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ABSTRACT

We have evaluated on-sky performances of a mid-infrared camera MAX38 (Mid-infrared Astronomical eXploerer)

on the miniTAO 1-meter telescope. A strehl ratio at the N-band is estimated to be 0.7-0.8, and it reaches to 0.9
at the 37.7 micron, indicating that diffraction limited angular resolution is almost achieved at the wavelength
range from 8 to 38 micron. System efficiencies at the N and the Q-band are estimated with photometry of
standard stars. The sensitivity at the 30 micron cannot be exactly estimated because there are no standard stars
bright enough. We use the sky brightness instead. The estimated efficiencies at the 8.9, 18.7, and 31.7 micron
are 4%, 3%, 15% , respectively. One-sigma sensitivity in 1 sec integration of each filter is also evaluated. These
give good agreements with the designed values. Preliminary scientific results are briefly reported.
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1. INTRODUCTION

Mid-infrared wavelengths of 25-40 micron are one of the most important wavelengths to observe dusty astro-
nomical objects such as star forming regions, mass losing stars, and planetary/debris disks. This wavelength
includes a wide variety of dust feature in addition to the peak of the blackbody radiation of ~100K, which is
comparable to temperature of circumstellar dust shells/disks and dusty galaxies.

Many of space telescopes including TRAS, ISO, Spitzer, and Akari have been used for the mid-infrared
observations. Although these achieve excellent sensitivity, spatial resolution is unsatisfied because of their limited
size of primary mirrors. Short lifetime and highly competitive observing time is another problem of the space
telescopes especially for carrying out monitoring observations.

Ground-based telescopes, on the other hand, can achieve higher spatial resolution. Some instruments working
at the N-band (at 10 micron) and the Q-band (at 20 micron) have produced a lot of remarkable results so far.
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Figure 1. Atmospheric transmittances in the mid-infrared wavelength at the Chajnantor TAO site and Mauna-Kea site
simulated using ATRAN atmospheric model (Lord 1992[4]). Black solid lines represent atmospheric transmittance curves
at the best PWV (0.4 and 0.9 mm respectively) of each site, while gray lines represent ones at a moderate PWV (1.0 and
1.9 mm respectively) of each site. The boxes between upper and lower panel represent wavelength regions which MAX38
filters cover.

However instruments which cover the wavelength range of 25-40 micron have not existed because stellar emissions
in these wavelengths are heavily absorbed by the atmosphere.

We have developed a mid-infrared camera MAX38 (Mid-infrared Astronomical eXplorer; Miyata et al. 2008[1])
for observations at 8-38 micron. It is mounted on the University of Tokyo Atacama 1.0-m(miniTAQO) telescope
(Sako et al. 2008[2]) at the summit of Co.Chajnantor in Northern Chile. This is a pathfinding telescope of the
Tokyo Atacama Observatory (TAO; Yoshii et al. 2010 ), which is project to build a 6.5m- infrared-optimized
telescope. An extremely high altitude of 5,640m and dry weather conditions enable us to access the 30 micron
wavelength region.

MAX38 achieved the first light observations in October 2009 (Nakamura et al. 20101°!) and had four observing
runs. In this paper we report on-sky performances of MAX38. The evaluated performance such as point spread
functions and system efficiency, and sensitivity are described in section 2. First science results of MAX38 are
described in section 3. Finally, we summarize of this work in Section 4.

2. PERFORMANCE VERIFICATION
2.1 Point Spread Function

Spatial resolution is a key parameter for the ground-based observation at the mid-infrared. We evaluate it as a
point spread function (PSF) based on images of stars for each filter listed in Table 1.

2.1.1 N / Q band

For the evaluations of the PSFs in the N and the Q-bands, a bright post-supergiant TRC+10420 was observed
in 8th November 2011. Since it is surrounded by a dust shell it is not exactly a point source in the mid-infrared.
The radius of the shell was estimated to be less than 300 mas (Bléker et al 1999[°1) which is much smaller than
the spatial resolution of MAX38. Thus we regard it as a point source. The sky condition at the observations
was clear and stable. We carried out observations with the integration time of 2.6 sec for each filter. Data was
analyzed with standard tasks of IRAF software.

The measured PSFs are displayed in Figure 3. They have nearly round-shapes with diffraction rings. The
full width of half maximum of the PSFs at 8.9, 9.8, 11.2, and 18.7 micron filters are 2.4, 2.7, 3.2 and 4.9 arcsec,
respectively. They almost comparable to the diffraction limited values. (see Table 1).
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Figure 2. MAX38 on the miniTAO telescope. MAX38 is mounted on the Cassegrain focus of the telescope.

2.1.2 30 micron bands

For the evaluation in the 30 micron wavelength range, a red supergaint VY CMa was observed. It is one of
the brightest sources at the mid-infrared. This is also known as an extended object. Wittkowski et al (1998)[7]
suggests that VY CMa has a non-spherical shape in the K-band. Its size of 200 mas is negligible for the present
evaluations because the diffraction limited spatial resolution of MAX38 in the 30 micron is expected to be
approximately 8 arcsec. The observation was carried out under excellent condition with the perceptible water
vapor (PWV) of 0.4 mm in 6th Nov 2011. Integration time was 25 sec for each filter.

The observed PSFs are shown in Figure 3. They show clear diffraction rings. The strehl ratio is estimated to
be 0.8 and 0.9 at the 31.7 and 37.7 micron, respectively. These demonstrate that they almost perfectly achieved
the diffraction limited spatial resolution.

Central Bandwidth | Measured | diffraction | strehl
Name wavelength FWHM limit ratio
[1sm] [um] [arcsec] [m]

JO89WO08 8.9 0.8 2.39 2.19 0.74
JO9SW09 9.8 0.9 2.65 2.41 0.71
J122W05 12.2 0.5 3.15 3.00 0.78
R187WO09 18.7 0.9 4.91 4.60 0.80
MMEF31 31.7 2.2 7.56 7.79 0.84
MMEF37 37.3 2.4 8.51 9.17 0.93

Table 1. comparison of MAX38 measured PSF and diffraction limit , and strehl ratio.
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Figure 3. An image of as star (left panels) and its radial profile (right panels) of each MAX38 filter. Size of the images are
30x30 pixels, and pixel scale of MAX38 is 1.26 arcsec/pix. In right panels, observed radial profiles are shown by cross,
while Moffat functions fitted to data is shown by blue dotted lines. Airy functions calculated from optical design with
green dotted line.



2.2 System efficiency of M AX38
The system efficiency of MAX38, Tcam, is defined as

Tcam = Topt -1 (A) - nG(N) dX (1)

where Topt is the throughput of the optics including inner mirrors and an entrance window , 75 is the filter

transmittance, and nG(\) is the quantum efficiency of the detector. We note that 7cam does not include the
atmospheric transmittance 7yt and the telescope reflectance 7).

2.2.1 N-band / Qband

The system efficiency is estimated from photometric measurements of standard stars by the following equation:

P*exp = /F*(A) . Tatrn . Ttel - Tcam d)\ (2)

where P*exp is a detected photocurrent form a star, and F, () is an intrinsic flux of the star.

Standard stars 24 Cap, o Tuc, and Pi2 Aqr are used for the estimation of the system efficiency in the N and
the Q bands. Observations were carried out in 7th Nov 2011. Integral time is typically 50 sec and 1,000 sec
in the N and the Q-bands, respectively, to achieve sufficient signal-to-noise ratios. The sky condition was good
enough for the photometry. The PWV was approximately 0.5 mm during the observations.

We assume that the throughput of the telescope 7i,) as 0.7 based on measurement of the reflectivity of the
primary mirror in the optical wavelength. The atmospheric transmittance 7,4ty is calculated from ATRAN
model (LORD et al. 1992) with an altitude of 5,640m and the PWV of 0.5 mm. The intrinsic fluxes of the stars
are provided by Cohen et al. (1999)®.

The evaluated system efficiencies are tabulated together with the assumptions in Table 2. These fall within
the range of 3-5%. Reliability of the results is discussed in section 2.2.3.

2.2.2 Thirty micron windows

Since the sky is incredibly unstable in the 30 micron wavelength region, it is quite difficult to estimate the system
efficiency based on the photometry of stars. Figure 4 shows a sample of apparent brightness of a star eta Car
measured at the 31.7 micron. Its brightness varies more than 10% in a few minutes and more than 700% in a
few hours. This could be an extreme one but the variation with a factor of two is usually observed (see also
Miyata et al. 2012al!).

The apparent brightness of the star is found to be clearly correlated with brightness of the sky background
(Figure 5). This is naturally explained by time variation of the atmospheric transmittance: the brightness of the
star increases and the brightness of the sky decreases when the sky gets more transparent, and vice versa. The
data are fit with a linear function. The x-interception of the fitted line corresponds to the brightness of the sky
when the sky is completely opaque. In this case the photocurrent Py, is calculated by the following equation.

Patm = /Bsky(Tatma A) - €atm - Ttel * Topt T(1(A) - nG(A) dA (3)

Here Bsky is a blackbody radiation of the sky. It is to be noted that the value of the x-interception (9.98x10%
e~ /s) includes the thermal emission from the telescope and the entrance window of MAX38. These are estimated
as grey body radiations with some assumptions tabulated in Table 2. The system efficiencies evaluated with the
equation 3 are shown in Table 3.



= object

" 28e9 g
= »
() .:k-
= 249 - -
(9]
]
C 2.0e9 f S SUNNUUUU: SO SN S
+—
= | ‘
D 160} | .
-
a ; :
+— . 4
= 1.2e9 [*
v -
©  8.0e8 s - .
o kY
2 sl AT

4.0e8 1 observation date |

2010.10.3
0 . H H \
08:00 08:30 09:00 09:30 10:00 10:30 11:00

Chilean Local Time

Figure 4. A sample of a strong sky variation. A horizontal and a vertical axes shows an observation time in Chilean local
time and an apparent brightness of a star n Car at 31 micron. The apparent brightness varied 700% in a few hours.

2.2.3 Wavelength dependence of the system efficiency

The estimated system efficiency at the 31.7 micron is about 3-5 times higher than the efficiencies at the N-
band. It is reasonably explained by wavelength dependence of the quantum efficiency. In the equation (1) the
throughput of the optics is calculated as the multiplication of reflectance of the mirrors (0.98 for each mirror) and
the throughput of the window (0.7). The filter transmittances were measured ahead in a laboratory. Therefore
we can estimate the quantum efficiency of the detector from the system efficiency.

The results are listed in column 5 of Table 3. The quantum efficiency is 5-10 % at the N-band and it increases
with the wavelength. It shows a peak of 64% around the 30 micron and rapidly decreases between 30 and 38
micron. This wavelength dependence is consistent with the results of laboratory measurements provided by the
DRS.

Parameter Value
Sky temperature (estimated) 260K
Sky emissivity 100%
Telescope emissivity (estimated) 30 %
Telescope temperature 260 K
Window transmission 70%
Window emissivity 2%
Window temperature (estimated) 260 K
Primary mirror diameter 1.024 m
pixel size 75 pm
pixel scale 1.26 arcsec/pix
conversion factor 200 e~ /ADU

Table 2. Typical parameters used for the point source sensitivity model.

2.3 Sensitivity of MAX38
2.3.1 N-band / Qband

The sensitivity of N-band (8.9, 9.8, 12.2 micron) and Q-band (18.7 micron) are estimated from photometric
measurements of stars, for example 24 CAP. Details of the observations and the stars were described in section
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Figure 5. A relation between the atmospheric brightness and the apparent brightness of a star at 31.7 micron. Filled
circles represents the observed data and a dotted line represents a fitted line derived from least square method. A clear
correlation between apparent brightness and atmospheric brightness is displayed.

2.2. Aperture photometry with a circular aperture is applied. The aperture radii at 8.9, 9.8, 12.2, and 18.7 micron
are set to be 2.5, 3, 3, 4 arcsec, respectively. Errors of the photometry are calculated as standard deviations of
the background counts around the stars. The estimated 1-sigma sensitivities in 1 second are listed in Table 3.
These are almost comparable with the expected sensitivities in Miyata et al 20081,

2.3.2 30 micron bands

The sensitivity of 30 micron bands are estimated from photometric measurements of o Ori. There are not
standard star at 30 micron. a Ori is a one of the most famous variable stars. It is an irregular pulsating variable
that exhibit changes in magnitude from 0.2 to 1.2 in visible.

Monnier et al. (1998)%) pointed out that its brightness in the mid-infrared wavelengths is expected to be
almost stable. He obtained N-band spectra of o Ori 7 times from 1994 to 1997, and suggested that the brightness
at the N-band changed less than 10%. We use the data of the intrinsic flux at 30 micron band with ISO spectrum.
Its flux is about 900 Jy at 31.7 micron, about 630 Jy at 37.7 micron.

The observations at the 31.7 micron and the 37.7 micron were carried out in 8th and 9th Nov. 2011. These
were clear nights with the PWV of ~ 0.4 mm. Integration time for each filters are 100 seconds (31.7micron) and
600 seconds (37.7 micron). The airmass at the observations was 1.27.

Aperture photometries with an aperture radius of 5 arcsec are applied, and errors are estimated from the sky
counts around the star. The 1-sigma sensitivity in 1 sec at the 31.7 and 37.7 micron are estimated to be 28 and
70 Jy, respectively.

These are approximate three or four times larger than the expected sensitivities. This may be caused by
the difference of the atmospheric transmittance. Miyata et al. (2008) estimated the sensitivities under the
assumption of the PWV ~ 0.19 mm, while the observations were carried out under the condition of the PWV
~ 0.4 mm. The transmittance of the thirty micron windows is expected to dramatically improve in these PWV
range.

3. FIRST SCIENCE RESULTS
3.1 31 micron observation : New Detection of Cold Dust Component in PN, Mz3

Mz3 is one of the famous bipolar planetary nebulae surrounded a massive dust shell. So far a lot of studies
have been performed to reveal spatial distributions of the dust in the nebula. Smith et al. (2005) carried out



Central Atmosphere Filter Detector System | Sensitivity
Name | wavelength trans- trans- | sensitivity | efficiency | [Jy/1lolsec]
[um] mittance mittance [%] [%]

JO8OWO8 8.9 0.9 0.85 6.9 3.37 1.7
J098W09 9.8 0.60 0.90 5.4 2.76 2.8
J122W05 12.2 0.75 0.85 12 5.27 3.1
R187W09 18.7 0.82 0.50 14 3.33 2.2
MMF31 31.7 0.33 0.40 64 14.7 28
MMF37 37.3 0.23 0.40 32 5.45 70

Table 3. System Efficiency of MAX38, not including the atmosphere and the telescope.

Figure 6. Bipolar planetary nebula Mz3 observed by miniTAO (red, 31micron MAX38; blue, Pax a near infrared camera
on miniTAO telescope(ANIR)). A color version of this figure is available in the electronic edition.

imaging observations with a high spatial resolution at the N and the Q-band, and found that warm (T~300K)
dust components in Mz3 concentrate to a central region of the nebula. However the distribution of relatively
cold component, which corresponds to most of the dust mass, has remained unclear yet. We have obtained an
image of Mz3 at the 31.7 micron with a spatial resolution of 8 arcsec (Figure 6), which is the highest resolution
ever achieved (Asano et al. 2012b). A sufficient amount of the cold dust is surprisingly distributed near the
central star. This demonstrates that the observation at the 30 micron is a powerful tool for exploring the cold
regions in the Universe. Details of the results are shown in Asano et al. (2012b).

3.2 Monitoring observation : Asteroid 2005YU Closest Approach

Asteroid 2005YU55 is one of near-earth asteroids which are potentially hazardous to human beings. It made an
exceptionally close approach to the Earth, passing within 0.0217 AU (325,000km) on 2011-Nov-08 23:24. Such a
closest approach was incredibly rare event and a valuable opportunity to study the near earth asteroids in detail.
We carried out monitoring observations of the asteroid during the closest approach, and obtained a light curve
at the 18.7 micron (Figure 7). This result is very useful for studying the physical parameters of the asteroid.
Details have been reported in Miyata et al. 2012b*2],

4. SUMMARY

We evaluated on-sky performance verification of miniTAO/MAX38 with an altitude of 5,640m, such as PSF,
system efficiency, and sensitivity. PSF of each MAX38 filters almost perfectly achieved the diffraction limited
spatial resolution. We confirmed the consistency between the system efficiency of measured values and design



Flux [Jy]
300 ; . T

Al

Time from the closest approach [min]

Figure 7. Time variation of a near earth asteroid 2005YU55 observed at 18.7 micron during the closest approach in 8th
Nov. 2011.

values. The on-sky measured values of sensitivity at N/Q band is good, while 30 micron are worse than expected
values, this is because its values strongly depend on sky conditions.

We show the 30 micron observations a powerful tool for exploring the cold regions in the Universe.
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