21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010

Far-Infrared Interferometry from Antarctica

Hiroshi Matsuo
Advanced Technology Center, National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan
Contact: h.matsuo@nao.ac.jp, phone +81-422-34 3915

Abstract—  Future high-angular resolution far-infrared
interferometers and their possible implementation plans on high
altitude sites such as Dome Fuji or Dome A in Antarctica is
presented. Importance of observing far-infrared atomic fine-
structure lines is discussed referring to recent AKARI
observations of a high mass star-forming region.

I. INTRODUCTION

Astronomy in terahertz frequency region is advancing
rapidly owing to the development of detector technologies,
large aperture telescopes on high mountains and cryogenic
telescopes in space. Variety of astronomical sources is
probed in this frequency range by molecular and atomic lines
and dust continuum emissions. Those are also important
probes of distant galaxies as well as the Sunyaev-Zel’dovich
effects for distant galaxy cluster searches.

In far-infrared region, Japanese satellite AKARI has made
all sky survey in six bands [1]. A Fourier transform
spectrometer was installed in the far-infrared surveyor
(FTS/FIS) which made imaging spectroscopic observations
[2]. Here, an observation of interstellar material around a
massive star, Eta Carinae is presented as an example.

To study more detail of the source distribution or observe
distant objects, higher angular resolution observations by
space-based far-infrared interferometer is needed, but this
required technology developments of detectors and
interferometers. In this paper | discuss on far-infrared
interferometry from high altitude plateau in Antarctica. | will
compare the performance of heterodyne and direct detector
interferometers and show that direct detector interferometers
can achieve wide-field and high angular resolution imaging.

As an example of direct detector interferometry,
experimental performance of a double input Martin-Puplett
type interferometer that realized multiplying interferometer is
reviewed in the last section.

1. PROBES OF DISTANT UNIVERSE

Here 1’d like to summarize astronomical probes of distant
universe. Following three components are important in
millimetre, submillimeter and far-infrared astronomy.

® Interstellar dust in starburst galaxies observed by
thermal emission.

® Hot plasma in galaxy clusters observed by Sunyaev-
Zel’dovich effects.

® Photo-dissociation and ionized regions observed by
atomic fine-structure lines.

Firstly, high-redshift starburst galaxies are observed by
wide field surveys. One example is millimetre-wave survey
by AzTEC bolometer array on ASTE telescope toward
AKARI deep field south [3]. Because of its large negative K-
correction, millimetre-wave observations selectively sampled
galaxies at high redshifts.

Secondly, Sunyaev-Zel’dovich effects have been a probe
to measure the Hubble constant and also to identify thermal
structure of the plasma [4]. Because Sunyaev-Zel’dovich
effects are interaction of hot plasma with cosmic background
radiation, the intensity does not decline as a function of
redshift.

Thirdly, far-infrared atomic forbidden emission lines play
an important role as coolants of PDRs and HII regions. The
emission could be probes of starburst activities of high-
redshift universe. But, we still do not understand into detail
the physical conditions each atomic line probes, mostly due
to the limited imaging capabilities and angular resolutions.

The following figure illustrate the importance of observing
in terahertz frequencies, where variety of emission can be
observed as distortion of background or as foreground
emission in Wien part of the cosmic background radiation in
all the redshift range. This frequency region can be called as
“Terahertz Cosmic Window’ to the distant universe.
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Fig. 1 The Terahertz Cosmic Window.

I11. FIR LINES OF INTERESTS
There are a number of far-infrared forbidden transition
lines from ionized and neutral atomic species such as [Ol] 63
pm, 145 um, [OHI] 52 pum, 88 pum, [NI1] 122 pm, 205 pm
and [CH] 158 um. These lines are major coolants of photo-
dissociation and ionized regions [5]. To postulate importance



of atomic fine structure line, | present AKARI observation of
interstellar material around one of the most massive star in
our galaxy, Eta Carinae [6]. It is known that Eta Carinae is a
binary with the primary Luminous Blue Variable with mass
of about 100 M, and a companion of 30 M., both with violent
mass loss activities [7]. Distance to the star is only 2.3 kpc
and extinction toward the star and Carinae Nebula is small
and detailed studies have been made by optical emission
lines [8]. Studies of interstellar environments of the most
massive stars in local universe are also linked to the
understanding environments of massive stars in the early
universe, Pop 111 stars.

A. Observations with AKARI

Seven pointed observation was made using FTS/FIS in
2007. Observational details, data reduction and analysis is
given in [6, 9]. Figure 1(a) and (b) shows the distribution of
[CI1] 158 pum and [OIlI] 88 um lines around Eta Carinae.
Referring to the Ha emission in figure 1(c), west from Eta
Carinae with ionized emission and molecular gas in front is
called the Keyhole Nebula. The head of the Keyhole Nebula,
with the arc-like emission that is aligned with the stellar wind
axis, is thought to be related to the past activity of Eta
Carinae [9].

The [CIHI] emission seems to peak around the head of the
Keyhole where ionized nitrogen line [NII] 122 pum is also
observed. Toward the opposite side of the stellar wind axis to
the south-east, [CI1] emission is also observed. In this region
there is no indication of ionized gas, but the area is where
stellar wind interacts with molecular clouds. The apparent
alignment of the [CII] emission peaks seems to indicate that
it is related to the past stellar wind activities. The current
mass loss rate of Eta Carinae is estimated to be 10™ - 10° M,
/yr with velocity of about 600 km/s. Assuming the same
velocity it takes about 5000 year for the stellar wind to
interact with the ionized region or molecular clouds, which
are 3-5 pc away from Eta Carinae

The [OIlll] emission, on the other hand, has strong
emission to the west of Eta Carinae. Intensity of the [OllI]
emission is more than ten times stronger than [CII] emission
peak at Keyhole and strong EUV ionization source is
required to ionize oxygen with ionization potential of 35 eV.
The strong [Ol111] emission come from the edge of ionized arc
and the clump 4 or the feature called defiant finger [10].
From analysis of optical emission lines, ionization sources of
the region are thought to be W25 and O4 If-type star Tr16-
244 that are at the south-west corner of Ho image in figure
2(c). Since critical density of [OI11] 88 um is 5X10% cm?, it
can be efficient coolant of low density ionized gas.
Combination with [OllIl] 52 pum emission with different
critical density can be used to estimate density of the ionized
gas.

B. Requirements to Future Observations

Far-infrared  spectroscopic  observations by AKARI
FTS/FIS revealed some physical condition of interstellar
material around a massive star, which shows variety of
activities related to the stellar activities and highly ionizing

UV flux within the region. To identify the physical condition
and comparing with observation at other wavelength region,
it is important to make higher angular resolution observations.
Higher angular resolution observations by Herschel Space
Observatory will provide more details of ionization and
density structure.

The Carina Nebula is the nearest high mass star-forming
region where we can observe into detail. To conduct
observation in other star-forming regions and also in nearby
galaxies, still higher angular resolution observations are
required. Space based far-infrared interferemetry will be the
next step, but developments of detector and interferometer
technologies are still on the way. In the next section I discuss
what we can start in a short time scale to realize far-infrared
interferometry on Antarctica Plateau.

Fig. 2 Eta Carina and its surroundings observed by AKARI. (a) [CII] 158 pum,
(b) [OI11] 88 um, and (c) Ha. image by Smith et al. (2002) as a reference to
the Keyhole Nebula. Coordinates are R.A.-Dec, and scale is identical.



IV. ANTARCTIC TERAHERTZ INTERFEROMETER

Observing condition of terahertz frequencies in Antarctica,
sensitivity requirements and realization method will be
discussed.

A. Atmospheric Transmission

Since terahertz radiation is absorbed by water vapour, high
altitude site and/or cold sites are preferred for astronomical
observations in millimetre and submillimeter-waves, such as
Hawaii, Atacama and South Pole in Antarctica. High plateaus
in Antarctica, such as Dome A or Dome Fuji, will be the
ultimate site for astronomical observations, and that are
unique sites for terahertz astronomy from ground.

Figure 3 shows calculated atmospheric transmission from
high altitude site in Antarctica using ‘am’ program [11]
assuming precipitable water vapour of 75 um.
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Fig. 3 Atmospheric transmission calculated for 75 um precipitable water
vapour from 4100 m altitude in Antarctica using ‘am’ program [11].

Under this condition, some fine structure atomic lines can
be observed through atmospheric windows at terahertz
frequencies. [NII] 205 um have been observed by the SPIFI
instrument at South Pole [12]. Doubly ionized oxygen lines,
[Ol] 52um and 88 um, could be observed with a
transparency of better than 10% whereas [CII] 158 um, [OI]
145 um and [NHI] 57 pm with lower transparencies from
high plateau in Antarctica.

B. Sensitivity of THz interferometers

First | compare heterodyne and direct detector
interferometry. For ground based observations, sensitivity of
heterodyne and direct detector interferometry is almost
identical if the observing system is background and quantum
noise limited. However, under low background condition in
millimetre-wave or at high frequencies more than a few THz
direct detector observations can be more sensitive. In terms
of observing bandwidth, atmospheric windows will limit
observing bandwidth up to several 10 GHz.

Heterodyne interferometry is a matured technology and
many telescope apertures can be combined to make large
arrays. On the other hand, direct detector interferometry is
still under development and telescopes have to be optically
connected and the number of antennas is limited.

TABLE |

SENSITIVITY OF TERAHERTZ INTERFEROMETERS

Direct detectors Heterodyne
Aperture diameter 1m 1m
Element number 2 10
Base line 50 m 50 m
Wavelength 200 um 200 um
NEP/m or T 10™° W/HZ*® 500 K
Bandwidth 10 GHz 10 GHz
Focal plane array 1000 1
Synthesized beam 1" "
Field of view 0.25 deg” 0.5 arcmin’
NEFD 20 mJy (1o, 12h) | 10 mdy (1o, 12h)

The bandwidths can be wider for direct detectors and
narrower for heterodyne detectors. For continuum study
wider bandwidth is advantageous but background limited
NEP will be degraded. For spectroscopic observations,
heterodynes are advantageous for their high frequency
resolution, but direct detector sensitivity also improves by
limiting observing bandwidth.

Field of view would be a large factor in favour of direct
detector interferometry. Current technologies enable focal
plan array of more than 1000 elements. Signals from the
direct detector interferometers can be sampled relatively
slowly, and data recording systems are not limiting factors.
On the other hand heterodyne interferometer required fast
sampling and processing is required that limit number of
detectors, hence the observing field of view.

C. Configuration

Direct detector interferometry requires input aperture
mirrors and a beam combiner. Simplest configuration will be
like figure 4(a). Aperture mirror can be on a straight boom or
on a round track as shown in the figure. Mirrors on the track
reflect signal from astronomical sources to a beam combiner
at the center. For installation in high plateau in Antarctica it
is better to make the interferometer as simple as possible. All
components except a round track can be compact with sizes
of about 1 m. To make beam combiner compact, beam
diameter at combiner should be decreased to about 100 mm,
which should also accommodate with focal plane detector
arrays.

Figure 4(b) shows possible configurations of the four-
beam interferometer. One Martin-Puplett type beam
combiner that uses wire grid can make interferograms from
linearly polarized signal. Four beam combiners can make use
of dual polarization beams from four input mirrors. For
compensation of different optical path between two sets of
mirrors, optical delay should be implemented that is
schematically shown in figure 4(b) at the bottom.

Since  Martin-Puplett interferometer is  polarizing
interferometer, combination of polarizer angles gives
measurements of different polarization state; parallel
combination gives measurements of |1 and Q, orthogonal
combination for U and V.
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Fig. 4 Possible configurations of far-infrared interferometers. Top figure
shows two-element interferometer on a round track. A beam combiner is at
the center. Bottom figure shows four-element interferometer. There is
additional delay line compensation optics.

D. Technology developments

There are two types of millimetre and submillimeter-wave
bolometric interferometers under study. One uses a Fizeau
type interferometer [13] and another used Michelson type
interferometer [14, 15]. Here | review the performance of a
Michelson type, especially the one using wiregrid as beam
combiner, which is called as Martin-Puplett type
interferometers.

Martin-Puplett type Fourier transform spectrometers have
been used for wide band measurements in millimetre and
submillimeter-waves [16]. To measure spectra of sources,
both input and output polarizers are used. Poloarity of output
signal depends on the configuration of the input and output
polarizers. By subtracting parallel configuration signal from
that of orthogonal, DC component and common fluctuations
are subtracted. This is very useful for two aperture
interferometer, since this subtract all common fluctuation
such as atmospheric fluctuation. This is the merit of
multiplying type interferometer realized by Martin-Puplett
type bolometric interferometers. Experimantal demonstration
was made in [17, 18] by measuring interferogram of the
moon in millimetre-wave. Figure 6 shows the measured
interferogram and its Fourier transformation that clearly

shows atmospheric fluctuation is subtracted by measuring
two output ports of the Martin-Puplett interferometer.
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Fig. 5 Synthesized image of the sun by bolometric interferometer [17, 18].
Measurement was made with 5 cm aperture and 35 cm baseline, and 150-350
GHz frequency range was used for image reconstruction. Ge composite
bolometer at 1.5 K is used for observation. A: baseline coverage, B:
synthesized beam, C: simulated image, D: synthesized image of the sun.
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Fig. 6 Demonstration of multiplying interferometer by observing the moon
[17, 18]. Top figure shows interferograms at two output ports in black and
blue, and subtracted interferogram in red. Bottom figure shows Fourier
transformation of the interferograms. The output signal in red clearly shows
that atmospheric fluctuation is cancelled.



V. CONCLUSIONS

Results on far-infrared observations of a massive star-
forming region by AKARI show a complex nature of
interstellar material. For more detailed study of the region or
observing massive star-forming region in nearby galaxies,
higher angular  resolution capability is required.
Interferometry on a high plateau in Antarctica offers
opportunities for high angular resolution observations in the
far-infrared using either heterodyne or direct detectors. Direct
detector interferometers can be more sensitive and achieve
wider field of view than heterodyne system. Performance of a
Martin-Puplett type double input interferometer was
reviewed that can subtract common fluctuations of
atmospheric emission.
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