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ABSTRACT

Unveiling the emergence and prevalence of massive/bright galaxies during the epoch of reionization and beyond,
within the first 600 million years of the Universe, stands as a pivotal pursuit in astronomy. Remarkable progress
has been made by JWST in identifying an immense population of bright galaxies, which hints at exceptionally
efficient galaxy assembly processes. However, the underlying physical mechanisms propelling their rapid growth
remain unclear. With this in mind, millimeter and submillimeter-wave spectroscopic observations of redshifted
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far-infrared spectral lines, particularly the [O iii] 88 µm and [C ii] 158 µm lines, offers a crucial pathway to
address this fundamental query.

To this end, we develop a dual-polarization sideband-separating superconductor-insulator-superconductor
(SIS) mixer receiver, FINER, for the Large Millimeter Telescope (LMT) situated in Mexico. Harnessing ad-
vancements from ALMA’s wideband sensitivity upgrade (WSU) technology, FINER covers radio frequencies
spanning 120–360 GHz, delivering an instantaneous intermediate frequency (IF) of 3–21 GHz per sideband per
polarization, which is followed by a set of 10.24 GHz-wide digital spectrometers. At 40% of ALMA’s light-
collecting area, the LMT’s similar atmospheric transmittance and FINER’s 5 times wider bandwidth compared
to ALMA culminate in an unparalleled spectral scanning capability in the northern hemisphere, paving the way
for finer spectral-resolution detection of distant galaxies.

Keywords: Millimeter and submillimeter instrumentation, Heterodyne receiver, SIS receiver, LMT, ALMA,
High-redshift universe, Galaxy formation, Interstellar medium

1. INTRODUCTION

1.1 Scientific Background and Key Science

How and when first stars and galaxies form is one of the most fundamental questions in modern astronomy.
The pristine materials in the early universe cooled down to form neutral hydrogen at redshift z ∼ 1000 or 380k
years after the Big Bang. Once first stars and galaxies are born, however, the hydrogen gas in the intergalactic
space is ‘reionized’ by hydrogen-ionizing photons from the hot, massive stars. This so-called cosmic reionization
is indirect evidence for the birth of the first luminous objects. In recent years, Planck satellite has reported that
cosmic reionization occurred in the period centered at redshift z = 7.8 (660 million years after the Big Bang),1

whereas hundreds of galaxy candidates have been identified with Hubble and James Webb Space Telescopes (HST
and JWST ) even before the period,2–10 meaning that we are likely witnessing the birth of the earliest galaxies
in the universe (Figure 1).

In particular, finding massive galaxies in the era is difficult but is expected to offer unique information on
galaxy formation, because the probability of finding them (i.e., volume density or luminosity function) depends
on cosmic structure formation models. Recent discoveries of the excessive massive galaxy candidates at z > 8
made by HST and JWST suggest an extremely high efficiency of galaxy assembly in the earliest Universe,
while it is still unclear what drives the rapid growth of the massive population. Then, the key questions we are
trying to address in this research include (i) when massive galaxies emerge, (ii) how common they are in the
pre-reionization era, and (iii) what controls their growth. It is, however, difficult to confirm galaxy ‘candidates’
in the era; in general, identifying an object as a galaxy and determining its physical properties begin with
spectroscopy of atomic or molecular spectral lines. But, the combination of bright spectral lines and a sensitive
instrument that are sufficient for detection of a galaxy even in the furthest universe was very limited.

In this study, we aim for a sensitive spectroscopic survey of galaxies in the pre-reionization era using the
far-infrared fine-structure lines, the 3P1 → 3P0 transition of doubly-ionized oxygen [O iii] 88.3 µm (3393.01 GHz)
and the 2P1/2 → 2P3/2 transition of ionized carbon [C ii] 157.7 µm (1900.54 GHz), based on our novel mm and
submm-wave receiver, FINER, for the Large Millimeter Telescope (LMT).11,12 The [O iii] line is demonstrated
to be bright in ultraviolet-selected galaxies13 and now becomes a useful tracer in identifying their spectroscopic
redshifts14,15 (Figure 2) even compared with JWST. We also aim to elucidate their physical properties, such
as gas-phase metallicity, ionizing photon and gas densities, and multi-phase gas structure, such as a covering
fraction of neutral gas in photo-dissociation regions. Those physics are the key to unveil the origins of the
extraordinary efficiency of star formation in the earliest massive galaxies JWST has found.

1.2 Broad Impact and Complementary Role of FINER

With these capabilities, FINER offers broader science cases in addition to the EoR galaxy science (see Table 1),
such as solar system, interstellar medium and astrochemistry, star formation, nearby and distant submillimeter-
bright galaxies. Figure 3 shows how FINER complements the capabilities of LMT’s existing receivers. FINER
fully covers the same frequency bands as TolTEC but with broad, high-dispersion spectroscopic capabilities.
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Table 2. Science traceability matrix.

Level Requirements

Level 1:
Science
objectives

• To measure the bright-end UVLF (MUV < −22) of galaxies at z = 8.7 to 11.
• To constrain the bright-end UVLF (MUV < −22.5) of galaxies at z = 12 to 15.
• To constrain a covering fraction of neutral medium surrounding the ionized regions
of bright-end galaxies.

Level 2:
Science
requirements

Science
observables

• Spectroscopic redshift of a candidate galaxy selected by the
Lyman break technique.
• [C ii] 158 µm to [O iii] 88 µm luminosity ratio.
• The number of spectroscopically-identified galaxies.

Measurement
requirements

• To detect [O iii] 88 µm of a candidate z ∼ 10 galaxy in 24 hours,
with a peak flux density Speak = 4 mJy, a velocity width of
150 km/s, and a prior photometric-redshift uncertainty of ∆z = 1.
• To detect [C ii] 158 µm or put a meaningful constraint on its
flux in 24 hours.
• Forty (20) spectroscopically-identified galaxies for goal (baseline).

Level 3:
Instrument
requirements

Technical
parameters

• Tunable frequency range.
• Instantaneous on-sky frequency coverage.
• Spectral resolution.
• Sensitivity.

Technical
requirements

• Tunable frequency range: 120–360 GHz with no gap (except for
the telluric water vapor lines at 183 and 325 GHz).
• Instantaneous on-sky frequency coverage: > 30 GHz (∆z > 1 for
[O iii] at z = 10) with as small a gap as possible.
• Spectral resolution: 20 MHz (∆V = 50 km/s at 120 GHz,
17 km/s at 350 GHz).
• Sensitivity: Receiver noise temperature (single sideband) of 45 K
for 120–210 GHz and 75 K for 210–350 GHz, yielding system noise
temperature of Tsys ≤ 100 K at 120 GHz, ≤ 200 K at 300 GHz,
≤ 300 K at 350 GHz under a precipitable water vapor (PWV) of
2 mm.

Level 4:
Mission
requirements

• PWV ≤ 2 mm (270–350 GHz), ≤ 3 mm (120–270 GHz).
• Surface error ≤ 75 µm RMS (> 270 GHz), ≤ 90 µm RMS (< 270 GHz).
• 10 hours per source (including overheads) times 40 (20) nights.

Table 3. FINER specifications.

Item Baseline Goal

Frequency (Band 4+5) 125–210 GHz 120–210 GHz
Frequency (Band 6+7) 210–350 GHz 210–360 GHz

Beam size 7× (Frequency/200 GHz)−1 arcsec
No. of polarization 2
TRX (Band 4+5) 45 K (> 95% of IF band)
TRX (Band 6+7) 75 K (> 95% of IF band)

IF 4–20.5 GHz 3–20.5 GHz
Sideband separation 2SB, > 10 dB 2SB, > 25 dB
No. of basebands 8 16
Bandwidth (wide) 81.92 GHz (8× 10.24 GHz) 163.84 GHz (16× 10.24 GHz)

Spectral resolution (wide) 20 MHz
Bandwidth (fine) 15.0 GHz (6× 2.5 GHz) 20.0 GHz (8× 2.5 GHz)

Spectral resolution (fine) 88 kHz
Data dumping rate 100 ms
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Figure 6. The digital spectrometer DRS4 with four 20.48 GSps samplers (bottom) and the 20.48 GHz reference signal
generator (top).

2.2.3 Back-end subsystem

The IF signals are sent to the spectrometers. FINER offers two types of spectrometers; wideband and high-
resolution modes realized with DRS4 (Elecs Inc., Figure 6, Hagimoto et al., 2024 in this volume of Proc. SPIE)
and XFFTS (RPG Inc.),19 respectively. Users can select one of the spectrometer modes.

DRS4 directly samples the signal at 20.48 GSps with a good analog transmission up to 20.48 GHz. This offers
the capability of spectroscopy in the 10.24–20.48 GHz band with no secondary down-converters, in addition to
the baseband (DC to 10.24 GHz). DRS4 is an FX-type spectrometer with an optional output of cross-correlation
for detailed calibration such as digital sideband separation correction. The input signal is digitized with a 3 bit
20.48 GSps analog-to-digital converter and is Fourier-transformed with one of window functions, rectangular,
Hann, and Hamming, and then is squared and integrated to produce a 512 channel power spectrum at a dumping
rate of 100 ms, while it does not offer a polyphase filterbank capability due to a limitation of the computational
resource. It also offers a digital sideband separation capability,20,21 to compensate for the imbalance of complex
gain (i.e., amplitude and phase) between the sidebands and to remove the image sideband signal digitally (under
development).

XFFTS is an off-the-shelf spectrometer with high spectral resolution (88 kHz, corresponding to ≈ 0.13 km s−1

at 200 GHz) and a 2.5-GHz bandwidth.19 Six boards of XFFTS are operational for B4R, and we will use them
for FINER.

2.2.4 Computer and software

A control computer at the LMT backend cabin controls receiver tuning including local oscillator (LO) frequency
setup and LO power optimization, spectrometer mode selection, pickup mirror drive, beam switching, and load
calibration. The spectrometer outputs are recorded with NTP-synced timestamps on a data acquisition computer
in the LMT backend cabin at a dumping rate of 100 ms. FINER is synchronized with LMT’s telescope control
system (TCS) through TCP/IP or UDP connection and does not require any hardware reference clocks from the
TCS.

2.3 Hardware Configuration

The proposed optics layout is shown in Figure 7. As we intend to replace the existing B4R receiver† (PI: Kawabe,
Figure 8) with FINER, the layout is almost the same as B4R; The ray from M4 to M5 (yellow beam toward
SEQUOIA) is bent by a removable pickup mirror. The bent ray is directly led into the FINER cryostat and is
coupled with the two feed horns of Band 4+5 and 6+7. FINER has a beam-switching mechanism in between
the pickup mirror and the cryostat, as well as a chopper wheel for the standard single-load calibration.

†The B4R (band 4 receiver) is the 2-mm receiver system which consists of a single-beam two-polarization SIS receiver
operating at 125–163 GHz and four XFFTS spectrometers. B4R is based on the ALMA band-4 2SB mixer technology.22

See http://lmtgtm.org/telescope/instrumentation/instruments/b4r/?lang=en for details.
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of FINER are planed in 2022–2027. We plan to deliver the instrument to LMT and to start commissioning and
science operations in 2025/26.

At the initial phase FINER will begin with the ‘Baseline’ specifications (Table 3) and will aim for the
‘Goal’ specifications when technologies and resources are ready. As the SIS mixer technology is likely being
improved after FINER gets operational, we may upgrade the SIS mixer device if this is the case. The back-
end spectrometers are also added to enhance the capability. The data reduction pipeline will be improved by
implementing a new algorithm for noise removal.24 The FINER cryostat and warm optics are designed so that
another additional single-beam SIS receiver, such as a 3–4 mm band receiver, may be accommodated in the
future, without any conflict with the 120–360 GHz band (see the FINER+ parameter space in Figure 3).
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Fourier transform spectrometers,” A&A 542, L3 (June 2012).

[20] Finger, R., Mena, F. P., Baryshev, A., Khudchenko, A., Rodriguez, R., Huaracan, E., Alvear, A., Barkhof,
J., Hesper, R., and Bronfman, L., “Ultra-pure digital sideband separation at sub-millimeter wavelengths,”
A&A 584, A3 (Dec. 2015).

[21] Rodriguez, R., Finger, R., Mena, F. P., Alvear, A., Fuentes, R., Khudchenko, A., Hesper, R., Baryshev,
A. M., Reyes, N., and Bronfman, L., “Digital compensation of the sideband-rejection ratio in a fully analog
2SB sub-millimeter receiver,” A&A 619, A153 (Nov. 2018).

[22] Asayama, S., Takahashi, T., Kubo, K., Ito, T., Inata, M., Suzuki, T., Wada, T., Soga, T., Kamada, C.,
Karatsu, M., Fujii, Y., Obuchi, Y., Kawashima, S., Iwashita, H., and Uzawa, Y., “Development of ALMA
Band 4 (125–163 GHz) receiver,” PASJ 66, 57 (June 2014).

[23] CASA Team, Bean, B., Bhatnagar, S., Castro, S., Donovan Meyer, J., Emonts, B., Garcia, E., Garwood,
R., Golap, K., Gonzalez Villalba, J., Harris, P., Hayashi, Y., Hoskins, J., Hsieh, M., Jagannathan, P.,
Kawasaki, W., Keimpema, A., Kettenis, M., Lopez, J., Marvil, J., Masters, J., McNichols, A., Mehringer,
D., Miel, R., Moellenbrock, G., Montesino, F., Nakazato, T., Ott, J., Petry, D., Pokorny, M., Raba, R.,
Rau, U., Schiebel, D., Schweighart, N., Sekhar, S., Shimada, K., Small, D., Steeb, J.-W., Sugimoto, K.,
Suoranta, V., Tsutsumi, T., van Bemmel, I. M., Verkouter, M., Wells, A., Xiong, W., Szomoru, A., Griffith,
M., Glendenning, B., and Kern, J., “CASA, the Common Astronomy Software Applications for Radio
Astronomy,” PASP 134, 114501 (Nov. 2022).

[24] Taniguchi, A., Tamura, Y., Ikeda, S., Takekoshi, T., and Kawabe, R., “A Data-scientific Noise-removal
Method for Efficient Submillimeter Spectroscopy With Single-dish Telescopes,” AJ 162, 111 (Sept. 2021).

Proc. of SPIE Vol. 13102  131020G-12


