体に対してv=2,3 J=1→0の観測を行い、4天体においてv=2,3合成マッ
プを作成!

!

!

!

✤ さらなる観測を実施

W Hya, WX Psc, R Leo：衝突励起が優勢な励起機構!
T Cep　　　　　　　 ：H2O-SiO line overlappingが優勢な励起機構

✔ ️v=2,3メーザー相対分布の様子にはバリエーションがある

✔ ️line overlappingが優勢となるのは、中心星の赤外放射が強くなる変光周期!
　Φ～0.2(0.0, 1.0でlight maximum) ：仮説

R Leo, R Cas：衝突励起が優勢な励起機構

✔ ️変光周期Φ～0.2での観測であったが、相対分布は予測とは異なり衝突励起が!
　と思われる相対分布を示した

→ line overlappingが優勢となるのは、変光周期の中でごくわずかな期間!
　なのではないか



Pumping mechanism
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v=1� J=1�
J=2�

v=2�
J=0�
J=1�
J=2�

SiO energy level�

8�m�

v=3�
J=0�
J=1�8�m�

(H2O 50,5 v2=2�63,4 v2=1)�

(H2O 116,6 v2=1�127,5 v2=0)�

(H2O -SiO line over lapping)
1. 水蒸気分子 から～8μmの赤外
線放射!

2. 赤外線放射によりSiO分子が
励起： v=1 J=0 → v=2 J=2!

3. v=2 J=1-0メーザー放射増!
4. 赤外線放射によりSiO分子が
励起： v=2 J=0 → v=3 J=2!

5. v=3 J=1-0メーザー放射増



SiO v=1,2,3 J=1→0 メーザの相対分布からメーザー励起機構を推察する
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Fig. 4. E↵ects of the SiO-H2O line overlap on the excitation of the SiO maser emission for the three first vibrationally excited levels, v=1, v=2,
v=3 (blue, green and red respectively) J=1�0 (solid lines) and J=2�1 (dashed lines). The number of emitted photons (s�1 cm�3) in the maser
transitions as a function of H2 density is shown. Left panel: model calculations that do not include the e↵ects of the line overlap. Right panel:
model results including the line overlap.

Article number, page 8 of 9

p  H2O-SiO  
     Line overlapping  

Fig. 4. E↵ects of the SiO-H2O line overlap on the excitation of the SiO maser emission for the three first vibrationally excited levels, v=1, v=2,
v=3 (blue, green and red respectively) J=1�0 (solid lines) and J=2�1 (dashed lines). The number of emitted photons (s�1 cm�3) in the maser
transitions as a function of H2 density is shown. Left panel: model calculations that do not include the e↵ects of the line overlap. Right panel:
model results including the line overlap.
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SiOメーザーの相対分布は変光周期に依存するのか？

436 H. Imai et al. [Vol. 62,

Fig. 4. Comparison among the SiO v = 1, 2, and 3 (J = 1–0) maser emission observed in W Hya on 2009 February 27–28. (a) Composite velocity-
integrated maps of the SiO v = 1, 2, and 3 masers. The contour levels are described at the bottom of the figure. The map origin is located at the v = 2
maser spot that was observed on February 28 and used as fringe-phase reference. A dashed line ellipse with major and minor axes of 80.0 mas and
71.4 mas, respectively, at a position angle of 70ı east from north indicates a ring-shaped brightness morphology of the SiO v = 1 and v = 2 maser
emission roughly fitted by eye. (b) Composite first moment map of the SiO v = 2 (eastern two features) and v = 3 (other western features) maser
emission in W Hya obtained on 2009 February 28. The region showing the v = 3 emission is enlarged. The coordinates of the v = 2 and v = 3 map in
figure 4a were shifted by (29.1, 64.7)[mas] from those of the first moment map (see main text about the offset).

Mira) and ! Cyg (S-type Mira), Soria-Ruiz et al. (2004)
reported that SiO J = 2–1 and J = 1–0 masers at v = 1 have
completely different spatial distributions, while the J = 1–0
masers at v = 1 and v = 2 have similar spatial distributions
with slightly different angular distances from the central star.
In particular, the spatial coexistence of the J = 1–0 lines at
v = 1 and v = 2 as well as quenching of the J = 2–1 line
at v = 2 are significant maser properties. These observa-
tional results are well explained by the line-overlap between the
ro-vibrational lines ("2 = 0 127;5)–("2 = 1 116;6) of para-H2O
and (v = 1 J = 0)–(v = 2 J = 1) of SiO (e.g., Langer &
Watson 1984). This is the case of O-rich Miras, but not in
S-type ones where the J = 1–0 line at v = 2 is much weaker.
Similarly, an enhancement of the J = 1–0 line at v = 3 and
a weakening of the J = 2–1 line at v = 3 in O-rich Miras have
been proposed to be explained by similar line-overlaps in the
SiO and H2O lines (Cho et al. 2007). Note that, these mech-
anisms require spatial coexistence among the v = 1, 2, and
3 lines only with the condition that two overlapped frequen-
cies of the SiO and H2O lines coincide perfectly within the
thermal width. In order to pump from the v = 2 J = 0 to

the v = 3 J = 1 level, a mid-IR radiation with a wavelength
almost equal to that for pumping from the v = 1 J = 0 level to
the v = 2 J = 1 level is necessary. Since these pumping tran-
sitions should occur at the same location, a spatial coincidence
between the J = 1–0 lines at v = 2 and v = 3 is also required.
However, the difference in frequencies and in optical depths of
these IR pumping lines may create offsets of the maser distribu-
tions. A more careful investigation of the LSR velocity differ-
ences and theoretical models for calculating the IR opacities in
the circumstellar envelopes could be used to judge this issue.
In this case, the velocity field in the CSE should also be taken
into account. If a simultaneous excitation of the three maser
lines occurs by a fine tuning of the Doppler frequencies of the
transitions, then spatial offsets should have different character-
istics between the CSE velocity fields dominated by systematic
deceleration/acceleration and turbulence motions.

For the case of the SiO v = 1 and v = 2 masers in the O-rich
star W Hya, the maser distributions are roughly consistent with
those reported in Soria-Ruiz et al. (2004). For the case of
the v = 3 line, however, the proposed line-overlap mechanism
cannot explain the positional difference between the v = 3 and

No. 2] SiO v = 3 J = 1–0 Maser Emission in W Hya 437

Fig. 5. Comparison between the maps of SiO v = 2 and v = 3 (J = 1–0) maser emissions observed in W Hya on 2009 April 11–12. (a) Contour
maps of the SiO v = 3 (red) and v = 2 (yellow-green) emissions. SiO v = 3 maser feature C was used as position references for exchanging from the
v = 3 map synthesized on the basis of the phase-referencing technique with the v = 2 emission data to that on the basis of the self-calibration technique.
A dashed-line ellipse with major and minor axes of 75.2 mas and 67.1 mas, respectively, at a position angle of 70ı east from north indicates a ring-shaped
brightness morphology of the SiO v = 2 and v = 3 maser emissions roughly fitted by eye. (b) First moment map of the SiO v = 2 emission. (c) Same as
(b) but for the SiO v = 3 emission. The local-standard-of-rest velocity of the SiO maser emission in (b) and (c) is indicated in a horizontal color bar.

v = 2 masers observed on 2009 February 27–28. As an alterna-
tive model, the collisional pumping model (Lockett & Elitzur
1992) is proposed. It suggests that the J = 1–0 line at v = 3
cannot be excited at the location where the spatial coexistence
of the J = 1–0 lines at v = 1 and v = 2 was found. Instead, the
former line should be excited in the inner part of the CSE. Even

though at lower vibrational levels the line overlap mechanism
may be predominant, at higher vibrational levels the collisional
pumping mechanism may become the major one. However,
collisional pumping will require a non-local thermodynamical
equilibrium (non-LTE) condition in the CSE such as the prop-
agation of shock waves enhanced by stellar pulsation. The

VERA� VERA+NRO45m+NICT34m �

Blue   : v=1 J=1-0 
Green: v=2 J=1-0 
Red    : v=3 J=1-0�

42 days�

Feburuary 28� April 11�

( Imai, et al. 2010 )�

epoch1
epoch2

可視光light curve

https://www.aavso.org/lcg

衝突励起が優勢

line overlapping優勢

仮説!
1. 中心星からの赤外線放射増!
2. 星周水蒸気分子からの8μm放射増!
3. line overlapping が優勢になる

W Hya
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��
�����	�

�������

v=3 maser

WX Psc 2.6 N/A B detected

U Ori 0.8 0 A

AP Lyn 1.3 N/A B

VY CMa 2.4 0 A

R Leo 3.8 0.15 B detected*4

W Hya 2.8 0 B detected

RS Vir 0.9 0.1 B

RU Her 1.6 0.7 A

U Her 1.7 0.2 A

V4120 Sgr 2.8 N/A B detected*5

V1111 Oph 2.3 N/A A

T Cep 2.6 0.2 B detected

*1 Total integration time in hour

*2 Light curve phase (0.0 and 1.0 at the light maximum)

*3 A:March 24-25 in 2012; B:May 21-22 in 2012

*4 We could not obtain a meaningful composite map due to a too small number of the v=2
and v=3 maser spots to find a ring-shaped structure.

*5 There was only one maser spot detected.

① Telescopes: VERA+NRO45!
　Target: 12天体(右表)!
　lines: v=2, 3 J=1-0!
　Date: 2012年3月, 5月!
　4つの天体でv=2,3 合成マップ!
　作成!
!
②Telescopes: VERA(+NRO45)!
　Target: R Leo, (TX Cam)!
　lines: v=1,2,3 J=1-0!
　Date: 2014年12月～2015年1月!
　　　（2週間間隔3epoch)!
　v=3データはVERAのみ!
!
③Telescopes: VERA+NRO45!
                         +Kashima34!
　Target: R Cas!
　lines: v=0,1,2,3 J=1-0!
　　　29SiO v=0 J=1-0!
　Date: 2015年3月1日!
　(Poster 03 by H.Imai)



W Hya v=2, v=3 J=1-0, VERA+NRO45m
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W Hya�

図 4.5: W Hya v=2, 3メーザー視線速度分布。上：v=2メーザー、下：v=3メーザー
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衝突励起が優勢



T Cep v=2, v=3 J=1-0 VERA+NRO45m
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WX Psc v=2, v=3 J=1-0 VERA+NRO45m
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図 4.3: WX Psc v=2, 3メーザー視線速度分布。上：v=2メーザー、下：v=3メーザー
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衝突励起が優勢



R Leo v=2, v=3 J=1-0 VERA
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可視光light curve
Φ～0.15

v=2 1.0, 3.3, 5.4, 7.6, 9.8Jy beam-1 km s-1

v=3 0.02, 0.07, 0.1, 0.17, 0.2 Jy beam-1 km s-1
衝突励起が優勢

v=3メーザー領域は!
v=2の領域と異なっている



R Cas v=1,2,3 J=1-0 VERA+NRO45m+Kashima34m

First VLBI detection of circumstellar SiO v=1 J=1→0 maser emission?
Hiroshi Imai1, Miyako Oyadomari1, Tomoaki Oyama2, Yusuke Kono2, Takumi Nagayama2, 
Juni-ichi Nakashima3, and Andrey M. Sobolev3

                           1Kagoshima Univ.; 2NAOJ Mizusawa; 3Ural Fed. Univ. 
Summary

We have made the first VLBI observations of v=0 (J=1→0) SiO (maser) emission toward a Mira variable R Cassiopeiae, together
 with v=1, 2 and 3 SiO maser emission that has been well mapped in VLBI observations, and faint 29SiO v = 0 maser emission. 

All the five SiO lines were simultaneously observed in OCTAVE 4Gbps recording in the commissioning for developing the 
calibration scripts for the wide-band recording data. Because the v=0 emission is predominated by thermal one, the origin of 

the maser has been unclear in previous VLA observations with an insufficient angular resolution. We marginally detected 
this maser in VLBI, however failed to locate it in the image cubes because the maser components were completely resolved out. 

The 29SiO v=0 maser emission was also in this case although this line was previosly detected in W Hya. We need retry 
detections of these v=0 lines on image cubes at different light curve phases.

Figure 1  
Total power spectra of the SiO v=0 
J=1→0 line emission towards R Cas 
at three epochs in 2015 March. The 
spectra were taken with the NRO 45 m 
telescope on March 1 and four antennas 
of VERA on March 10 and 24. The 
colored arrows indicate 6-σ detection 
peaks in the VLBI image cubes on the 
individual epochs, but they do not mean 
true maser detections (at unbeliebaly 
far away from the star).  

Figure 2  
Total power spectra of the five SiO 
J=1→0 lines taken with the NRO 45 m 
telescope on March 1. The spectra of 
the v=0 lines are vertically enlarged with 
the factors described in the legend.

Observations
VERA+NRO 45m open-use observations 
with comissioning of OCTAVE 4 Gbps 
recording and Kashima 34 m operation 
at the 43 GHz band
r15060a (2015 March 1, VERA+NRO 45m+NiCT Kashima 34m)
    operation problem in Mizusawa, but the data still valid
    NRO data valid only for last two hours
    Data of v=0 and v=1 maser lines invalid from Kashima
r15066b (March 6, VERA only, missing data from Ishigaki)
r15069d (March 10, VERA only)
    problem of Tsys recording in Iriki) 
    Yielding successful inverse phase referencing (Figure 3, 4)
r15083b (March 24, VERA only)
r15132a (May 12, VERA+NRO 45m, waiting for correlation)
Baseband channel allocations for SiO maser lines
VERA 1Gbps (open use): for v=0 (43.42 GHz) and v=1 (43.12 GHz)
OCTAVE 4Gbps (VERA+NRO 45m+Kashima 34m):
   from 42.46 to 43.48 GHz → v=3, 2, 1, 0 for SiO and v=0 for 29SiO
   (42.52, 42.82, 42.88, 43.12, 43.42 GHz, respectively)
Velocity channel spacing: 512 channels in 8 MHz (about 0.1 km/s)
Velocity resolution in image cube synthesis: about 0.2 km/s

Figure 4  Inversely phase-referenced 
map of the reference source 
J0006+5050 taken on March 10. The 
position offset of the source indicates 
that of the phase-reference v=1 maser 
spot (-83.7, 22.6)[mas].

Figure 5 Relative locations of SiO v=1, 2, and 3 
J=1→0 maser lines around R Cas taken in March 1. 
Thanks to the information of the absolute 
coordinates of the phase-reference v=1 maser 
spot (Figure 3, 4), the uncertainty of the relative 
positions was as small as ~0.3 mas. This 
uncertainty is predominated by the accuracy of 
registration of the v=2 and 3 maser maps created 
through self-calibration instead of those though 
phase-referencing. The former maps of the v=2 
and 3 masers yielded better quality than the 
latter maps.

Figure 3  SiO v=1 J=1→0 masers
taken on March 10. The absolute 
coodinates of the position/phase
reference maser spot at the map 
origin were give through the astrometry 
using the data of J0006+5050.

J000608.2+505004
Ipeak = 37 mJy/beam

Reference maser spot at VLSR=27.85 km/s
                       R.A.(J2000) = 23h58m25s.0047
                       Decl.(J2000) = +51°23′19″.992

R Cas SiO v=1 J=1→0 masers on 2015 March 10
Contours: 0.65, 1.3, 2.6, 5.2, 10 Jy beam-1km s-1
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Results and discussion
Marginal detection of the v=0 lines
These lines were cleary detected in the total-power 
spectra (Figure 1, 2). The profile of the 28SiO v=0 line 
had been stable within 24 days, and its maximum 
peak flux (~4 Jy) has persisted for a much longer 
scale (10 years? Boboltz & Claussen 2004). This line 
will be composed of thermal and maser components 
taking into account the temporal profile variation. 
On the VLBI image cubes, however, they were 
resolved out completely, just adding noise peaks at 
6-σ levels (~0.42 Jy/beam), meaning marginal 
detection. Their locations were uncelar within the 
searched fields (1″.6×1″.6). Note that that 29SiO 
v=0 maser line was detected in W Hya (Oyama et al. 
PASJ submitted) although this line was completely 
spatially resolved out in our observations. 
Distributions of the v=1,2, and 3 maser lines
The v=3 maser distributions are quite different 
from those of the v=1 and 2 masers while the 
latters exhibit good spatial correlation (Figure 5). 
The mapping observation was made at the light 
curve phase of φ=0.23 (after the light maximum). 
This result is consistent with the suggestion that 
the v=3 masers will have good spatial correlation 
with other lines only at light maximum (Oyadomari 
et al. in preparation). 
Future perspectives
Because of the marginal VLBI detection of the 28SiO 
v=0 line, we will retry its detection. The data 
processing for r15132a is forthcoming.

Φ=0.23

(Poster 03 by H.Imai)

可視光light curve

https://www.aavso.org/lcg

v=3メーザー領域は!
v=1,v=2の領域と異なっている

衝突励起が優勢



Summary

✤ 脈動変光星12天体に対してv=2,3 J=1→0の観測を行い、4天体においてv=2,3合成マッ
プを作成!

!

!

!

✤ さらなる観測を実施

W Hya, WX Psc, R Leo：衝突励起が優勢な励起機構!
T Cep　　　　　　　 ：H2O-SiO line overlappingが優勢な励起機構

✔ ️v=2,3メーザー相対分布の様子にはバリエーションがある

✔ ️line overlappingが優勢となるのは、中心星の赤外放射が強くなる変光周期!
　Φ～0.2(0.0, 1.0でlight maximum) ：仮説

R Leo, R Cas：衝突励起が優勢な励起機構

✔ ️変光周期Φ～0.2での観測であったが、相対分布は予測とは異なり衝突励起が!
　と思われる相対分布を示した

→ line overlappingが優勢となるのは、変光周期の中でごくわずかな期間!
　なのではないか


