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周期的な 
CH3OHメーザー強度変動	




6.7 GHz CH3OHメーザー: 周期変動	


q 大質量星周囲では珍しい現象 
q 全スペクトル成分間で同期 
　　☞　励起源近傍　or　星表面で生じる物理現象！？ 
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G331.13-0.24 のCH3OHメーザー周期強度変動 (Goedhart+ 04, 07)	
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6.7 GHz CH3OHメーザー: 周期変動	


q 大質量星周囲では珍しい現象 
q 全スペクトル成分間で同期 
　　☞　励起源近傍　or　星表面で生じる物理現象！？ 
q 周期: 30-670日 
q 傾向は連続的　or　間欠的　の両方存在 
 

G009.62+0.20 E のCH3OHメーザー周期強度変動 (Goedhart+ 03, 04)	
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周期変動天体： これまでのまとめ	


q 周期変動天体数 
–  11天体 
      + 1天体 (山口大: 高瀬, 藤沢) 

q 周期: 30-670 日 
q “YSO”に多い (8/11) 
q “連続的”が多い (8/11) 

q 既存連星モデル CWB 
    (van der Walt 11)では大半 
    が説明困難 
 

–  周囲に卓越した電離領域 
(HII領域など) が必須 

Source! Period! 出現時期	
 変動傾向	


009.62+0.20 244 HC HII 間欠的	


012.68-0.18 307 UC HII ? 連続的	


012.88+0.48 　　29.5 YSO 連続的	


022.35+0.06 179 YSO 間欠的	


037.55+0.20 237 YSO 間欠的	


188.95+0.88 404 HC HII 連続的	


196.45-1.67 668 YSO 連続的	


328.23-0.54 220 YSO 連続的	


331.13-0.24 504 YSO 連続的	


338.93-0.06 133 YSO ? 連続的	


339.62-0.12 201 YSO 連続的	


IRAS 22198      34.5 中質量 ? 間欠的	


Goedhart+ (04, 07, 09); Araya+ (10); Szymczak+ (11); 
Fujisawa+ (in prep).	




q 星の脈動解析 
–  星内部構造モデルがベース 
     (Hosokawa & Omukai 09) 
–  様々な進化段階、および 
　　質量降着率に対して実施 

q 膨張半径最大時に 
     不安定帯が存在 

–  κ機構 
–  > 10-3 M◎/yr 
–  ~1000 yr 滞在 

q CH3OHメーザー周期変動を説明可能 
–  原始星時代の変動 
–  連続的な変動 
–  HII領域必要ナシ 

大質量原始星の脈動不安定モデル 
(Inayoshi et al. 2013) 

The Astrophysical Journal Letters, 769:L20 (5pp), 2013 June 1 Inayoshi et al.
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Figure 1. Evolution of the protostellar radius with various accretion rates
Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M$ yr−1 (taken from HO09). The
symbols indicate the stellar models for which we conduct the linear stability
analysis. The circles and stars represent the pulsationally stable and unstable
models, respectively. The shaded layer denotes the instability strip where the
protostar becomes unstable.
(A color version of this figure is available in the online journal.)

evolution is briefly summarized as follows (see HO09 for
details). Initially, the stellar radius gradually increases with
increasing stellar mass. After this stage, e.g., M∗ ! 10 M$ for
Ṁ∗ = 10−3 M$ yr−1, the protostar contracts by losing its energy
via radiation (Kelvin–Helmholtz or KH contraction). The stellar
central temperature increases during this contraction stage and
finally reaches 107 K. The hydrogen burning is ignited and the
protostar reaches the zero-age main sequence (ZAMS; except
with 6 × 10−3 M$ yr−1). After this point, e.g., M∗ % 40 M$ for
Ṁ∗ = 10−3 M$ yr−1, the stellar radius increases again as the
stellar mass increases. We here note that the maximum stellar
radius during this evolution is larger with a higher accretion rate.
This is because the accreting gas has a higher specific entropy
with more rapid mass accretion, which leads to a higher average
entropy in the stellar interior (also see HO09). As a result, the
maximum stellar radius exceeds 100 R$ with high accretion
rates, Ṁ∗ ! 10−3 M$ yr−1.

We apply the linear stability analysis to the above protostellar
models (see, e.g., Cox 1980; Unno et al. 1989; Inayoshi
et al. 2013 for details). We here consider radial (spherical)
perturbations with the time dependence of eiσ t , where σ =
σR + iσI is the eigen frequency, σR is the frequency of the
pulsation, and |σI| is the growth or damping rate of the
perturbation. The protostar is pulsationally stable (unstable)
with the positive (negative) σI. If unstable, the perturbation
grows until it reaches the nonlinear regime, where the pulsation
energy is dissipated by shock waves near the stellar surface.
The dissipated energy is partly converted into the kinetic
energy of periodic outflows (e.g., Appenzeller 1970; Yoon &
Cantiello 2010).

The symbols in Figure 1 represent the stellar models for
which we conduct the linear stability analysis. Our calculations
show that the protostar becomes pulsationally unstable only
when the stellar radius expands maximally at a given accretion
rate. This instability is caused by the κ mechanism in the He+

ionization layer, where the radiative energy flux is blocked
and converted into the pulsation energy (e.g., Cox 1980; Unno
et al. 1989). In the KH contraction stage, the stellar surface
temperature increases and the He+ ionization layer disappears.
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Figure 2. Period–luminosity (P–L) relation of forming massive protostars. The
thin black (blue) curves show the evolutionary tracks with the spherical (disk)
accretion at the rates of Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M$ yr−1.
The star symbols on the tracks denote the pulsationally unstable models. The
eigen frequencies are plotted for the stable stellar models. The shaded layer
shows the instability strip as in Figure 1. The solid line represents the P–L
relation given by Equation (1), which fits the unstable models. The filled and
open symbols represent the observed sources whose distances are measured
with the trigonometric parallax and kinematics. The triangles indicate that the
sources are associated with ultra/hypercompact H ii regions (Walsh et al. 1998;
Reid et al. 2009a; Urquhart et al. 2007).
(A color version of this figure is available in the online journal.)

The protostar is consequently stabilized and the pulsation
ceases. Although the protostar would also be unstable with
lower accretion rates ("10−3 M$ yr−1), the growth time is much
longer than the duration for which the star is in the instability
strip (σ−1

I & M∗/ Ṁ∗ ∼ 104 yr). The perturbation does not
grow enough to cause the stellar pulsation in this case. The
instability strip thus does not extend for M∗ " 10 M$, where
the star becomes unstable with the lower accretion rate (see
Figure 1).

3. PERIOD–LUMINOSITY RELATION

Figure 2 shows the evolution of the pulsation period and
stellar luminosity in the examined cases. In each case, the
stellar luminosity increases monotonically as the stellar mass
increases. The pulsation period increases with the stellar mass
in the early expansion phase, and decreases in the later KH
contraction phase. The protostar becomes pulsationally unstable
around the turning point of the period, which corresponds to that
of the stellar radius as seen in Figure 1.

Figure 2 also presents the observed sources with periodic flux
variations in the 6.7 GHz methanol masers, whose parameters
are summarized in Table 1. The luminosities of these sources
are estimated with the far-infrared data of Infrared Astronomical
Satellite (IRAS) following Casoli et al. (1986) and Guzmán et al.
(2012). We see that the pulsation periods of the unstable models
are several 10–100 days, the same order of the observed periods
of the maser sources. Although the pulsation period is shorter
than 10 days with low accretion rates Ṁ∗ " 10−3 M$ yr−1, the
instability strip does not cover such cases as explained above.
This well explains why the maser sources that have such a short
periodic variability have not been observed.

Our calculations predict that both the period and luminosity of
the pulsationally unstable protostars increase with the accretion
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Figure 1. Evolution of the protostellar radius with various accretion rates
Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M$ yr−1 (taken from HO09). The
symbols indicate the stellar models for which we conduct the linear stability
analysis. The circles and stars represent the pulsationally stable and unstable
models, respectively. The shaded layer denotes the instability strip where the
protostar becomes unstable.
(A color version of this figure is available in the online journal.)

evolution is briefly summarized as follows (see HO09 for
details). Initially, the stellar radius gradually increases with
increasing stellar mass. After this stage, e.g., M∗ ! 10 M$ for
Ṁ∗ = 10−3 M$ yr−1, the protostar contracts by losing its energy
via radiation (Kelvin–Helmholtz or KH contraction). The stellar
central temperature increases during this contraction stage and
finally reaches 107 K. The hydrogen burning is ignited and the
protostar reaches the zero-age main sequence (ZAMS; except
with 6 × 10−3 M$ yr−1). After this point, e.g., M∗ % 40 M$ for
Ṁ∗ = 10−3 M$ yr−1, the stellar radius increases again as the
stellar mass increases. We here note that the maximum stellar
radius during this evolution is larger with a higher accretion rate.
This is because the accreting gas has a higher specific entropy
with more rapid mass accretion, which leads to a higher average
entropy in the stellar interior (also see HO09). As a result, the
maximum stellar radius exceeds 100 R$ with high accretion
rates, Ṁ∗ ! 10−3 M$ yr−1.

We apply the linear stability analysis to the above protostellar
models (see, e.g., Cox 1980; Unno et al. 1989; Inayoshi
et al. 2013 for details). We here consider radial (spherical)
perturbations with the time dependence of eiσ t , where σ =
σR + iσI is the eigen frequency, σR is the frequency of the
pulsation, and |σI| is the growth or damping rate of the
perturbation. The protostar is pulsationally stable (unstable)
with the positive (negative) σI. If unstable, the perturbation
grows until it reaches the nonlinear regime, where the pulsation
energy is dissipated by shock waves near the stellar surface.
The dissipated energy is partly converted into the kinetic
energy of periodic outflows (e.g., Appenzeller 1970; Yoon &
Cantiello 2010).

The symbols in Figure 1 represent the stellar models for
which we conduct the linear stability analysis. Our calculations
show that the protostar becomes pulsationally unstable only
when the stellar radius expands maximally at a given accretion
rate. This instability is caused by the κ mechanism in the He+

ionization layer, where the radiative energy flux is blocked
and converted into the pulsation energy (e.g., Cox 1980; Unno
et al. 1989). In the KH contraction stage, the stellar surface
temperature increases and the He+ ionization layer disappears.
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Figure 2. Period–luminosity (P–L) relation of forming massive protostars. The
thin black (blue) curves show the evolutionary tracks with the spherical (disk)
accretion at the rates of Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M$ yr−1.
The star symbols on the tracks denote the pulsationally unstable models. The
eigen frequencies are plotted for the stable stellar models. The shaded layer
shows the instability strip as in Figure 1. The solid line represents the P–L
relation given by Equation (1), which fits the unstable models. The filled and
open symbols represent the observed sources whose distances are measured
with the trigonometric parallax and kinematics. The triangles indicate that the
sources are associated with ultra/hypercompact H ii regions (Walsh et al. 1998;
Reid et al. 2009a; Urquhart et al. 2007).
(A color version of this figure is available in the online journal.)

The protostar is consequently stabilized and the pulsation
ceases. Although the protostar would also be unstable with
lower accretion rates ("10−3 M$ yr−1), the growth time is much
longer than the duration for which the star is in the instability
strip (σ−1

I & M∗/ Ṁ∗ ∼ 104 yr). The perturbation does not
grow enough to cause the stellar pulsation in this case. The
instability strip thus does not extend for M∗ " 10 M$, where
the star becomes unstable with the lower accretion rate (see
Figure 1).

3. PERIOD–LUMINOSITY RELATION

Figure 2 shows the evolution of the pulsation period and
stellar luminosity in the examined cases. In each case, the
stellar luminosity increases monotonically as the stellar mass
increases. The pulsation period increases with the stellar mass
in the early expansion phase, and decreases in the later KH
contraction phase. The protostar becomes pulsationally unstable
around the turning point of the period, which corresponds to that
of the stellar radius as seen in Figure 1.

Figure 2 also presents the observed sources with periodic flux
variations in the 6.7 GHz methanol masers, whose parameters
are summarized in Table 1. The luminosities of these sources
are estimated with the far-infrared data of Infrared Astronomical
Satellite (IRAS) following Casoli et al. (1986) and Guzmán et al.
(2012). We see that the pulsation periods of the unstable models
are several 10–100 days, the same order of the observed periods
of the maser sources. Although the pulsation period is shorter
than 10 days with low accretion rates Ṁ∗ " 10−3 M$ yr−1, the
instability strip does not cover such cases as explained above.
This well explains why the maser sources that have such a short
periodic variability have not been observed.

Our calculations predict that both the period and luminosity of
the pulsationally unstable protostars increase with the accretion
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予言される 周期-光度関係（P-L relation: Inayoshi+ 13）	


stellar pulsation v.s. maser periodicity 3

infrared data of Infrared Astronomical Satellite (IRAS)
following Casoli et al. (1986) and Guzmán et al. (2012).
We see that the pulsation periods of the unstable models
are several 10−100 days, the same order of the observed
periods of the maser sources. Although the pulsation pe-
riod is shorter than 10 days with the low accretion rates
Ṁ∗ ! 10−3 M# yr−1, the instability strip does not cover
such cases as explained above. This explains well why
the maser sources which have such the short periodic
variability have not been observed.

Our calculations predict that both the period and lu-
minosity of the pulsationally unstable protostars increase
with the accretion rate. We thus predict a positive corre-
lation between the maser periodicity and the stellar lumi-
nosity. We fit the unstable models by a single power law
and obtain the period-luminosity (P-L) relation (thick
line in Fig. 2)

log(L/L#) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3),
which is well-used as a cosmic distance ladder (e.g., Tam-
mann et al. 2003; Sandage et al. 2004). The above P-L
relation and the instability strip can explain the dis-
tribution of the observed parameters in the pe-
riodic methanol masers within errors of an order of
magnitude. We show that, in Appendix A, a similar P-L
relation is analytically derived.

The instability strip shown in Figures 1 and 2 is not
broad. The duration for which a protostar spends in the
strip, i.e., the prospective lifetime of each periodic maser
source is only ∼ 103 years. This actually matches the rar-
ity expected with observations. The number of 6.7 GHz
methanol masers observed ever is ∼ 900 (e.g., Pestalozzi
et al. 2005; Caswell et al. 2011; Green et al. 2012), and
56 masers of that have been monitored for more than a
year at intervals shorter than a week or month (Goedhart
et al. 2007, 2009; Araya et al. 2010; Szymczak et al. 2011).
About 20 % of such the sources show the characteristic
periodic variabilities (Table 1). Figure 2 might suggest
that our models are more applicable to the sources with
the shorter periods, e.g., P ! 0.5 year, which is only
$ 5 % of the monitored sources. Since the appearance
time of the methanol masers during massive star forma-
tion is thought to be $ 3 × 104 yr (van der Walt 2005),
the lifetime of the periodic maser sources should be as
short as expected with our calculations.

An uncertainty of the P-L relation arises from pos-
sible variations of our stellar evolution tracks. While
HO09 study the protostellar evolution with the spheri-
cal accretion, for instance, HYO10 present that the evo-
lution slightly changes with different accretion geome-
tries, e.g., accretion via a geometrically thin disk. 6 We
also perform the stability analysis of case MD3-D-b0.1
in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M# yr−1. Figure 2 shows that
the protostar also becomes pulsationally unstable in this
case, and that the periods are 10 times longer than those
with the spherical accretion at the same rate. This ef-

6 While the “disk accretion” mentioned here assumes the low-
est entropy of the accreting gas, the rapid mass accretion could
enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).

TABLE 1
Methanol maser sources with periodic variability

Source Pmet Dsrc Liras Ref.
P D

(Galactic name) [day] [kpc] [104 L!]
009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Note. — Col. 1: name of the source, Col. 2: variability period,
Col. 3: distance, Col. 4: luminosity estimated with the IRAS data,
Col. 5 and 6: references of the periods (P) and distances (D).

References. — (1) Goedhart et al. (2007); (2) Goedhart et al.
(2004); (3) Goedhart et al. (2009); (4) Szymczak et al. (2011); (5) Araya
et al. (2010); (6) Sanna et al. (2009); (7) Near kinematic distancea;
(8) Xu et al. (2011); (9) Green & McClure-Griffiths (2011); (10) Reid
et al. (2009a); (11) Honma et al. (2007).

aAssumed on a flat rotation curve with a Galactic circular rotation
of the Sun, of 246 km s−1 (Bovy et al. 2009), and a solar distance, of
8.4 kpc (e.g., Reid et al. 2009b).

fect might explain the observed sources which have the
longer periods than predicted by the P-L relation (1).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of
massive protostars could explain the periodic vari-
ability of the 6.7 GHz maser sources. Our linear sta-
bility analysis clearly shows that a rapidly accreting
(Ṁ∗ " 10−3 M# yr−1) massive protostar becomes pulsa-
tionally unstable when the star is bloated before reach-
ing the ZAMS. Typical periods of the pulsation are sev-
eral 10 − 100 days, which explain the observed peri-
odicity well. The period depends on the adopted ac-
cretion rate, getting longer with the higher rate. On
the other hand, the protostar with the lower Ṁ∗ be-
comes unstable but does not produce the periodicity,
which could also explain why the periodic variability
shorter than 10 days has not been observed. Our stabil-
ity analysis predicts the period-luminosity (P-L) relation
for the pulsationally unstable protostars, log(L/L#) =
4.62 + 0.98 log(P/100 day).

Moreover, our stellar evolution models predict that
other stellar properties such as the mass, radius, and ac-
cretion rate as well as the luminosity should depend on
the pulsation period. We show this in Figure 3. Single
power-law functions which fit the results are,

M∗ = 17.5 M#

(
P

100 days

)0.30

, (2)

R∗ = 350 R#

(
P

100 days

)0.62

, (3)

Ṁ∗ = 3.1 × 10−3 M# yr−1

(
P

100 days

)0.73

. (4)

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations

1 x 10-3	


3 x 10-3	


6 x 10-3	




周期-光度関係の恩恵	


q 原始星表面の物理パラメータ（質量、光度、
半径、質量降着率）が取得可能に！ 
– sub-AU スケール 

•  現存装置(ALMA含む)ではおよそ観測不可能な領域 
– それを低空間分解能な単一鏡で実行可能！	
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Table 1
Methanol Maser Sources with Periodic Variability

Source Pmet Dsrc LIRAS References

P D
(Galactic Name) (days) (kpc) (104 L!)

009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Notes. Column 1: name of the source; Column 2: variability period; Column 3:
distance; Column 4: luminosity estimated with the IRAS data; Columns 5 and
6: references of the periods (P) and distances (D).
a Assumed on a flat rotation curve with a Galactic circular rotation of the Sun,
of 246 km s−1 (Bovy et al. 2009), and a solar distance, of 8.4 kpc (e.g., Reid
et al. 2009b).
References. (1) Goedhart et al. 2007; (2) Goedhart et al. 2004; (3) Goedhart
et al. 2009; (4) Szymczak et al. 2011; (5) Araya et al. 2010; (6) Sanna et al. 2009;
(7) Near kinematic distancea; (8) Xu et al. 2011; (9) Green & McClure-Griffiths
2011; (10) Reid et al. 2009a; (11) Honma et al. 2007.

rate. We thus predict a positive correlation between the maser
periodicity and the stellar luminosity. We fit the unstable models
by a single power law and obtain the period–luminosity (P–L)
relation (thick line in Figure 2)

log(L/L!) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3) and is well
used as a cosmic distance ladder (e.g., Tammann et al. 2003;
Sandage et al. 2004). The above P–L relation and the instability
strip can explain the distribution of the observed parameters
in the periodic methanol masers within errors of an order of
magnitude. In the Appendix, we show that a similar P–L relation
is analytically derived.

The instability strip shown in Figures 1 and 2 is not broad. The
duration for which a protostar is in the strip, i.e., the prospective
lifetime of each periodic maser source, is only ∼103 yr.
This actually matches the rarity expected from observations.
The number of 6.7 GHz methanol masers observed ever is
∼900 (e.g., Pestalozzi et al. 2005; Caswell et al. 2011; Green
et al. 2012), and of those, 56 masers have been monitored
for more than a year at intervals shorter than a week or
a month (Goedhart et al. 2007, 2009; Araya et al. 2010;
Szymczak et al. 2011). About 20% of such sources show the
characteristic periodic variabilities (Table 1). Figure 2 might
suggest that our models are more applicable to the sources
with shorter periods, e.g., P ! 0.5 yr, which is only %5%
of the monitored sources. Since the appearance time of the
methanol masers during massive star formation is thought to
be %3 × 104 yr (van der Walt 2005), the lifetime of the
periodic maser sources should be as short as expected from our
calculations.

An uncertainty of the P–L relation arises from possible
variations of our stellar evolution tracks. While HO09 study
protostellar evolution with spherical accretion, for instance,
HYO10 present that the evolution slightly changes with different

Figure 3. Dependences of the protostellar properties (the stellar radius R∗,
luminosity L∗, mass M∗, and accretion rate Ṁ∗) on the period in the stellar-
pulsation models. Each line fits the results of the stability analysis (symbols) by
a single power-law function (see Equations (1)–(4)).
(A color version of this figure is available in the online journal.)

accretion geometries, e.g., accretion via a geometrically thin
disk.6 We also perform the stability analysis of the case MD3-
D-b0.1 in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M! yr−1. Figure 2 shows that the
protostar also becomes pulsationally unstable in this case, and
that the periods are 10 times longer than those with the spherical
accretion at the same rate. This effect might explain the observed
sources that have longer periods than predicted by the P–L
relation (Equation (1)).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of massive
protostars could explain the periodic variability of the 6.7 GHz
maser sources. Our linear stability analysis clearly shows that
a rapidly accreting ( Ṁ∗ " 10−3 M! yr−1) massive protostar
becomes pulsationally unstable when the star is bloated before
reaching the ZAMS. Typical periods of the pulsation are several
10–100 days, which well explain the observed periodicity. The
period depends on the adopted accretion rate, getting longer
with the higher rate. On the other hand, protostars with lower
Ṁ∗ become unstable but do not produce the periodicity, which
could also explain why a periodic variability shorter than 10 days
has not been observed. Our stability analysis predicts the P–L
relation for the pulsationally unstable protostars, log(L/L!) =
4.62 + 0.98 log(P/100 days).

Moreover, our stellar evolution models predict that other
stellar properties such as the mass, radius, and accretion rate
as well as the luminosity should depend on the pulsation period.
We show this in Figure 3. Single power-law functions that fit
the results are

M∗ = 17.5 M!

(
P

100 days

)0.30

, (2)

6 While the “disk accretion” mentioned here assumes the lowest entropy of
the accreting gas, the rapid mass accretion could enhance the entropy (e.g.,
Hosokawa et al. 2011). In this case, the stellar evolution with the spherical
accretion would be more realistic even if gas accretes through the disk (see
HYO10).
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Table 1
Methanol Maser Sources with Periodic Variability

Source Pmet Dsrc LIRAS References

P D
(Galactic Name) (days) (kpc) (104 L!)

009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Notes. Column 1: name of the source; Column 2: variability period; Column 3:
distance; Column 4: luminosity estimated with the IRAS data; Columns 5 and
6: references of the periods (P) and distances (D).
a Assumed on a flat rotation curve with a Galactic circular rotation of the Sun,
of 246 km s−1 (Bovy et al. 2009), and a solar distance, of 8.4 kpc (e.g., Reid
et al. 2009b).
References. (1) Goedhart et al. 2007; (2) Goedhart et al. 2004; (3) Goedhart
et al. 2009; (4) Szymczak et al. 2011; (5) Araya et al. 2010; (6) Sanna et al. 2009;
(7) Near kinematic distancea; (8) Xu et al. 2011; (9) Green & McClure-Griffiths
2011; (10) Reid et al. 2009a; (11) Honma et al. 2007.

rate. We thus predict a positive correlation between the maser
periodicity and the stellar luminosity. We fit the unstable models
by a single power law and obtain the period–luminosity (P–L)
relation (thick line in Figure 2)

log(L/L!) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3) and is well
used as a cosmic distance ladder (e.g., Tammann et al. 2003;
Sandage et al. 2004). The above P–L relation and the instability
strip can explain the distribution of the observed parameters
in the periodic methanol masers within errors of an order of
magnitude. In the Appendix, we show that a similar P–L relation
is analytically derived.

The instability strip shown in Figures 1 and 2 is not broad. The
duration for which a protostar is in the strip, i.e., the prospective
lifetime of each periodic maser source, is only ∼103 yr.
This actually matches the rarity expected from observations.
The number of 6.7 GHz methanol masers observed ever is
∼900 (e.g., Pestalozzi et al. 2005; Caswell et al. 2011; Green
et al. 2012), and of those, 56 masers have been monitored
for more than a year at intervals shorter than a week or
a month (Goedhart et al. 2007, 2009; Araya et al. 2010;
Szymczak et al. 2011). About 20% of such sources show the
characteristic periodic variabilities (Table 1). Figure 2 might
suggest that our models are more applicable to the sources
with shorter periods, e.g., P ! 0.5 yr, which is only %5%
of the monitored sources. Since the appearance time of the
methanol masers during massive star formation is thought to
be %3 × 104 yr (van der Walt 2005), the lifetime of the
periodic maser sources should be as short as expected from our
calculations.

An uncertainty of the P–L relation arises from possible
variations of our stellar evolution tracks. While HO09 study
protostellar evolution with spherical accretion, for instance,
HYO10 present that the evolution slightly changes with different

Figure 3. Dependences of the protostellar properties (the stellar radius R∗,
luminosity L∗, mass M∗, and accretion rate Ṁ∗) on the period in the stellar-
pulsation models. Each line fits the results of the stability analysis (symbols) by
a single power-law function (see Equations (1)–(4)).
(A color version of this figure is available in the online journal.)

accretion geometries, e.g., accretion via a geometrically thin
disk.6 We also perform the stability analysis of the case MD3-
D-b0.1 in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M! yr−1. Figure 2 shows that the
protostar also becomes pulsationally unstable in this case, and
that the periods are 10 times longer than those with the spherical
accretion at the same rate. This effect might explain the observed
sources that have longer periods than predicted by the P–L
relation (Equation (1)).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of massive
protostars could explain the periodic variability of the 6.7 GHz
maser sources. Our linear stability analysis clearly shows that
a rapidly accreting ( Ṁ∗ " 10−3 M! yr−1) massive protostar
becomes pulsationally unstable when the star is bloated before
reaching the ZAMS. Typical periods of the pulsation are several
10–100 days, which well explain the observed periodicity. The
period depends on the adopted accretion rate, getting longer
with the higher rate. On the other hand, protostars with lower
Ṁ∗ become unstable but do not produce the periodicity, which
could also explain why a periodic variability shorter than 10 days
has not been observed. Our stability analysis predicts the P–L
relation for the pulsationally unstable protostars, log(L/L!) =
4.62 + 0.98 log(P/100 days).

Moreover, our stellar evolution models predict that other
stellar properties such as the mass, radius, and accretion rate
as well as the luminosity should depend on the pulsation period.
We show this in Figure 3. Single power-law functions that fit
the results are

M∗ = 17.5 M!

(
P

100 days

)0.30

, (2)

6 While the “disk accretion” mentioned here assumes the lowest entropy of
the accreting gas, the rapid mass accretion could enhance the entropy (e.g.,
Hosokawa et al. 2011). In this case, the stellar evolution with the spherical
accretion would be more realistic even if gas accretes through the disk (see
HYO10).
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infrared data of Infrared Astronomical Satellite (IRAS)
following Casoli et al. (1986) and Guzmán et al. (2012).
We see that the pulsation periods of the unstable models
are several 10−100 days, the same order of the observed
periods of the maser sources. Although the pulsation pe-
riod is shorter than 10 days with the low accretion rates
Ṁ∗ ! 10−3 M# yr−1, the instability strip does not cover
such cases as explained above. This explains well why
the maser sources which have such the short periodic
variability have not been observed.

Our calculations predict that both the period and lu-
minosity of the pulsationally unstable protostars increase
with the accretion rate. We thus predict a positive corre-
lation between the maser periodicity and the stellar lumi-
nosity. We fit the unstable models by a single power law
and obtain the period-luminosity (P-L) relation (thick
line in Fig. 2)

log(L/L#) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3),
which is well-used as a cosmic distance ladder (e.g., Tam-
mann et al. 2003; Sandage et al. 2004). The above P-L
relation and the instability strip can explain the dis-
tribution of the observed parameters in the pe-
riodic methanol masers within errors of an order of
magnitude. We show that, in Appendix A, a similar P-L
relation is analytically derived.

The instability strip shown in Figures 1 and 2 is not
broad. The duration for which a protostar spends in the
strip, i.e., the prospective lifetime of each periodic maser
source is only ∼ 103 years. This actually matches the rar-
ity expected with observations. The number of 6.7 GHz
methanol masers observed ever is ∼ 900 (e.g., Pestalozzi
et al. 2005; Caswell et al. 2011; Green et al. 2012), and
56 masers of that have been monitored for more than a
year at intervals shorter than a week or month (Goedhart
et al. 2007, 2009; Araya et al. 2010; Szymczak et al. 2011).
About 20 % of such the sources show the characteristic
periodic variabilities (Table 1). Figure 2 might suggest
that our models are more applicable to the sources with
the shorter periods, e.g., P ! 0.5 year, which is only
$ 5 % of the monitored sources. Since the appearance
time of the methanol masers during massive star forma-
tion is thought to be $ 3 × 104 yr (van der Walt 2005),
the lifetime of the periodic maser sources should be as
short as expected with our calculations.

An uncertainty of the P-L relation arises from pos-
sible variations of our stellar evolution tracks. While
HO09 study the protostellar evolution with the spheri-
cal accretion, for instance, HYO10 present that the evo-
lution slightly changes with different accretion geome-
tries, e.g., accretion via a geometrically thin disk. 6 We
also perform the stability analysis of case MD3-D-b0.1
in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M# yr−1. Figure 2 shows that
the protostar also becomes pulsationally unstable in this
case, and that the periods are 10 times longer than those
with the spherical accretion at the same rate. This ef-

6 While the “disk accretion” mentioned here assumes the low-
est entropy of the accreting gas, the rapid mass accretion could
enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).

TABLE 1
Methanol maser sources with periodic variability

Source Pmet Dsrc Liras Ref.
P D

(Galactic name) [day] [kpc] [104 L!]
009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Note. — Col. 1: name of the source, Col. 2: variability period,
Col. 3: distance, Col. 4: luminosity estimated with the IRAS data,
Col. 5 and 6: references of the periods (P) and distances (D).

References. — (1) Goedhart et al. (2007); (2) Goedhart et al.
(2004); (3) Goedhart et al. (2009); (4) Szymczak et al. (2011); (5) Araya
et al. (2010); (6) Sanna et al. (2009); (7) Near kinematic distancea;
(8) Xu et al. (2011); (9) Green & McClure-Griffiths (2011); (10) Reid
et al. (2009a); (11) Honma et al. (2007).

aAssumed on a flat rotation curve with a Galactic circular rotation
of the Sun, of 246 km s−1 (Bovy et al. 2009), and a solar distance, of
8.4 kpc (e.g., Reid et al. 2009b).

fect might explain the observed sources which have the
longer periods than predicted by the P-L relation (1).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of
massive protostars could explain the periodic vari-
ability of the 6.7 GHz maser sources. Our linear sta-
bility analysis clearly shows that a rapidly accreting
(Ṁ∗ " 10−3 M# yr−1) massive protostar becomes pulsa-
tionally unstable when the star is bloated before reach-
ing the ZAMS. Typical periods of the pulsation are sev-
eral 10 − 100 days, which explain the observed peri-
odicity well. The period depends on the adopted ac-
cretion rate, getting longer with the higher rate. On
the other hand, the protostar with the lower Ṁ∗ be-
comes unstable but does not produce the periodicity,
which could also explain why the periodic variability
shorter than 10 days has not been observed. Our stabil-
ity analysis predicts the period-luminosity (P-L) relation
for the pulsationally unstable protostars, log(L/L#) =
4.62 + 0.98 log(P/100 day).

Moreover, our stellar evolution models predict that
other stellar properties such as the mass, radius, and ac-
cretion rate as well as the luminosity should depend on
the pulsation period. We show this in Figure 3. Single
power-law functions which fit the results are,

M∗ = 17.5 M#

(
P

100 days

)0.30

, (2)

R∗ = 350 R#

(
P

100 days

)0.62

, (3)

Ṁ∗ = 3.1 × 10−3 M# yr−1

(
P

100 days

)0.73

. (4)

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations
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infrared data of Infrared Astronomical Satellite (IRAS)
following Casoli et al. (1986) and Guzmán et al. (2012).
We see that the pulsation periods of the unstable models
are several 10−100 days, the same order of the observed
periods of the maser sources. Although the pulsation pe-
riod is shorter than 10 days with the low accretion rates
Ṁ∗ ! 10−3 M# yr−1, the instability strip does not cover
such cases as explained above. This explains well why
the maser sources which have such the short periodic
variability have not been observed.

Our calculations predict that both the period and lu-
minosity of the pulsationally unstable protostars increase
with the accretion rate. We thus predict a positive corre-
lation between the maser periodicity and the stellar lumi-
nosity. We fit the unstable models by a single power law
and obtain the period-luminosity (P-L) relation (thick
line in Fig. 2)

log(L/L#) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3),
which is well-used as a cosmic distance ladder (e.g., Tam-
mann et al. 2003; Sandage et al. 2004). The above P-L
relation and the instability strip can explain the dis-
tribution of the observed parameters in the pe-
riodic methanol masers within errors of an order of
magnitude. We show that, in Appendix A, a similar P-L
relation is analytically derived.

The instability strip shown in Figures 1 and 2 is not
broad. The duration for which a protostar spends in the
strip, i.e., the prospective lifetime of each periodic maser
source is only ∼ 103 years. This actually matches the rar-
ity expected with observations. The number of 6.7 GHz
methanol masers observed ever is ∼ 900 (e.g., Pestalozzi
et al. 2005; Caswell et al. 2011; Green et al. 2012), and
56 masers of that have been monitored for more than a
year at intervals shorter than a week or month (Goedhart
et al. 2007, 2009; Araya et al. 2010; Szymczak et al. 2011).
About 20 % of such the sources show the characteristic
periodic variabilities (Table 1). Figure 2 might suggest
that our models are more applicable to the sources with
the shorter periods, e.g., P ! 0.5 year, which is only
$ 5 % of the monitored sources. Since the appearance
time of the methanol masers during massive star forma-
tion is thought to be $ 3 × 104 yr (van der Walt 2005),
the lifetime of the periodic maser sources should be as
short as expected with our calculations.

An uncertainty of the P-L relation arises from pos-
sible variations of our stellar evolution tracks. While
HO09 study the protostellar evolution with the spheri-
cal accretion, for instance, HYO10 present that the evo-
lution slightly changes with different accretion geome-
tries, e.g., accretion via a geometrically thin disk. 6 We
also perform the stability analysis of case MD3-D-b0.1
in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M# yr−1. Figure 2 shows that
the protostar also becomes pulsationally unstable in this
case, and that the periods are 10 times longer than those
with the spherical accretion at the same rate. This ef-

6 While the “disk accretion” mentioned here assumes the low-
est entropy of the accreting gas, the rapid mass accretion could
enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).

TABLE 1
Methanol maser sources with periodic variability

Source Pmet Dsrc Liras Ref.
P D

(Galactic name) [day] [kpc] [104 L!]
009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Note. — Col. 1: name of the source, Col. 2: variability period,
Col. 3: distance, Col. 4: luminosity estimated with the IRAS data,
Col. 5 and 6: references of the periods (P) and distances (D).

References. — (1) Goedhart et al. (2007); (2) Goedhart et al.
(2004); (3) Goedhart et al. (2009); (4) Szymczak et al. (2011); (5) Araya
et al. (2010); (6) Sanna et al. (2009); (7) Near kinematic distancea;
(8) Xu et al. (2011); (9) Green & McClure-Griffiths (2011); (10) Reid
et al. (2009a); (11) Honma et al. (2007).

aAssumed on a flat rotation curve with a Galactic circular rotation
of the Sun, of 246 km s−1 (Bovy et al. 2009), and a solar distance, of
8.4 kpc (e.g., Reid et al. 2009b).

fect might explain the observed sources which have the
longer periods than predicted by the P-L relation (1).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of
massive protostars could explain the periodic vari-
ability of the 6.7 GHz maser sources. Our linear sta-
bility analysis clearly shows that a rapidly accreting
(Ṁ∗ " 10−3 M# yr−1) massive protostar becomes pulsa-
tionally unstable when the star is bloated before reach-
ing the ZAMS. Typical periods of the pulsation are sev-
eral 10 − 100 days, which explain the observed peri-
odicity well. The period depends on the adopted ac-
cretion rate, getting longer with the higher rate. On
the other hand, the protostar with the lower Ṁ∗ be-
comes unstable but does not produce the periodicity,
which could also explain why the periodic variability
shorter than 10 days has not been observed. Our stabil-
ity analysis predicts the period-luminosity (P-L) relation
for the pulsationally unstable protostars, log(L/L#) =
4.62 + 0.98 log(P/100 day).

Moreover, our stellar evolution models predict that
other stellar properties such as the mass, radius, and ac-
cretion rate as well as the luminosity should depend on
the pulsation period. We show this in Figure 3. Single
power-law functions which fit the results are,

M∗ = 17.5 M#
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100 days

)0.30

, (2)

R∗ = 350 R#
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)0.62

, (3)

Ṁ∗ = 3.1 × 10−3 M# yr−1
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)0.73

. (4)

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations
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本研究の目的	


q 最終ゴール 
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infrared data of Infrared Astronomical Satellite (IRAS)
following Casoli et al. (1986) and Guzmán et al. (2012).
We see that the pulsation periods of the unstable models
are several 10−100 days, the same order of the observed
periods of the maser sources. Although the pulsation pe-
riod is shorter than 10 days with the low accretion rates
Ṁ∗ ! 10−3 M# yr−1, the instability strip does not cover
such cases as explained above. This explains well why
the maser sources which have such the short periodic
variability have not been observed.

Our calculations predict that both the period and lu-
minosity of the pulsationally unstable protostars increase
with the accretion rate. We thus predict a positive corre-
lation between the maser periodicity and the stellar lumi-
nosity. We fit the unstable models by a single power law
and obtain the period-luminosity (P-L) relation (thick
line in Fig. 2)

log(L/L#) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3),
which is well-used as a cosmic distance ladder (e.g., Tam-
mann et al. 2003; Sandage et al. 2004). The above P-L
relation and the instability strip can explain the dis-
tribution of the observed parameters in the pe-
riodic methanol masers within errors of an order of
magnitude. We show that, in Appendix A, a similar P-L
relation is analytically derived.

The instability strip shown in Figures 1 and 2 is not
broad. The duration for which a protostar spends in the
strip, i.e., the prospective lifetime of each periodic maser
source is only ∼ 103 years. This actually matches the rar-
ity expected with observations. The number of 6.7 GHz
methanol masers observed ever is ∼ 900 (e.g., Pestalozzi
et al. 2005; Caswell et al. 2011; Green et al. 2012), and
56 masers of that have been monitored for more than a
year at intervals shorter than a week or month (Goedhart
et al. 2007, 2009; Araya et al. 2010; Szymczak et al. 2011).
About 20 % of such the sources show the characteristic
periodic variabilities (Table 1). Figure 2 might suggest
that our models are more applicable to the sources with
the shorter periods, e.g., P ! 0.5 year, which is only
$ 5 % of the monitored sources. Since the appearance
time of the methanol masers during massive star forma-
tion is thought to be $ 3 × 104 yr (van der Walt 2005),
the lifetime of the periodic maser sources should be as
short as expected with our calculations.

An uncertainty of the P-L relation arises from pos-
sible variations of our stellar evolution tracks. While
HO09 study the protostellar evolution with the spheri-
cal accretion, for instance, HYO10 present that the evo-
lution slightly changes with different accretion geome-
tries, e.g., accretion via a geometrically thin disk. 6 We
also perform the stability analysis of case MD3-D-b0.1
in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M# yr−1. Figure 2 shows that
the protostar also becomes pulsationally unstable in this
case, and that the periods are 10 times longer than those
with the spherical accretion at the same rate. This ef-

6 While the “disk accretion” mentioned here assumes the low-
est entropy of the accreting gas, the rapid mass accretion could
enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).

TABLE 1
Methanol maser sources with periodic variability

Source Pmet Dsrc Liras Ref.
P D

(Galactic name) [day] [kpc] [104 L!]
009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Note. — Col. 1: name of the source, Col. 2: variability period,
Col. 3: distance, Col. 4: luminosity estimated with the IRAS data,
Col. 5 and 6: references of the periods (P) and distances (D).

References. — (1) Goedhart et al. (2007); (2) Goedhart et al.
(2004); (3) Goedhart et al. (2009); (4) Szymczak et al. (2011); (5) Araya
et al. (2010); (6) Sanna et al. (2009); (7) Near kinematic distancea;
(8) Xu et al. (2011); (9) Green & McClure-Griffiths (2011); (10) Reid
et al. (2009a); (11) Honma et al. (2007).

aAssumed on a flat rotation curve with a Galactic circular rotation
of the Sun, of 246 km s−1 (Bovy et al. 2009), and a solar distance, of
8.4 kpc (e.g., Reid et al. 2009b).

fect might explain the observed sources which have the
longer periods than predicted by the P-L relation (1).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of
massive protostars could explain the periodic vari-
ability of the 6.7 GHz maser sources. Our linear sta-
bility analysis clearly shows that a rapidly accreting
(Ṁ∗ " 10−3 M# yr−1) massive protostar becomes pulsa-
tionally unstable when the star is bloated before reach-
ing the ZAMS. Typical periods of the pulsation are sev-
eral 10 − 100 days, which explain the observed peri-
odicity well. The period depends on the adopted ac-
cretion rate, getting longer with the higher rate. On
the other hand, the protostar with the lower Ṁ∗ be-
comes unstable but does not produce the periodicity,
which could also explain why the periodic variability
shorter than 10 days has not been observed. Our stabil-
ity analysis predicts the period-luminosity (P-L) relation
for the pulsationally unstable protostars, log(L/L#) =
4.62 + 0.98 log(P/100 day).

Moreover, our stellar evolution models predict that
other stellar properties such as the mass, radius, and ac-
cretion rate as well as the luminosity should depend on
the pulsation period. We show this in Figure 3. Single
power-law functions which fit the results are,

M∗ = 17.5 M#

(
P

100 days

)0.30

, (2)

R∗ = 350 R#

(
P

100 days

)0.62

, (3)

Ṁ∗ = 3.1 × 10−3 M# yr−1

(
P

100 days

)0.73

. (4)

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations
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大質量原始星の周期-光度関係	


予言される 周期-光度関係（P-L relation: Inayoshi+ 13）	
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stellar pulsation v.s. maser periodicity 3

infrared data of Infrared Astronomical Satellite (IRAS)
following Casoli et al. (1986) and Guzmán et al. (2012).
We see that the pulsation periods of the unstable models
are several 10−100 days, the same order of the observed
periods of the maser sources. Although the pulsation pe-
riod is shorter than 10 days with the low accretion rates
Ṁ∗ ! 10−3 M# yr−1, the instability strip does not cover
such cases as explained above. This explains well why
the maser sources which have such the short periodic
variability have not been observed.

Our calculations predict that both the period and lu-
minosity of the pulsationally unstable protostars increase
with the accretion rate. We thus predict a positive corre-
lation between the maser periodicity and the stellar lumi-
nosity. We fit the unstable models by a single power law
and obtain the period-luminosity (P-L) relation (thick
line in Fig. 2)

log(L/L#) = 4.62 + 0.98 log(P/100 days), (1)

which is similar to that of the Cepheids (L ∝ P 4/3),
which is well-used as a cosmic distance ladder (e.g., Tam-
mann et al. 2003; Sandage et al. 2004). The above P-L
relation and the instability strip can explain the dis-
tribution of the observed parameters in the pe-
riodic methanol masers within errors of an order of
magnitude. We show that, in Appendix A, a similar P-L
relation is analytically derived.

The instability strip shown in Figures 1 and 2 is not
broad. The duration for which a protostar spends in the
strip, i.e., the prospective lifetime of each periodic maser
source is only ∼ 103 years. This actually matches the rar-
ity expected with observations. The number of 6.7 GHz
methanol masers observed ever is ∼ 900 (e.g., Pestalozzi
et al. 2005; Caswell et al. 2011; Green et al. 2012), and
56 masers of that have been monitored for more than a
year at intervals shorter than a week or month (Goedhart
et al. 2007, 2009; Araya et al. 2010; Szymczak et al. 2011).
About 20 % of such the sources show the characteristic
periodic variabilities (Table 1). Figure 2 might suggest
that our models are more applicable to the sources with
the shorter periods, e.g., P ! 0.5 year, which is only
$ 5 % of the monitored sources. Since the appearance
time of the methanol masers during massive star forma-
tion is thought to be $ 3 × 104 yr (van der Walt 2005),
the lifetime of the periodic maser sources should be as
short as expected with our calculations.

An uncertainty of the P-L relation arises from pos-
sible variations of our stellar evolution tracks. While
HO09 study the protostellar evolution with the spheri-
cal accretion, for instance, HYO10 present that the evo-
lution slightly changes with different accretion geome-
tries, e.g., accretion via a geometrically thin disk. 6 We
also perform the stability analysis of case MD3-D-b0.1
in HYO10, whose model has the largest radius among
the cases for Ṁ∗ = 10−3 M# yr−1. Figure 2 shows that
the protostar also becomes pulsationally unstable in this
case, and that the periods are 10 times longer than those
with the spherical accretion at the same rate. This ef-

6 While the “disk accretion” mentioned here assumes the low-
est entropy of the accreting gas, the rapid mass accretion could
enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).

TABLE 1
Methanol maser sources with periodic variability

Source Pmet Dsrc Liras Ref.
P D

(Galactic name) [day] [kpc] [104 L!]
009.621+0.196 244 5.2 30.0 1 6
012.681−0.182 307 4.5 4.2 2 7
012.889+0.489 29.5 2.34 2.0 3 8
022.357+0.066 179.2 4.6 2.4 4 9
037.550+0.200 237 5.0 4.5 5 9
188.946+0.886 404 2.10 1.2 1 10
196.454−1.677 668 5.28 10.2 2 11
328.237−0.547 220 12.0 117.2 1 9
331.132−0.244 504 4.7 6.2 1 7
338.935−0.062 133 2.9 3.8 1 9
339.622−0.121 201 2.6 1.6 1 9

Note. — Col. 1: name of the source, Col. 2: variability period,
Col. 3: distance, Col. 4: luminosity estimated with the IRAS data,
Col. 5 and 6: references of the periods (P) and distances (D).

References. — (1) Goedhart et al. (2007); (2) Goedhart et al.
(2004); (3) Goedhart et al. (2009); (4) Szymczak et al. (2011); (5) Araya
et al. (2010); (6) Sanna et al. (2009); (7) Near kinematic distancea;
(8) Xu et al. (2011); (9) Green & McClure-Griffiths (2011); (10) Reid
et al. (2009a); (11) Honma et al. (2007).

aAssumed on a flat rotation curve with a Galactic circular rotation
of the Sun, of 246 km s−1 (Bovy et al. 2009), and a solar distance, of
8.4 kpc (e.g., Reid et al. 2009b).

fect might explain the observed sources which have the
longer periods than predicted by the P-L relation (1).

4. CONCLUSION AND DISCUSSION

In this Letter, we have shown that the pulsation of
massive protostars could explain the periodic vari-
ability of the 6.7 GHz maser sources. Our linear sta-
bility analysis clearly shows that a rapidly accreting
(Ṁ∗ " 10−3 M# yr−1) massive protostar becomes pulsa-
tionally unstable when the star is bloated before reach-
ing the ZAMS. Typical periods of the pulsation are sev-
eral 10 − 100 days, which explain the observed peri-
odicity well. The period depends on the adopted ac-
cretion rate, getting longer with the higher rate. On
the other hand, the protostar with the lower Ṁ∗ be-
comes unstable but does not produce the periodicity,
which could also explain why the periodic variability
shorter than 10 days has not been observed. Our stabil-
ity analysis predicts the period-luminosity (P-L) relation
for the pulsationally unstable protostars, log(L/L#) =
4.62 + 0.98 log(P/100 day).

Moreover, our stellar evolution models predict that
other stellar properties such as the mass, radius, and ac-
cretion rate as well as the luminosity should depend on
the pulsation period. We show this in Figure 3. Single
power-law functions which fit the results are,

M∗ = 17.5 M#

(
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100 days

)0.30

, (2)

R∗ = 350 R#
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)0.62

, (3)

Ṁ∗ = 3.1 × 10−3 M# yr−1
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)0.73

. (4)

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations
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enhance the entropy (e.g., Hosokawa et al. 2011). In this case,
the stellar evolution with the spherical accretion would be more
realistic even if gas accretes through the disk (see HYO10).
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for the pulsationally unstable protostars, log(L/L#) =
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今回の計測	


理論線から遠ざかる方向へ改定	




考察	


q 準周期で連続的な変動ではない？ 
–  307 (±60) 日 周期と誤差が大きい 
–  “間欠的”な変動は脈動モデルでは説明困難 

q 赤外線フラックスの見積もりの誤差大きい？ 
–  IRASは空間分解能が不足 

•  各YSOへの分離困難 
– SEDモデル (Robitaille+ 06) 自体の改善・利用が必要 

q 理論予言線の傾きが異なる？ 
– 今後の観測成果を踏まえたフィードバックが必要 



まとめ・展望	




まとめ	


q 大質量原始星の脈動不安定モデルの出現 
– CH3OHメーザー周期変動の要因として適当 
– 原始星表面の物理パラメータ取得に大きく貢献！？ 

q P-L relation の観測的検証・確立を目指して              
– 周期変動天体の年周視差計測 

•  G12.681-0.182： Dpara = 2.9       kpc 
– Dpara /Dkin ~ 0.6 

•  理論予言線から遠ざかる方向へ改定 
– 間欠的？　赤外線フラックスの見積もり不足？ 
– 理論モデルへのフィードバックも大いに必要 
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今後の展望	


q 個別：G12.681-0.182 
–  他に使用可能なスポットサーベイ 
–  参照電波源に対するセルフキャルで構造の有無を調査 

q 全体 
–  P-L relation の観測的検証・確立 

•  南半球でも同様な年周視差計測を計画・実施 
•  サンプル数の増加を目指した、大規模な長期高頻度　　　　　　　　　

単一鏡モニター （日立32-m @茨城大学　で実施継続中） 
–  周囲の物理環境温度の変動モニター 

•  円盤由来の温度変動を近・中赤外線モニターで観測 （PI: 内山） 
•  ALMAでダスト温度変動モニター！？ 


