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1. Motivations	

Periodic flux variations around high-mass protostars	
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Fig. 3.— (a) Velocity centroid map of the 321 GHz H2O line. The color represents the radial

velocity and the size of the circle is proportional to its intensity. The typical values of positional

errors in the Gaussian fitting is 0.005-0.02′′(1σ). (b) Same as (a) but for the 336 GHz H2O line. A

solid line with a position angle of 140±1 degrees represents the midplane of the disk derived from

peak positions of these channel maps. (c) Same as (a) but for the 43 GHz vibrationally-excited SiO

maser lines observed with VERA (VLBI Exploration of Radio Astrometry) with 0.8 mas×0.5 mas

resolution (Kim et al. 2008). Gray crosses represent peak positions of the 336 GHz channel maps

(panel (b)) with error bars of two-dimensional Gaussian fitting of each channel map (1σ).

High-mass (HM) star formation	

H2O thermal disk in Source I of Orion (Hirota+ 14)	
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solid line with a position angle of 140±1 degrees represents the midplane of the disk derived from

peak positions of these channel maps. (c) Same as (a) but for the 43 GHz vibrationally-excited SiO

maser lines observed with VERA (VLBI Exploration of Radio Astrometry) with 0.8 mas×0.5 mas
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(panel (b)) with error bars of two-dimensional Gaussian fitting of each channel map (1σ).

336 GHz H2O line	 43 GHz SiO maser	

4 Á. Sánchez-Monge et al.: An ALMA study of G35.20–0.74 N

Fig. 4. (a) Peaks of the
CH3CN(19–18) K=2 lines
emission (solid circles) ob-
tained with a 2-D Gaussian fit
channel by channel. For each
peak also the corresponding
50% contour level is drawn
(using the same colour as the
peak). The colour corresponds
to the line-of-sight velocity, ac-
cording to the scale displayed
to the right. The ellipse in the
bottom right denotes the syn-
thesized beam. (b) Comparison
between the velocity of the
best-fit Keplerian disk (colour
map) and the emission peaks
at different velocities (solid
circles) obtained for the fol-
lowing lines: CH3CN(19–18)
K=2,3,4, CH3OH(71,6–61,5)
vt=1, CH3OH(141,13–140,14),
HC3N(37–36). The crosses
mark the position of the
continuum peak.

x0=18h58m13.s027±0.s002, y0=01◦40′35.′′94±0.′′07, ψ=157±4◦,
θ=19±1◦, M∗=18±3 M⊙.

A lower limit for the disk radius is Rdisk ≃ 2500AU, obtained
from the maximum deprojected distance of the peaks from the
center. One may wonder if such a big structure can undergo
Keplerian rotation. The mass of the disk can be estimated from
the continuum emission. The integrated flux density from core
B at 350 GHz is 0.32 Jy. Assuming a dust absorption coefficient
0.5 cm2 g−1 (ν/230.6 GHz) (Kramer et al. 2003) and a gas-to-
dust mass ratio of 100, we obtain ∼3 M⊙ for a dust temperature
of 100 K. Despite the large uncertainties on the dust opacity and
temperature, we believe that the mass of core B is significantly
less than the central mass (∼18 M⊙), which satisfies the condi-
tion for Keplerian rotation.

It is worth stressing that our findings are in good agreement
with the recent study by Ilee et al. (2012). Through measure-
ments of scattered light from G35.20–0.74N, these authors find
that the CO first overtone bandhead emission at 2.3 µm can be
fitted with a Keplerian disk rotating about a 17.7 M⊙ star.

The distribution of the molecular peaks in Fig. 4b clearly
shows that our observations detect only the NE side of the disk.
We speculate that this could be an opacity effect. If the disk is
optically thick in the relevant lines, flared, and inclined by 19◦,
only part of the surface heated by the star is visible to the ob-
server. This creates an asymmetry along the direction of the pro-
jected disk axis, with line emission being more prominent on the
side (in our case the NE side) where the disk surface is visible.
Clearly, radiative transfer calculations are needed to confirm this
scenario, but we note that in our source the NE part of the disk
axis should be pointing towards the observer, consistent with the
orientation of the CO outflow (blue shifted to the NE and red
shifted to the SW - see GHLW) and the obscuration seen to the
SW in the IR images (see Fig. 2).

4. The stellar content of core B: A binary system?
An issue that is worth discussing is whether an 18 M⊙ YSO is
compatible with the bolometric luminosity of the region. (3 ×
104 L⊙; see Sect. 1). Depending on the adopted mass–luminosity

relation, the luminosity expected for an 18 M⊙ star ranges from
2.5 × 104 L⊙ (Diaz-Miller et al. 1998), to 6.6 × 104 L⊙ (Martins
et al. 2005). This means that the 18 M⊙ star should be the main
contributor to the luminosity of the whole star forming region.
Such a possibility seems quite unlikely due to the presence of
multiple cores (see Fig. 2), one of which is an HMC possibly
hosting at least another high-mass star (core A).

A possibility is that one is underestimating the true lumi-
nosity due to the “flashlight effect”, where part of the stellar
photons are lost through the outflow cavities. According to the
recent model by Zhang et al. (2013), when this effect is taken
into account, the luminosity obtained assuming isotropic emis-
sion (3.3 × 104 L⊙) becomes as large as 7 × 104–2.2 × 105 L⊙
consistent with a single star of ∼20–34 M⊙.

While the previous explanation is possible, the isotropic es-
timate appears more robust than a model-dependent value, and
we thus consider another hypothesis, namely that one is dealing
with a binary system. In this case, the luminosity is significantly
reduced with respect to that of a single 18 M⊙ object and may
be as low as ∼ 7× 103 L⊙ for equal members. The latter is much
less than the bolometric luminosity, thus allowing for a signifi-
cant contribution by other YSOs.

The existence of a binary system could also explain why
the N–S jet associated with core B is not aligned with the disk
rotation axis. The presence of a companion would in fact be
sufficient to induce precession of the jet/outflow, as hypothe-
sized by Shepherd et al. (2000) to explain the observed pre-
cession of the bipolar outflow from the high-mass protostar
IRAS 20126+4104. In this scenario, the outflow from core B
would precess about an axis oriented NE–SW, i.e. along the bi-
sector of the butterfly shaped IR nebula seen in Fig. 1. The IR
emission would arise from the cavity opened by the outflow it-
self during its precession, while the thermal radio jet would trace
the current direction of the precessing axis.

The last question we address is the origin of the free-free
emission from core B (see e.g. Fig. 3). Could this be tracing
a (hypercompact) Hii region? According to GHLW, this source
(n. 7 in their Table 1) has a spectral index >1.3 between 6
and 3.6 cm, compatible with free-free emission from an opti-

CH3CN disk in G 35.20-0.74N (Sanchez-Monge+ 13)	

q Could be a Scaled-Up ver. of  
low-mass star formation!
•  Disk-outflow system  (e.g., Hirota+17)

•  Growth through mass accretion 
from disk  (e.g., Hosokawa+ 10)

•  Magnetic field structure with 
hourglass shape (e.g., Tang+ 09)

•  Accretion burst (Fujisawa+ 15; Caratti 
o Garatti+ 16)

Disk-driven rotating bipolar outflow observed in 
Orion Source I  (Hirota+ 17)	
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via the rotation motions of the disk and outflow. Thus we conclude 
that outflow rotation is the best explanation for the velocity gradi-
ents in Source I.

The signature of rotation is clearly demonstrated in the position– 
velocity diagrams of the 484 GHz Si18O and 463 GHz H2O emis-
sions in the disk mid-plane (Fig. 2a,b). These are analogous to those 
of the high excitation lines detected by recent ALMA observa-
tions19,21. The position–velocity maps exhibit a signature of a cen-
tral hole (Supplementary Fig. 1b), suggesting that emission from 
the outer parts of the outflow is dominant and/or that high opac-
ity continuum emission could obscure the innermost region in the 
mid-plane19,21,22. The inner (Rin) and outer (Rout) radii of the disk, 
and the rotation velocities at these positions, are derived from the 
Si18O map, Rin(z =  0) =  24 ±  8 au, Rout(z =  0) =  76 ±  4 au, vϕ(z =  0, 
r =  Rin) =  17.9 ±  0.6 km s−1 and vϕ(z =  0, r =  Rout) =  7.0 ±  0.4 km s−1 
with 1σ errors (see Methods), where vϕ is the rotation velocity, r is the 

distance (au) from the rotation axis and z is the distance (au) from 
the mid-plane of the disk. Although these values can be explained 
by a rotation curve conserving angular momentum, vϕ ∝  r−1,  
the position–velocity diagrams could not distinguish Keplerian rota-
tion, vϕ  ∝   r−0.5 due to insufficient resolution. Assuming Keplerian 
rotation, the enclosed mass is estimated to be 8.7  ±   0.6 M⊙ (1σ) 
from the maximum rotation velocity at the inner radius. The result 
is consistent with the mass estimated from SiO maser observa-
tions11. However, the shallower velocity gradient around the sys-
temic velocity (5 km s−1) agrees with a smaller enclosed mass19,21. It 
is also likely that the inner radii and resultant enclosed mass could 
be overestimated due to insufficient angular resolution.

We made slices for position–velocity diagrams of the 484 GHz 
Si18O line at different offset positions, z, from the disk mid-plane 
(Fig.  1a). The position–velocity diagrams at z ≈   ± 25 au show  
velocity gradients similar to that along the mid-plane (Fig. 2a,c). As 
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Figure 1 | Moment maps of the observed lines and continuum emissions. a, 490!GHz continuum (white contours) and moment 0 (integrated intensity; 
colour) maps of the 484!GHz Si18O line. b, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (peak velocity; colour) maps 
of the 484!GHz Si18O line. c, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (colour) maps of the 463!GHz H2O line. 
Contour levels are 3, 6, 12, 24, …  times the root mean square (r.m.s.) noise levels and the r.m.s. noise levels are 5!mJy!beam−1, 481!mJy!beam−1!km!s−1 and 
56!mJy!beam−1!km!s−1, respectively, for the continuum, moment 0 map of the Si18O line, and moment 0 map of the  H2O line. Synthesized beam sizes are 
indicated at the bottom-left corner of each panel. In a, the solid magenta lines indicate slices of the position–velocity diagram at 0, ± 60, ± 120, ± 180, ± 240, 
± 300, ± 360, ± 420 and ± 480!mas from the disk mid-plane. The width of each slice is 60!mas. The interval of the slices parallel to the northwest–southeast 
direction is 60!mas, corresponding to Δ z =  25!au at the distance of Orion KL. The northeast–southwest outflow axis is defined as z in Supplementary Fig. 4. 
The position angle of the slice is determined from the Gaussian fitting of the continuum emission. RA, right ascension; Dec, declination.
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Figure 2 | Position–velocity diagrams parallel to the disk mid-plane. a, 484!GHz Si18O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12,  
24, …  times the r.m.s. noise level of 358!mJy. b, 463!GHz H2O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12, 24, …  times the r.m.s. 
noise level of 166!mJy. c, Same as a, but at different offset positions from z =  ±  25!au to  ± 200!au with an interval of 25!au, as shown in Fig. 1a. Contour 
levels are the same as in a, but with different r.m.s. noise levels of 310–390!mJy for each position offset. The vertical axes represent the line-of-sight 
velocity with respect to the local standard of rest (lsr).
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via the rotation motions of the disk and outflow. Thus we conclude 
that outflow rotation is the best explanation for the velocity gradi-
ents in Source I.

The signature of rotation is clearly demonstrated in the position– 
velocity diagrams of the 484 GHz Si18O and 463 GHz H2O emis-
sions in the disk mid-plane (Fig. 2a,b). These are analogous to those 
of the high excitation lines detected by recent ALMA observa-
tions19,21. The position–velocity maps exhibit a signature of a cen-
tral hole (Supplementary Fig. 1b), suggesting that emission from 
the outer parts of the outflow is dominant and/or that high opac-
ity continuum emission could obscure the innermost region in the 
mid-plane19,21,22. The inner (Rin) and outer (Rout) radii of the disk, 
and the rotation velocities at these positions, are derived from the 
Si18O map, Rin(z =  0) =  24 ±  8 au, Rout(z =  0) =  76 ±  4 au, vϕ(z =  0, 
r =  Rin) =  17.9 ±  0.6 km s−1 and vϕ(z =  0, r =  Rout) =  7.0 ±  0.4 km s−1 
with 1σ errors (see Methods), where vϕ is the rotation velocity, r is the 

distance (au) from the rotation axis and z is the distance (au) from 
the mid-plane of the disk. Although these values can be explained 
by a rotation curve conserving angular momentum, vϕ ∝  r−1,  
the position–velocity diagrams could not distinguish Keplerian rota-
tion, vϕ  ∝   r−0.5 due to insufficient resolution. Assuming Keplerian 
rotation, the enclosed mass is estimated to be 8.7  ±   0.6 M⊙ (1σ) 
from the maximum rotation velocity at the inner radius. The result 
is consistent with the mass estimated from SiO maser observa-
tions11. However, the shallower velocity gradient around the sys-
temic velocity (5 km s−1) agrees with a smaller enclosed mass19,21. It 
is also likely that the inner radii and resultant enclosed mass could 
be overestimated due to insufficient angular resolution.

We made slices for position–velocity diagrams of the 484 GHz 
Si18O line at different offset positions, z, from the disk mid-plane 
(Fig.  1a). The position–velocity diagrams at z ≈   ± 25 au show  
velocity gradients similar to that along the mid-plane (Fig. 2a,c). As 
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Figure 1 | Moment maps of the observed lines and continuum emissions. a, 490!GHz continuum (white contours) and moment 0 (integrated intensity; 
colour) maps of the 484!GHz Si18O line. b, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (peak velocity; colour) maps 
of the 484!GHz Si18O line. c, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (colour) maps of the 463!GHz H2O line. 
Contour levels are 3, 6, 12, 24, …  times the root mean square (r.m.s.) noise levels and the r.m.s. noise levels are 5!mJy!beam−1, 481!mJy!beam−1!km!s−1 and 
56!mJy!beam−1!km!s−1, respectively, for the continuum, moment 0 map of the Si18O line, and moment 0 map of the  H2O line. Synthesized beam sizes are 
indicated at the bottom-left corner of each panel. In a, the solid magenta lines indicate slices of the position–velocity diagram at 0, ± 60, ± 120, ± 180, ± 240, 
± 300, ± 360, ± 420 and ± 480!mas from the disk mid-plane. The width of each slice is 60!mas. The interval of the slices parallel to the northwest–southeast 
direction is 60!mas, corresponding to Δ z =  25!au at the distance of Orion KL. The northeast–southwest outflow axis is defined as z in Supplementary Fig. 4. 
The position angle of the slice is determined from the Gaussian fitting of the continuum emission. RA, right ascension; Dec, declination.
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Figure 2 | Position–velocity diagrams parallel to the disk mid-plane. a, 484!GHz Si18O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12,  
24, …  times the r.m.s. noise level of 358!mJy. b, 463!GHz H2O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12, 24, …  times the r.m.s. 
noise level of 166!mJy. c, Same as a, but at different offset positions from z =  ±  25!au to  ± 200!au with an interval of 25!au, as shown in Fig. 1a. Contour 
levels are the same as in a, but with different r.m.s. noise levels of 310–390!mJy for each position offset. The vertical axes represent the line-of-sight 
velocity with respect to the local standard of rest (lsr).

484 GHz
Si18O line	

463 GHz
H2O line	



Evolutionary tracks depends on accretion rate onto 
the surface of  HM proto-stars (≦ 0.1 au-scale) 	

q  Theoretical calculation suggested that evolutionary tracks of  HM proto-
stars are determined by an accretion rate onto the stellar surface of  ones 
(Hosokawa & Omukai 2009)
•  Must be expanded just before ZAMS to be 10-100 R◎ 
•  Spatial scale ≦ 0.1 au-scale

q  We need to measure the accretion rates onto the surface (tiny area) to 
understand the evolution of  HM proto-stars

Evolutionary tracks depending on accretion rates onto the surface of HMPSs (Hosokawa & Omukai 09)	

> 10-3 Mo/yr 

10-6-10-3 Mo/yr 

ZAMS 

10-6 −10-3 M◎ yr-1	



Spatial scale around the HM proto-stars (PSs)�
vs instruments	

q HM proto-stars scale: ≦ 0.1 au
    (≦ 0.1 mas @ ≧ 1kpc)

✖  VLTI, ALMA, SMA, etc…
✖  VLBI: maser locates 102-3 au
△  ext-ALMA: in most cases…

≦ 0.1 au 
Ext.-ALMA ?? 

~10-1000 au 
VLTI, ALMA, SMA, VLBI	

~10000 au (~0.1 pc) 
NRO, Mopra, etc …	

HMPO	 rotation/accretion disk	 envelope	

Maser:		



q  (Potentially) discovered in the 86 GHz 
SiO maser of  Orion-KL (Ukita+ 81)

q  Verified in the 6.7 GHz CH3OH maser 
of  G 009.62+00.20 E with a period of  
246 d (Goedhart+ 03)
•  So far, in 20 sources (e.g., Goedhart+ 04)

q  Characteristics
•  Periods： ~30–670 d
•  Pattern： Continuous / Intermittent
•  Synchronized in multiple spectral 

components



Periodic flux variations around HMPSs	

~500 days, 
continuous	

-90.8	km/s	

-91.5	km/s	

↑: Periodic methanol maser sources, G 331.13-00.24 
(Goedhart+ 07), ↓:  G 009.62+00.20 E (Goedhart+ 14).	

1810 S. Goedhart et al.

Figure 5. 12.2 GHz time series for peak velocity channels in G9.62+0.19E.

programme up to the failure of the main polar shaft bearing in 2008
October.

2 O BSERVATIONS

All observations were made with the Hartebeesthoek Radio Astron-
omy Observatory (HartRAO) 26-m telescope. Observing took place

at one to two week intervals, with observations at two to three day
intervals if a source was seen to be flaring. The antenna surface at
this time consisted of perforated aluminium panels. The surface was
upgraded to solid panels during 2003–2004, resulting in increased
efficiency at higher frequencies. However, the telescope pointing
was affected until the telescope was rebalanced in 2005 April and a
new pointing model was derived and implemented in 2005 Septem-
ber. Pointing checks during observations were done by observing
offset by half a beam-width at the cardinal points and fitting a two-
dimensional Gaussian beam model to the observed peak intensities.
The sources were observed with hour angle less than 2.3 h to mini-
mize pointing errors. Pointing corrections after the implementation
of the new pointing model were typically around 4 to 10 per cent
at 12.2 GHz and 1 to 5 per cent at 6.7 GHz. Any observations with
pointing corrections greater than 30 per cent were excluded from the
final data set since it was found that these were invariably outliers
in the time series.

Amplitude calibration was based on regular drift scan measure-
ments of 3C123, 3C218 and Virgo A (which is bright but partly
resolved), using the flux scale of Ott et al. (1994). Pointing errors in
the north–south direction were measured via drift scans at the beam
half power points and the on-source amplitude was corrected using
the Gaussian beam model.

During 2003 the receivers were upgraded to dual polarization,
and observations were switched to a new control system and a new
spectrometer. Frequency-switching mode was used for all observa-
tions.

The observing parameters of the monitoring programme are given
in Table 1. Prior to 2003 only left circular polarization was recorded
and two different bandwidths were used at 6.7 GHz, depending on
the target source’s velocity range.

The strong methanol maser source G351.42+0.64 was used as a
comparison to identify potential periods induced by the telescope
systems. No evidence of periodicity was found. Detailed analysis
of this source was presented in Goedhart et al. (2009) and will not
be repeated in this paper.

Table 2. Periods found from LS periodogram and epoch-folding for G9.62+0.19E. Identified harmonic series are indicated in bold text.

Velocity Mean Mean S/N LS E-F period E-F
flux rms Significant periods HWHM
density noise

(km s−1) (Jy) (Jy) (d) (d) (d)

6.7 GHz

− 1.276 30.1 1.9 15 1575, 945.2, 683.2, 187.8 – –
− 0.837 65.7 2.2 30 1013 – –
− 0.222 564.5 8.4 67 821.9, 443.0, 241.3, 142.1, 131.0 – –

1.227 5079 75 637 1620, 756.1, 446.5, 268.8, 244.4,127.4, 81.0, 61.0 243.8 4.1
1.841 151.6 3.4 45 450.1, 272.6, 244.4, 167.8, 128.0, 121.7, 81.2, 61.0 243.6 3.8
2.237 45.6 2.1 22 1890, 243.4, 128.0, 122.0, 81.2, 61.0 243.7 3.4
3.027 52.0 2.5 23 246.6, 225.0, 122.2, 81.7 242.6 5.5
3.729 17.0 1.9 9 1829 – –
5.266 72.0 1.4 51 394.7 – –
6.363 12.6 1.1 11 – – –

12.2 GHz

− 1.010 26.6 0.9 30 1071 – –
− 0.192 28.9 0.9 32 997.5 – –

1.250 277.5 1.8 124 244.0, 121.7, 81.1, 60.9, 48.7, 40.6 243.2 3.6
1.635 79.2 1.3 60 244.0, 121.7, 81.1, 60.9, 48.7, 40.6 243.5 2.2
2.115 4.7 0.9 5 245.2, 120.0, 81.3, 60.6 243.3 6.5
3.173 12.18 0.9 14 80.4 241.6 5.5
3.798 21.5 0.9 24 803.4, 140.4 – –
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51500  52000  52500  53000  53500   54000  54500  55000 
MJD [days]	

1.25	km/s	

1.64	km/s	

~250 days, 
intermittent	

Possibly caused by central engine in 
tiny spatial scales of  ~0.1-1 au 
(expected from Keplerian rotation) 



Candidates to cause period variations	

q  Colliding wind binary                            
(van der Walt+ 09; van der Walt 11)

q  Stellar pulsation instability              
(Inayoshi+ 13; Sanna+ 15)

q  Spiral shock heating in a circum-
binary disk (Parfenov & Sobolev 14)

Time	

Flux	

Time	

Flux	

Time	

Flux	

Dust temperature	

Seed photon	

Stellar pulsation instability
(Continuous / sinusoidal)	

Spiral shock heating in circumbinary disk	Colliding wind binary	



Period-Luminosity relation:�
expected from pulsational instability model	
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Inayoshi+ (13)	

log(L/L⊙) = 4.40(±0.14) + 0.47(±0.41) · log(P/100 days) (1)

log(L/L⊙) = a+ b · log(P/100 days) (2)

a = 4.40(±0.14) (3)

b = 0.47(±0.41) (4)

1



Period-Luminosity relation:�
related to physical properties	

q  Expected to measure physical properties 
on HM proto-stars at protostellar phase, 
indirectly from taccretion ~ tKH
•  Luminosity
•  Mass
•  Radius
•  Accretion rate onto stellar surface

q  Achieve the measurement at sub-au 
scale using single-dish low-angular 
resolution instrument observations !

q  Should be verified and established by 
observations 	

4 K. Inayoshi et al.
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Fig. 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).

If the P-L relation (1) is confirmed by further observa-
tions, we can infer the above quantities with equations
(2) - (4) only from the maser period. As seen in Figure
2, the periods of the observed maser sources are longer
than 10 days. Our stellar-pulsation models predict that,
in particular to explain the periods longer than 100 days,
very rapid mass accretion with Ṁ∗ ! 3× 10−3 M⊙ yr−1

is required. In this way, we can make a direct diagnosis of
the small-scale structure of accreting massive protostars
and their vicinities (" a few AU), which are difficult to
see in the optical and infrared bands, by measuring the
maser periods.

The stellar pulsation examined above should cause the
periodic variation of the stellar luminosity L∗. Al-
though it is still uncertain where the maser emis-
sion is excited around protostars, some obser-
vations suggest that the maser sources are lo-
cated on circumstellar disks at r ∼ 103 AU (e.g.,
Bartkiewicz et al. 2009). The temperature of
the circumstellar disk irradiated by the stellar radiation
obeys Td(r) ≃ 120 K (L∗/3×104 L⊙)1/4(r/103 AU)−1/2,
where r is the distance from the protostar. The variation
of the stellar luminosity δL∗ changes the dust tempera-
ture following δTd/Td ≃ δL∗/4L∗. Since the response
of the dust temperature to the irradiating flux variation
is so rapid (∼ a few sec), δTd should synchronize with
δL∗. As evaluating δL∗ is beyond our linear analysis, we
here consider the flux variation of Mira variables, which
are also excited by the κ-mechanism. Interestingly, SiO
maser sources associated with some Mira variables are
likely pumped by the stellar radiation, and show peri-
odic variations which synchronize with the stellar pul-
sation (Pardo et al. 2004). With the typical flux vari-
ations of ≃ 3 magnitudes of Mira-type stars (Samus et
al. 2009), the amplitude of the variation is estimated
as δTd/Td ≃ 0.3, which results in δTd ≃ 40 K around
Td ≃ 120 K. Cragg et al. (2005) show that the variations
of the dust temperature δTd ! 20 K could produce the
observed amplitudes of the maser variability (∼ 10−100
Jy). Therefore, the stellar pulsation could produce the
flux variations of the observed 6.7 GHz methanol masers.

In the above, we have supposed that the stellar radi-
ation reaches the irradiated disk surface without signif-
icant time delays, i.e., the light path from the star to
the disk surface is optically thin. This should be valid
with the disk accretion, where the density above the disk
quickly decreases as the gas falls onto the disk. If out-
flow is launched from the disk, however, the disk wind
would enhance the density above the disk and increase
the optical depth. According to a disk wind model by
Zhang, Tan & McKee (2012), the optical depth when
the protostar is pulsationally unstable is estimated as
≃ 5 (Ṁ∗/10−3 M⊙ yr−1)0.27(κ̄/3 cm2 g−1), where κ̄ is
the mean opacity of dusts. The diffusion time with this
optical depth is ≃ 30 days, which is shorter than the
typical periods of the maser sources. This effect would
smear out only variabilities shorter than a few 10 days.
Nonetheless, the launching mechanism of the disk
wind and the detailed density structure above
the disk are still highly uncertain. Some periodic
maser sources which have P ! 100 days also show
rapid fluctuations of light curves over a few 10
days (e.g., G009.621, G022.357, and G338.935).
The above estimate of the diffusion time do not
explain such the rapid changes. Although the
variations of these sources might be explained
with different models rather than ours (also see
below), it would be also possible that the disk
wind is weaker and the diffusion time is shorter
than evaluated above. Simultaneous monitoring of
the maser sources in the infrared band will verify the re-
lation between the periodic variations of the stel-
lar luminosity and the maser variability.

Finally, we compare our pulsation model to al-
ternative models for explaining the periodic vari-
ability of the 6.7 GHz methanol maser sources.
For instance, van der Walt (2011) propose that
radiation from shocked gas in the colliding bi-
nary wind should explain both the periodicity
and shapes of the light curves of some maser
sources. This model supposes a particular con-
dition, the binary system surrounded by an ul-
tracompact HII region (∼ 103 AU), and explains
the periodic maser sources for which ultracom-
pact HII regions have been observed (triangles
in Fig 2). On the other hand, a number of the
sources presented in Figure 2 do not show asso-
ciating HII regions at least at 5 and 8 GHz. Our
models could explain these sources, as the pro-
tostar becomes pulsationally unstable when the
stellar radius is very large and effective temper-
ature is only Teff ≃ 5000 K, with which the UV
luminosity is too low to create a detectable HII
region. This suggests that measuring the UV lu-
minosities of massive protostars would be a key
for discriminating the models. Further observa-
tions at the higher frequencies (> a few tens GHz)
would detect hypercomact HII regions, which are
too small and optically thick to be detected at the
lower frequencies. Such the observations with the
higher spatial resolution (e.g., with ALMA) are
sure to advance our understanding of the enig-
matic periodic variability of the maser sources.

Inayoshi+ (13)	※ tacc = M / Mdot ;  tKH = G M2 / L R	



102

103

104

105

106

 1  10  100  1000

Lu
m

in
os

ity
 [L

su
n]

Period [day]

Continuous, Para
Continuous, Kine

Theory

Period-Luminosity (P-L) relation:�
based on observed data so far	



102

103

104

105

106

 1  10  100  1000

Lu
m

in
os

ity
 [L

su
n]

Period [day]

Continuous, Para
Continuous, Kine

Theory

Period-Luminosity (P-L) relation:�
based on observed data so far	



Problems to be solved	

q Lack of  samples
•  < 20% (~170 sources) monitored enough to investigate periods
•  Mainly toward bright sources

☞ Long-term, high-frequent, and unbiased monitor toward large samples!


q Inaccurate luminosity
•  Inaccurate source distance (kinematic distances: 6/8 sources)
•  Low-spatial resolution FIR data


q Comparison with a monitor at NIR band

•  Need to investigate a change of  dust temperature due to the luminosity 
variation of  a central exciting source



2. Observations	

Periodic flux variations around high-mass protostars	



Hitachi 32-m monitor project: 
obs. parameters	

q Target sources : 442 sources in total
•  Dec > -30 deg from the methanol maser catalog till in 2012/Dec

q Initiated from 2012/Dec/30 using Hitachi 32-m telescope

Parameter	/	Session	 1st	&	2nd	 3rd		

Telescope,	beam	size	 Hitachi	(Ibaraki)	32-m,		4.6	arcmin	@6.7GHz	

DuraCon	 2012/12/30	–	2014/01/10	
2014/05/07	–	2015/08/24	 2015/09/18	–	2017/02/19	

ObservaConal	interval		 9-10	days-1	/	source	 4-5	days-1	/	source	

Radio	frequency	 6664	–	6672	MHz	

Channel		 8,192	(binned	from	2,097,152	channels)	

Velocity	resoluCon	 0.044	km	s-1	

SensiCvity	(3	σ)	with	5	min	 ~0.9	Jy	

Ibaraki （Hitachi・Takahagi）32-m radio telescopes (from HP of Center for Astronomy, Ibaraki Univ.)	

Hitachi 32-m (Credit: NAOJ)	



3. Results	

Periodic flux variations around high-mass protostars	



e.g., Dynamic spectrum �
                                in G 036.70+00.09	
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e.g., Lomb-Scargle periodgram �
                                             in G 036.70+00.09	
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New detections of  periodic variations	

q Lomb-Scargle periodogram （Lomb 76; Scargle 82）
•  Programmed by Y. Yasui (Ibaraki M2 in 2015) based on Numerical Recipe


q How to judge periodic sources
①  False-alarm probability （FaP） < 10−4  （confidence of  99.99 %）

②  Detectable at least 3 periodic cycles

Ø e.g., ~450 d at maximum during 1st-3rd season of  ~1400 d

③  S/N >= 7 at the peak timing

☞ 　in 42 sources, identified periodic variations
•  Known :  11 sources
•  New !    :  31 sources　with periods of  22-409 d



Histogram of  periodic sources	

 0

 5

 10

 15

 20

 0  100  200  300  400  500  600  700  800

N
um

be
r o

f s
ou

rc
es

Periods [days]

Hitachi 3rd
Hitachi 1st-3rd

Previous

known 20 
+ 

New 31	

☞　Succeed to increase
samples more than twice!	

　　　： Known
　　　： New detec. 1st-3rd	
　　　： New detec. 3rd	



Histogram classified by�
pattern of  periodic flux variation	
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Luminosity estimated from Herschel 
PACS/SPIRE photometric data	

q Total flux from MIR-FIR data
•  Herschel photometry （Molinari+ 16）

Ø Freq.: 70, 160, 250, 350, 500 µm
Ø PSF  : 6, 12, 18, 24, 35 arcsec
Ø Area : −70° ≦ l ≦ +68°

•  SED fit with single black body

☞     applicable to 11 sources 	
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Updated P-L relation	

102

103

104

105

106

 1  10  100  1000

Lu
m

in
os

ity
 [L

su
n]

Period [day]

Continuous, Para or GC
TheoryContinuous with Para／GC　　● 

Theoretical line                      ------ 
 



Updated P-L relation	
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For completion of  P-L relation verification	

q Parallax measurements to ambiguous distance sources
•  2 sources have been observed as VERA17A-124

Ø Observed in Feb. (epoch 1), Apr. (epoch2) 2017
Ø 1/2 source, succeeded a phase-referencing with ~40 µas accuracy

q Completion of  the periodic samples
•  To complete longer periodic sources than 1-2 yrs, we have 

proceeded with the Hitachi monitor since Jun. 14 in 2017
Ø will be discussed by combining it with the Hitachi archival data



4. Summary	

Periodic flux variations around high-mass protostars	



Summary	

q  Periodic flux variabilities could be unique probe to measure 
physical properties on HM proto-stars indirectly
•  Accretion rate onto the surface measured through P-L relation, which is a key 

parameter to determine evolutionary tracks of  HM proto-stars 

q  Ibaraki (Hitachi) 32-m monitor project 
•  Initiated since 2012/Dec/30 – ongoing
•  Target: 442 sources  (all samples (as of  2012) observable from Ibaraki)
•  Obs. interval: 9-10  &  4-5 d/source
•  Detected Newly 31 sources : periods of  22 -409 days  (by L-S periodogram)

q To complete the verification of  P-L relation on HM proto-stars
•  Source distance measurements with high-positional accuracy by Parallax 
•  Completion for longer period sources than 1-2 yrs by combining 

proceeding with archival data obtained using the Hitachi 32-m	


