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Abstract

In the optical and near-infrared astronomy, obtaining spatially resolved spectra (i.e. integral
field spectroscopy; IFS) is increasingly important year by year since they provide a clue to
understanding a connection between a local star formation process and a global star formation
activity in a galaxy. It is also important to observe nearby starburst galaxies whose specific
star formation rates are nearly two orders of magnitude higher than those of nearby normal
star-forming galaxies. They are rather close to high-z galaxies at z = 1-2, at which the
cosmic star formation activity peaks (“cosmic noon”). Since high spatial resolution and
spectroscopic observations can be easily achieved in the nearby universe, performing IFS
observation of nearby starburst galaxies with high specific star formation is important to
investigate the origin of star formation activity at cosmic noon.

In this thesis, we present a development of a near-infrared integral field unit (IFU) and
results of a high-spatial resolution imaging of the nearby starburst galaxies. In Part I, we
first introduce a concept of a module-like compact IFU, called SWIMS-IFU. SWIMS-IFU
provides a new observation mode of SWIMS, which is one of the first generation instruments
of the University of Tokyo Atacama Observatory (TAO) 6.5-m infrared telescope. Its optical
parameters are optimized for a seeing-limited observation and SWIMS-IFU has the wide field-
of-view of 145 0" and 220 0" at the Subaru and the TAO 6.5-m telescope, respectively, as
well as the wide spectral coverage of 0.9-2.5 um. These capabilities will realize wider science
targets and an efficient IFS survey, which is still rare in the near-infrared wavelength, although
such surveys have been already implemented in the optical wavelength (e.g. CALIFA, SAMI,
and MaNGA). To realize this concept, a very tight limitation is imposed on optical layout,
which requires a compact size of < 60 x 170 x 220 mm?>. We employ aspheric surfaces and
carefully take account of manufacturability and alignment procedure of optics throughout
optimization. As a result, we succeed in constructing a compact optical layout satisfying the
size specifications and optical performance for seeing-limited observations.

We next perform a proof-of-principle experiment of fabrication of a slicing mirror array,
which is the heart of the IFU optics. We demonstrate monolithic test fabrication using
end-mill process of a nickel phosphorus (NiP) coated mirror array whose aperture size is

10 mm x 12.5 mm and twenty-five reflective surfaces with a slice width of 500 um. We
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optimize the processing conditions by finding out the cause of various shape error based on
preliminary experiments. A surface roughness of 10 nm and a shape error of 80 nm P-V has
been achieved by simultaneous two-axis control of a diamond end-mill tool. This study is
the first demonstration of monolithic fabrication of a NiP coated slicing mirror array.

Further we verify diamond cutting performance of various mirror materials such as
conventional and special aluminum alloys, oxygen free copper, and electroless NiP plating.
We show surface a roughness of ~ 5 nm can be achieved by diamond cutting, especially
for special aluminum alloy and oxygen free copper. We also experimentally confirm that
high silicon-containing aluminum optimized to match the CTE of NiP plating obviously
suppresses the shape deformation at cryogenic condition. Our results indicate that this
high-Si containing alloy coated with NiP is optimal for use on infrared mirror material in
terms of the both surface roughness and shape.

In Part II, we have carried out spatially-resolved study of nearby starburst galaxies using
an AO-assisted Pac imaging at the Subaru telescope. Two starburst galaxies are observed,
one is at a mid-merger stage and the other probably at an early stage, and bright star formation
clumps emitting in Pao are detected clearly in both targets. We find a strong correlation
between the star formation rate surface density (Xgrr) and the stellar mass surface density
(XM, )- This relationship is the near-infrared version of the Xgrr-X\, relationship which has
been reported by optical IFS observations, and we detect it in starburst galaxies using the
near-infrared Pac line for the first time. Our relation shows a specific star formation rate
higher those found in local star-forming galaxies by an order of magnitude. We also find
that star formation is active not only in the Paa clumps but also at non-clump regions of the
galaxy. The detected Pacx clumps have star formation rate surface density of Xgpr ~ 3—4 M,
yr~! kpc~2, which is higher compared with those of HII regions in nearby normal galaxies.
They are similar to giant star forming clumps in clumpy galaxies at z = 1-2 . Based on gas
surface density and gas fraction derived from the Kennicutt-Schmidt law, these Pa clumps
may be local analogs of those of z ~1-2 clumpy galaxies.

The samples obtained with the Pacx imaging will be good candidates to follow-up with
SWIMS-IFU and their dynamical information will be useful for understanding their star
formation activities , which will provide important information on star-formation at high-z

galaxies.
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Chapter 1

Introduction and overview of the thesis

1.1 Integral Field Spectroscopy

Integral field spectroscopy (IFS) is one of observation methods that can acquire spatial
information and spectral information at the same time (i.e. spatially resolved spectra over
a two-dimensional field of view). An optical component that realizes IFS observation is
called an integral field unit (IFU). IFUs allow us to investigate the spatial distribution of
metallicity (Magrini et al., 2016) and stellar population (Sadnchez-Blazquez et al., 2014)
within the galaxy, and also to extract the kinematic information such as radial velocity and
velocity dispersion field at both low— and high—redshift galaxies (e.g. Glazebrook (2013),
and references therin).

As a final data product the IFS observation provides a data cube in which information
of (X, Y, A) is stored. Meanwhile, there are other observation methods to obtain a data
cube, which are generally referred to as three-dimensional spectroscopy (Allington-Smith
et al., 2006). In optical to infrared wavelength, the difference between an IFS and other
methods lies in the method of generating a data cube as shown in Fig. 1.1. For example, an
imaging fourier transform spectrometer (IFTS) and a fabry—Perot spectrometer (FPS) use
the time domain to scan in the spectral space and the fourier space, respectively (Eisenhauer
and Raab, 2015). In these methods, since all the pixels of a detector can be used in the
spatial direction, the wider field of view and high spectral dispersion can be realized. Using
a long—slit scannig (Fig. 1.1b), a data cube is generated by translating a slit position or
rotating a slit direction on a object. This is the very simple method that can be performed
with conventional spectrographs. However, the scanning methods have the problem that an
observation time tend to be long and it is sensitive to temporal variability such as atmospheric
conditions and instrument stability. On the other hand, the IFS can acquire data cubes by a

snapshot using optical systems such as a fiber bundle, a microlens array, or mirror arrays.
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(a) (b)

Fig. 1.1 Conceptual illustration of 3—D spectroscopy. Each method provides data cube as
the final data product, but the scanning axis is different. The black dashed lines represent
the scanning direction. (a) IFTS or FPI, scanning in the spectral direction. (b) long—slit
scan, scanning in the spatial direction. (c) IFS observation with non—scanning (i.e. snapshot
observation).

Among the above methods, IFS has higher observation efficiency and can be said to be
suitable for the era of large telescopes, although the field of view of the IFS is relatively small
(<1000 0" for optical, and < 100 " for near-infrared IFUs ). Details of the configuration
of specific optical system of IFUs will be described in Chapter 2.

In recent years, energy resolved detectors have also been developed in optical and infrared
astronomy (Mazin et al., 2013). For the super-conductive detector devices, an incident photon
is absorbed at each pixel and quasi—particles are generated. By counting the number of
the particles we can measure the energy of the incident photon without using a dispersive
element, and a data cube is generated. Such energy resolved detectors are commonly used in
X-ray astronomy. In X-ray astronomy, a silicon CCD detector is also used which generates
electron-hole pairs (exciton).
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1.2 Spatially resolved study of Galaxies

Recent multi-wavelength observations reveal that the star formation activity of the universe
peaks at the age of redshift z = 1-3 and it is ~30 times higher than that of the present
universe (e.g. Hopkins and Beacom (2006)). The high star formation rate density is con-
tributed by starburst galaxies with star formation rate of 10 M /yr or more (Goto et al., 2011,
2010) . Therefore, the physical mechanism that triggers starburst activity is an important
key in understanding galaxy evolution. IFS observations in the near-infrared wavelength is
proved to be a powerful tools for that purpose, because it enable us to spatially resolve dusty
star—forming region and the kinematics structure inside galaxies at the rest-frame optical
wavelength. VLT/SINFONI observations of 11 z ~ 2 galaxies show that about half of them
have experienced major merger by tracing the radial velocity and velocity dispersion field
with the Ho emission line (Shapiro et al., 2008). This result suggests that starburst may be
induced by collisions between galaxies. A more detailed discussion is made from a large sam-
ple of about 60 galaxies (Forster Schreiber et al., 2009), where 1/3 is "rotation—dominated",
1/3 is "dispersion—dominated", and the remaining 1/3 is "interacting/merging system" .

Other distant galaxy studies are carried out on the kinematic structure of clumpy star
formation regions (Genzel et al., 2011), rotation curves (Forster Schreiber et al., 2006), and
the Tully-Fisher relation (Cresci et al., 2009). IFS observations of distant magnified by
gravitational lensing effect offer high-spatial resolution view (Jones et al., 2013; Wuyts et al.,
2014). Future study on these distant galaxies is expected to reveal detailed spatial structure
by IFS observations with extremely large telescopes.

Observations of nearby galaxies (z < 0.1) have an advantage of detailed spatial distribu-
tion of physical quantities (Gonzalez Delgado et al., 2014). Using 8—10m class telescopes, it
is possible to detect clumpy dust structures at a size of 200—300 pc within luminous infrared
galaxies (LIRGs) even without adaptive optics (AO) (Piqueras Lopez et al., 2013, 2012). The
kinematic structure of the nearby galaxies is the key information to understand how the galax-
ies have evolved, and also is important to interpret observational results of distant galaxies.
Another advantage of study on nearby galaxies is its capability to construct large samples.
For instance, CALIFA survey obtain IFS data of ~600 objects (Miiller-Sanchez et al., 2013),
while SAURON/Atlas3D~200 objects (Cappellari et al., 2011). Furthermore, the ongoing
SAMI survey (Bryant et al., 2015; Cortese et al., 2016) and the MaNGA survey (Bundy et al.,
2015; Yan et al., 2016) are planning to construct 5000—10000 IFS samples. These results

will enables us to carry out statistical discussion with their large IFS datasets.
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Fig. 1.2 Metric of published paper related to integral field spectroscopy. Blue and green bar
shows number of refereed and non-refereed papers, respectively. The histogram is taken
from astrophysics data system (ADS; https://ui.adsabs.harvard.edu/). The papers are counted
from 1990 to 2015, which contain the keywords "integral field spectroscopy" or "integral
field unit" or "integral field spectrograph."

1.3 Purpose and Approach

Obtaining spatially resolved spectra is increasingly important year by year in optical and
near-infrared astronomy. Historically IFS observations began in optical wavelength (Adam
et al., 1989; Pecontal et al., 1990). Near—infrared IFS observations are also essential for study
of galaxy formation and evolution, because most of the key spectral features (e.g. Ha, Hf,
[OII], [OIIl]) are redshifted to the near-infrared wavelength at z > 1. In addition, near-infrared
observations are less affected by dust attenuation. Furthermore, since AO works effectively
at this wavelength, high spatial resolution close to the diffraction limit (~ 0.1-0.2"for 8—4
m telescopes at K-band) can be achieved even from the ground—based telescopes. Fig. 1.2
clearly shows that IFS studies have been rapidly enhanced since 2000s, which corresponds
to the emergence of the large 8—10m class telescopes such as Keck, Gemini, and VLT.
The light—gathering power and angular resolution of these large telescopes offer powerful

near-infrared IFS observations, and spatially resolved studies are greatly developed.
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Fig. 1.3 Comparison of current and future near-infrared instruments with IFUs. The open
and solid symbols denote the IFUs with and without AO facilities, respectively. The yellow
shaded area represents an unexplored parameter space.

As shown in Fig. 1.3, the current near-infrared IFUs are specialized for fine spatial
sampling for the purpose of AO observations. In case of same detector format, spatial
sampling and the field of view are in a trade-off relationship. This fact means that only a data
cube with a very narrow field of view can be obtained in the case of AO observation.

On the other hand, an IFU with mild spatial resolution and wider field of view is a
powerful tool in the nearby universe, because sub—kpc resolution can be achieved at z < 0.1
even with a seeing-limited condition . However, Fig. 1.3 shows that there are no existing
near-infrared IFUs meeting the above objectives. In other words, IFS observations with
the wide field of view IFS observations optimized for seeing—limited condition is still an
undeveloped parameter space.

In this thesis, we design and develop a new near-infrared IFU named SWIMS-IFU (Kita-
gawa et al., 2014), which has wider field of view (= 150 [J?) and spatial sampling of 0//4
optimized for seeing—limited observations. It also enable us to acquire spectrum of 0.9-2.5
um simultaneously. Since a near-infrared IFU with such a wide field of view and wide
wavelength coverage has not existed so far, it realizes unique wide-field IFS observations.
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For example, a comprehensive near-infrared IFS survey is new and enable us to spatially

resolve dusty starburst galaxies in the nearby universe.

1.4 Constitution of the thesis

This thesis consists of the following two parts. Part I (chapter2—chapter7) describes de-
velopment of SWIMS-IFU and fabrication of their optics. First, we propose concept of
SWIMS-IFU. It is a module-like IFU, realizing IFS observations using an existing multi-
object spectrograph. Next, we examine required specifications for realizing SWIMS-IFU
and describe the optical design method of the image slicer type IFU. Furthermore, we apply
state-of-the-art processing technique, i.e. ultra-precision cutting technique to fabrication
of IFU mirror array. And we show the result of searching for optimum mirror material for
infrared optics which needs cooling. At the end of part I, we summarize the experimental
results.

Part II shows the result of AO-assisted imaging observation of nearby starburst galaxies,
which spatially resolves the Pact emission line map with a resolution of ~400 pc. Finally we
summarize the results of the thesis and discuss future prospects using SWIMS-IFU.



Part I

The Development of SWIMS-IFU






Chapter 2

Introduction of Part I

2.1 Integral Field Unit

The method of realizing the IFS can be roughly divided into three optical systems(Allington-
Smith and Content, 1998) as shown in Fig. 2.1, which are (a) micro lens array type, (b) fiber
bundle type, and (c) image slicer type IFU. Each detail is as follows.

(a) Microlens array type A microlens array is an optical element in which small lenses
(< 1 mm?) are arranged on a plane. In this method, the array is placed on a object
image of the telescope. The image is divided into small section by the microlens
array, and forms a group of small pupil images. The small pupil images enter the
spectrograph, and their spectra are extracted on a detector plane. The maximum
length of the spectrum that can be placed on the detector is determined by the size
of the pupil image and the F value of the microlens array. In order to extend the
longer spectral length, a microlens array should have a faster F value, although such
microlens array is often difficult to manufacture. Therefore, this method is suitable
for a science which does not require a long spectral length such as "wide wavelength
coverage + low spectral resolution" or "narrow wavelength coverage + high spectral
resolution" observations. An advantage of this method is that microlens array are
used in various fields (e.g. optics for wavefront sensor, projection equipment, etc...)
and are mature technology compared to the other IFU methods. Thus it is easy to
design and manufacture the optical system. The covering factor of the detector is
lower than that of the other methods, because the spectra have to be arranged on the
detector plane so as not to overlap with each other. As an example of this type IFUs,
there are Subaru/Kyoto3DII (Sugai et al., 2010), WHT/OASIS (Benn et al., 2003) and
WHT/SAURON (de Zeeuw et al., 2000) in the optical, and Keck/OSIRIS (Larkin et al.,
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Fig. 2.1 Three methods used for integral field spectroscopy. (a) Microlens array type. (b)
Fiber bundle type. (c) Image slicer type.

2003) in the near-infrared. OASIS uses a hexagonal shaped microlens, and SAURON
and OSIRIS use a rectangular shaped.

(b) Fiber bundle type In this method, fibers are spread two-dimensionally on the telescope

focal plane. Since fibers have flexibility, their other ends can be rearranged one-
dimensionally at a slit of a spectrograph, and a spectrum of each region can be acquired.
The advantage of this method is that since fibers have flexibility, there is a degree
of freedom in arrangement of the instruments. On the other hand, since each fiber
has a finite clad thickness, the spatial sampling should be discrete and filling factor
is determined by core/cladding ratio of a fiber. It is empirically required to have a
thickness of about 10 A in order to avoid crosstalk between neighboring clads. As a
typical core diameter is ~ 50—100 um, the filling factor will be ~ 60-70 %. There is
another problem called focal ratio degradation (FRD) where a F value of exit light
from a fiber becomes smaller than that of the incident light. Combining a microlens
array and fiber bundle together, FRD could be solved in some cases. In most cases,
the fiber bundle is used in the optical wavelength, because fibers which can be used
beyond > 2 um (i.e. at K-band) are not yet available. CAT/PMAS (Roth et al., 2000),
Gemini/GMOS-IFU (Allington-Smith et al., 2002), HIST/VIRUS-P (Hill et al., 2008)
are examples of this type of [IFUs. PMAS and GMOS-IFU use microlens together.

(c) Image slicer type This type of IFUs use mirror arrays of complicated shapes. By placing

an optical element called a slicing mirror or an image slicer on the telescope focal
plane, a two-dimensional field of view is divided into a number of small slitlets. Then,
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they are reflected at different angles and finally rearranged into a one-dimensional long
pseudo-slit by other mirror arrays. The advantage of this method is that it is suitable
for infrared instruments which requires cryogenic environment for the entire optical
system. Since all the mirror arrays can be made of metallic materials in this type IFU,
we can avoid thermal mismatch between optics and their support structures. Also, the
image slicer type of IFUs have larger filling factor on the detector, because the slicing
mirror continuously divides the field of view without losing the spatial information.
As a disadvantage, each mirror array has complicated shape and faceted plane, so
fabrications of these mirror arrays are highly challenging. Examples of IFUs that adopt
this method are VLT/SINFONI (Eisenhauer et al., 2003), Gemini/NIFS (McGregor
et al., 2003), KPNO/FISICA (Eikenberry et al., 2004), and VLT/KMOS (Sharples
et al., 2004) in the near infrared, and VLT/MUSE (Bacon et al., 2010), Hale/CWI (Ma-
tuszewski et al., 2010), and WiFeS on the ANU 2.3—-m telescope (Dopita et al., 2007).

The method to use are selected depending on observation wavelength and desired science.
The microlens array and fiber bundle type of IFUs are often used in the optical. On the other
hand, the image slicer method is often used in the infrared wavelengths. One of the reasons
is because all the optical systems can be composed of metallic mirrors, and there is no need
to consider the influence of thermal contradiction on optical alignment. Other reason is that
the filling factor of the detector is the highest, so it can make efficient use of the detector
whose price per pixel is high in the infrared. In an actual optical system, there is often a
pre-optical system that enlarges/shrinks the telescope focal plane image.

2.2 Purpose of the Part I

Development of near-infrared IFUs has important meaning for the study on galaxy formation
and evolution in the next decade. For instance, near infrared IFUs are being developed as a
standard instruments for the next generation extremely large telescope (TMT/IRIS; ?) and the
space telescope (JWST/NIRSpec; Posselt et al. (2004)). However, the number of available
near-infrared IFUs is still small and their spatial sampling and field of view are limited in
narraw region in the parameter space as shown in Fig. 1.3. This is because that there are
difficulties of designing and fabricating of complicated optical elements used in an image
slider type IFU which are standard selection for near-infrared wavelength..

In this study, we propose a new near-infrared IFU; SWIMS-IFU, and take the following
approach to the above problems. We design SWIMS-IFU as a compact optical unit which
realizes near-infrared IFS easily by installing the unit into the host multi-object spectrograph
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(MOS). This enables us a highly efficient observation, because we can change each observa-
tion mode; the imaging, the long—slit spectroscopy, and the IFS spectroscopy in short period
of ~ 1-3 minutes.

In order to fabricate complicated IFU mirror arrays, we adopt an ultra-precision cutting
technique. Once the processing method has been established, it is possible to fabricate mirror
arrays with good reproducibility. Establishment of fabrication method of the mirror arrays is
a very important element technology to realize a multi-object IFU in the future.

In Part I, we first introduce the concept of SWIMS-IFU and determine the required
specification in Chapter 3. The optical design method of image slicer type IFU and evaluation
of optical performance are shown in Chapter 4. Then, we perform a proof-of-principle
experiment to fabricate an slicing mirror using the ultra-precision cutting technique (Chapter
5). Also we explore which metallic alloys are optimal for cryogenic optics and show the
experimental results (Chapter 6). Finally, we summarize the results of Part I and present a
future outlook on IFU development in Chapter 7.



Chapter 3

Compact IFU with a Multi-Object
Spectrograph

3.1 Concept of SWIMS-IFU

SWIMS-IFU is a new observation mode of SWIMS (Simultaneous-color Wide-field Infrared
Multi-object Spectrograph) (Kitagawa et al., 2014; Ozaki et al., 2012). Since SWIMS is
initially designed as an ordinary MOS instrument and fabrication of its opto-mechanical
components have been already finished, our objective is to introduce IFS observation mode
into SWIMS without any modification on the existing system. In order to achieve this
goal, a compact and lightweight IFU is required, which works as a connector between the
telescope and SWIMS by converting a two—dimensional field of view into a one—dimensional
long pseudo-slit. We adopt “the advanced image slicer” layout (Content, 1997) used in
GNIRS-IFU, for example (Allington-Smith, 2006; Dubbeldam, 2006).

3.2 Host spectrograph: SWIMS

SWIMS is one of the first generation instrument of the University of Tokyo Atacama
Observatory (TAO) 6.5-m infrared telescope promoted by Institute of Astronomy, University
of Tokyo (Yoshii et al., 2010). The TAO 6.5-m telescope is being constructed at the world’s
highest astronomical site, the summit of Cerro Chajnantor (an altitude of 5,640 m) in northern
Chile.

SWIMS is a two-color (0.9-1.4 ym/1.4-2.5 ym) simultaneous imager and MOS (Konishi
et al., 2012; Motohara et al., 2016, 2014). Specifications of SWIMS are summarized in
Table 3.1. The final F value of 12.2 of the TAO 6.5-m telescope matches wiht that of
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“ - - - MOS slit mask
Telescope - or IFU
Focal plane
al filters
d Grizms
Dichroi I Blue arm
mirror (0.9 - 1.4 ym)

L Detectors

e |
Red arm
(1.4-2.5 pm)

Fig. 3.1 left: Assembled structure of SWIMS components, which cryostat and the slit mask
exchanger for MOS and IFS observation (see also Fig. 3.2). right: Layout of SWIMS optics
with its optomechanics optimized for the Subaru telescope. The mask exchanger is not drawn
in this figure. The incident light from the telescope is divided into the blue arm (0.9-1.4 pm)
and the red arm (1.4-2.5 um) with the dichroic mirror. Each camera lens is optimized for
each wavelength band.

Focal plane dewar
Telescope focal plane Mask storage

Mask catcher

- ~ " . “Compact” IFU module

Fig. 3.2 The schematic view of the mask exchanger unit which can be also seen in the left
panel of Fig. 3.1. The telescope focal plane is located in the focal plane dewar. The mask
catcher drags a slit mask holder or an IFU from the mask storage and sets it on the telescope
focal plane. The storage and the dewar are kept under cryogenic temperature (< 80 K) during
observations (Takahashi et al., 2014).
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the Subaru telescope at the Cassegrain focus with infrared secondary mirror. SWIMS can
therefore be installed on the Cassegrain focus of the Subaru telescope, and we will conduct
initial scientific observations (2017-2018) until the completion of the TAO 6.5-m telescope.

All the constituent parts such as the MOS unit, whole optics, and the cryostat have been
completed, and it is in the final phase of operation tests (Motohara et al., 2016). The left
panel of Fig 3.1 shows the SWIMS main cryostat. All the optical systems are housed in
it, and are cooled down to about 100 K for the science operation. As shown in the right
panel of Fig 3.1, the incident light from the telescope is split by the dichroic mirror into
two wavelength ranges of 0.9-1.4 um (Blue arm) and 1.4-2.5 um (Red arm) , and finally
re-imaged on the detectors through the camera lens. Filters are installed in each arm (see
also Table 3.1) and two or four HAWAII-2 RG (H2RG) detectors are placed on each focal
plane at the Subaru telescope or at the TAO 6.5-m telescope, respectively.
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Table 3.2 Specifications and Requirements of SWIMS-IFU

TAO 6.5m Subaru 8.2m

Observation mode

"Two-color" Integral Field Spectroscopy

Wavelength Coverage

0.9-1.4 um (Blue arm) and 1.4-2.5 um (Red arm)

Spectral Resolution

Blue: A/AA ~ 1000-1500; Red: A/AA ~ 800-1400

Field of View 1772 x 12!"8 14"7x 104 (14" x 52 %)
Slice numbers (N) 26 26 (13%)

Slice width (w) 0/5 04
Magnification factor (f3) x2.6

Entrance and Exit F—number 12.2

Expected IFU throughput >70% atA =1pum

Weight? <900 g

Size D <170 mm, L < 220 mm, H < 60 mm

2 Field of view covered with two HAWAII-2RG arrays (4096 x 4096 pixels)
b The upper limit including IFU optics and support structures

3.3 Specifications of SWIMS-IFU

3.3.1 Optical component

The specifications of SWIMS-IFU are summarized in Table 3.2. Some parameters are slightly

different between at a use of the Subaru and TAO 6.5-m telescope due to the change of a pixel

scale (see Table 3.1). As SWIMS is optimized for seeing—limited observation specification

of the optics of the IFU should be also optimized for typical seeing on the summit of Mauna

Kea and Cerro Chajnantor. We determine a sampling width per each slice (w) and a number

of slice (N) a keeping a wide field of view and maximizing a covering factor of detectors.

First, considering a typical seeing at the summit of Mauna Kea and Cerro Chajnantor

of 0/4-0/8, we set w to the value of the best seeing of ~ 0.”4. The determination of N is

arbitrary. From the positional relationship shown in Fig. 3.3, the maximum length that can

be used in the direction in which the pseudo slits are aligned is 188.5 mm. Then the actual

length per slice becomes (188.5/N) mm on the telescope focal plane. Using the plate scale of

the Cassegrain focus at the Subaru telescope of 485 um/arcsec, this value can be rewritten as
(389/N)". We have chosen N = 26, then the field of view of 0”4 x 15”can be assigned for
one slice on the telescope focal plane. This corresponds to a situation in which each spectra

is laid without gaps on the detector surface and in practice it is necessary to provide a gap
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Fig. 3.3 Layout of the output slitlets of SWIMS-IFU according to both the telescope focal
plane and the SWIMS detector plane. The four yellow squares represent HAWAII-2RG arrays
covering the focal plane of the SWIMS. The area with cyan corresponds to the field-of-view
where we can obtain entire near-infrared spectra between 0.9 and 2.5 pm. The red arrow
indicates the direction of the spectral dispersion.

between each spectra so that adjacent spectra do not overlap. If we assure that the interval
should be 10 pix (= 180 um or 1.0”) on the detector surface, the final pseudo slit has a length
of 140 per slice, and the total field of view of the IFU becomes 10”4 x 140 at the Subaru
telescoe.

Next, we determine a magnification factor 8 of the pre—optical system which enlarges the
telescope focal image and output it to the IFU optics. We consider manufacturing feasibility
of the slicing mirror array. Using a currently available ultra—precision cutting machine, a
processable slice width is an order of 100 um (e.g. Dubbeldam et al. (2012); Sakon et al.
(2013)). Then, we adopt a moderate value of 500 um as the actual slice width. Since the slice
width of 0’4 corresponds to 194 um before enlargement, 3 is 2.6 .

Finally, we calculate a covering fraction on the detector using the determined value. It is
as high as 94 %, while we keep a wider field of view than that of any existing near-infrared
IFUs. In the case of the TAO 6.5-m telescope, the parameters can be calculated in the same
way using the pixel scale for the telescope shown in Table 3.1. These specifications for the

IFU are set to the starting point of the optical design in Chapter4.
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Telescope focal stage

Mask storage

Slit mask or IFU

Fig. 3.4 Conceptual diagram of the MOS exchanging unit. (Step 1) The initial state corre-
sponding to imaging observation. (Step 2) The catcher goes into the storage, grips the mask
or the IFU, comes back to the focal plane, and (Step 3) puts the mask on the stage. The
incident light from the telescope comes above.

3.3.2 Mechanical component

Fig. 3.4 shows how IFS observation mode can be realized by the mask exchanger unit. In
order to handle the IFU and store it to the mask storage like a MOS slit mask, the size of
the IFU needs to be almost the same as the slit mask. We assign a volume of two slit-mask
holders to the IFU including support structure and optical components. This volume has
width D = 170 mm, length L = 220 mm, and height H = 60 mm (the left panel of Fig. 3.5).
When the IFU is placed on the focal plane, incident light from the telescope comes from a
direction parallel to H. Note that the direction that gives the tightest restriction on the optical
layout is H.

Weight of the IFU is also limited by a grasping power of the mask catcher which must
handle the IFU between the mask storage and the focal plane without any trouble. We perform
an experiment to measure the grasping power. Using a dummy mask of which weight can be
adjusted by putting additional weight (AM = 7.0 g) on the mask, the experiment is repeated
five times with same load. The maximum load My« is defined as the weight where the
catcher cannot lift the mask up from the focal plane. As the result, we estimate M,y to be
1153 £ 70 g.
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IFU storage /" * L iie e . ® Dummy IFU /

Fig. 3.5 (left) A carousel unit as a storage for MOS slit masks. A larger housing at the bottom
side corresponds to the IFU storage. (right) Focal plane stage inside a MOS unit. The storage
is located on the left side of the panel.

This result is confirmed by a dummy IFU whose weight is 908 g (right panel of Fig. 3.5).
Using this dummy IFU, a repetitive test is performed again, where the catcher reciprocates
100 times in total between the IFU storage and the focal plane. It takes about 70 seconds
to put the unit on the focal plane stage. We confirm that the dummy IFU can be handled
without any problem. Therefore, the allowable maximum weight of the IFU is set to Mpy =
900 g, which is the upper limit on the total weight including the IFU optics and the support
structure.



Chapter 4

Optical design

4.1 Optical Components

In this chapter, we investigate whether possible optical solution exists for the specifications
given in Table 3.2, and also describe how to design an optical layout of an image slicer type
IFU.

The optical layout of SWIMS-IFU is shown in Figure 4.1, and the optical components

and their abbreviation are defined as follows.

* Pick—off mirror (PO0O) has a flat surface and introduces the incident rays from a
telescope into the IFU. The entrance F—number is 12.2, which is the value at the
Cassegrain focus of the Subaru telescope with IR secondary mirror, or at the Nasmyth
focus of the TAO 6.5-m telescope.

» Enlarger optics consists of achromatizing lenses (PO1) and a concave spherical mirror
(PO2). POl is a doublet lens using BaF, and S-NPH2 and suppresses chromatic
aberration throughout the NIR wavelength (0.9-2.5 ym). PO1 and PO2 magnify the
telescope focal plane image by a factor of 2.6 and reimage it on the slicing mirror

array.

* Slicing mirror array (S1) divides the magnified image into 26 small slits and reflects

them to corresponding pupil mirrors.

* Pupil mirror array (S2) is located at exit pupil positions of S1. It also converts the F
ratio of the input rays to that of the telescope (i.e. F/12.2) and create “pseudo” slits.
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PO1

Incident liTt from 2 telescope

POO |

Entrance window s1 ]
D < 170 mm M ¥ S2
= - h <60 Telescope i . DO —
= mm | focal plane

Output to SWIMS optics

Fig. 4.1 Schematic view of the optical layout. Incident light (black lines) from a telescope is
guided into the IFU by POO. Then, the telescope focal image is enlarged by PO1 and PO2 by
magnification factor of 2.6, and re-focused on S1 (represented by blue lines). S1, S2, and S3
convert the enlarged image into a group of small slits (slitlets) , and reflects to the SWIMS
spectrograph (red lines). S3 is located in the telescope focal plane. All optical components
should be contained in the volume shown in the left image.

 Slit mirror array (S3) reflects the rays from S2 into the SWIMS main optics. It also
matches the position and sizes of the exit pupils of the IFU to those of the cold stops
inside the SWIMS optics.

Each component is numbered as follows : , i.e. 0 = POO, 1 = PO1, 2 = PO2, 3 = S1,
4= S2, and 5 = S3, respectively. Fig. 4.1 shows how these components should be aligned in
the IFU.

The enlarger optics can be composed of at least two or more optical surfaces to obtain the
desired magnification factor. Possible combinations are “mirror + mirror", “lens + mirror",
or “lens + lens." Because that the size tends to be large in the case of “mirror + mirror"
system, and “lens + lens" has disadvantage in terms of chromatic aberration, we employ
"lens + mirror" system.

In order to perform paraxial calculation we introduce a relationship between an object
and an image at the given surface, and define its sign as shown in Fig 4.2. A definition of s;,

t;, and f; depicted in Fig. 4.2 are as follows.
* s; : a distance from an i-th surface to an on-axis object point.
* s} : adistance from an i-th surface to an on-axis image point.
* t; : the distance from an i-th surface to an entrance pupil.

s ¢! : the distance from an i-th surface to an exit pupil.
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Secondary mirror of a telescope
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Fig. 4.2 Definition and arrangement of each symbol. The direction of each arrow coincides
with the direction of the positive sign. Black open and filled circles indicate positions of
an object and an image, respectively. Black open and filled diamonds indicate positions of
an entrance and exit pupil, respectively. D is the width of the unit ,and # is height of POO
measured from the focal plane

* f; : the focal length of an i-th surface at an image side.

An apex of i-th surface is taken as the origin of above quantities, and the traveling
direction of the ray is defined as a positive direction. A sign of image height is positive when
image position is above the optical axis. The unit of numerical values appearing in following
discussion is measured in [mm] unless otherwise specified. For a certain optical i-th surface,

two relationships about image and pupil positions hold as follows.

I 1 1
i [
1 1 1

4.2 Paraxial calculation

4.2.1 Enlarger optics

We determine parameters of each optical surfaces by paraxial calculation. First, the following

conditions are imposed on the paraxial calculations.
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(Condition A) d» =d3 =D
(Condition B) The surface shape of S1 must be flat.

d; is distance from i-th surface to (i+1)-th surface. Condition A is intended to mono-
lithically fabricate each optical components, and greatly simplify the alignment procedure.
Condition B make fabrication of the slicing mirror easier. This is important because fabrica-
tion of a slicing mirror with curved surfaces is very challenging.

From this conditions, we treat spp; (= x) as a free parameter of the optical system, and
show that x is uniquely determined by giving fixed parameter of width (D), height (&) of the
unit, and synthesis magnification of PO1 and PO2 (). The following relationship holds

from condition A.

1 1 1
—_—— == (4.3)
spo2 D fro2
1 1 1
—_— = (4.4)
tpo2 2D Jro2
From these two equations the following equation is derived.
2D spo2
t = — 4.5
PO2= S (4.5)

Both sppo and tppy are negative from the definition of the sign. From Fig. 4.2 the range
of spop should be —D < sppy < 0, then

ltpoz| < |spo2| (4.6)

is always satisfied. It means that in order to make the exit pupil of PO2 at the back of the
image of PO2, the entrance pupil of PO2 needs to be located closer than the object position
(i.e.the exit pupil is located behind the image of objects with respect to PO1) --- (i). By

rewriting this as a condition for PO1, the conditions imposed on spp; and fpp; become clear.

ltpo2| < |spoa| <= |spo1| < | froil 4.7)
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Using this relationship, the following inequality is obtained.

1 1 1

— = — 4.8)
SPO1 Spoy fro1
- fPOlS})Ol
fro1 — Spo1

Therefore, we can see that spp; > 0 is always satisfied. Then, (i) can be translated as
follows: PO1 needs to be placed on the upstream (incident) side of the focal plane of the
telescope in order to located behind the exit pupil of PO2 image- - - (ii). At this time, the
focal plane of the telescope becomes a virtual object point with respect to PO1. Rewriting (ii)
with optical parameters, the following relation is obtained when # is height of POO measured
from the focal plane (see also Fig. 4.2).

0<spo1 <h (4.10)

Let us select spp; as a free parameter of the entire optical system of the IFU. In other
words, we chose an expression which describe a change in the geometric arrangement of the

IFU according to the position of PO1. From Fig. 4.2, we obtain the following formula.

spo1 =D —h+spo1 + spon 4.11)

Also, as B and 3, are magnification factors of PO1 and PO2, respectively, the resultant

magnification factor, 3, can be written as follows.

B=pB1xp 4.12)
/ /
— Spol % Spo2 (413)
Spo1 SPO2
D—h D
_ +spo1 +Spo2 % (4.14)
Spo1 SPo2

From the above results, spoy can be rewritten as a function of spo.

D(D - h+Sp01)
Bspo1 —D

SpPo2 = (4.15)

Therefore, calculating spo; from given constant D, &, and 3, we can uniquely determine a

parameter sets of [spp;, fro1l and [spo2, Spoas 1025 Ippys fPo2]. However, with this alone,
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the exit pupil of PO2 is not necessarily formed at the distance of D behind the slicing mirror.
Next we will think about this problem.
The distance between PO1 and PO2 is expressed as d;, and can be written as follows.

d1 :‘ SPo2 | — ’S/POI ’ (4.16)

=|tpo2 | — | tpo1 | 4.17)

In general the second equality sign is not always satisfied. This can be thought as follows.
We introduce a new parameter A, and define it as follows.

A= (Ispox | = spor 1) = (I troz | = | tpor ]) (4.18)

From this form A does not always satisfy A = 0. As tpg; = oo, ol—o — 1 =—-L ‘and

po1 = fro1 , we can derive the following expression.

A = spo2 — Spo1 —tro2 + froi (4.19)

(i1) mentioned above is equivalent to A = 0, and can be treated as follows. Let the actual

placement length be §po», fpp2, from as in Fig. 4.2, we obtain the following equation.

$Po2 = tpo2 — (Spo1 —tpo1) = tPo2 — Spo1 + frol (4.20)

Therefore,
spo2 — §P0o2 = SPo2 — tpo2 — Spo1 + frot 4.21)
—A 4.22)

In the same way, for the imaging relation of the pupil, the following equation is derived.

z !/ /
tpo2 = spo2 — (Spo1 —tpo1) = SP02 — Spo1 + fPOI (4.23)

thus,
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tpo2 — P02 = tPo2 — SPO2 + Spo1 — fPO1 (4.24)
— A (4.25)

A express a deviation between the theoretical value and the actual arrangement length
about the object and pupil image of PO2.

Then, we define a function on x as follows.

F(x)=-A (4.26)
= 1p0o2(x) — 5p02(x) + 5po1 (X) — fro1 (%) 4.27)
= tpoz(x) —fp01(x) +x+D—h (4.28)

The second equality is transformed using sp); (X) =x+spo2(x) +D —h. Then, tpp2(x), fpoi(x)
in the expression can be written as a function of x as follows.

2D spoa(x)

Po2\X) = 35—~ (4.29)
POZ( ) 2D — Spo2 ()C)
; D—h D—h
Fron(x) = XSPIOI _ 4 +x+spoa(¥)] A +x+spoa(x)] 430)
X—Spoy X~ [D—h+x+s5po2(x)] D —h+spo2(x)
D(D—h+x
spo2(x) = ﬁ (4.31)
A specific expression of F(x) can be written by the following equation.
op PD=h+t) XD —h+x+ D(D—h+x)]
_ Bx—D Bx—D
F(x)= 2D D0k T Bl +x+D—h (4.32)

Bx—D

Solving F(x) = 0 for x using constant parameters of D, h, and 3, we obtain following

solutions.
B(D—h)+D

BB
xp=h—D (4.34)

(4.33)
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Fig. 4.3 The paraxial parameters which gives the solutions of F(x) = 0 with 0 < x < h. The
search ranges of each parameter are D = 110-220 mm, & = 0-60 mm, and 8 = 0.0-5.0,
respectively. The white circle indicate the set of (D, h, B) we used for calculating the paraxial
optical layout.

Since inequality of D > h holds in the case of SWIMS-IFU, x, always takes a negative
value. Therefore, the solution that satisfies 0 < x < & is only x1, in other words, we can
uniquely determine the free parameter of spp; = x; by giving the fixed parameter of D, h, f3.

Fig. 4.3 shows the result of seaching the parameter with the range of D = 110-220 mm,
h = 0-60 mm, and B = 0.0-5.0. Since whether a paraxial solution exists is not trivial , it
is the important fact that there are solutions of F(x) satisfying 0 < x < h within a realistic
range of (D, h, B). Using a solution obtained here we can construct a paraxial layout which
satisfies the condition A and B. We adopt the values of spp; = 35.678 mm as the starting
point of paraxial calculations obtained from D = 140, h = 44, and 8 = 2.6 (the white circle
in Fig. 4.3).

Fig. 4.4 shows the calculation flowchart, and we can uniquely determine all the parameters
of the enlarger optical system by giving the value of sppj.
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v Determination of Spg4
Select a solution of F(x) = 0 which satisfies 0 <x<h
v Determination of Spq;
< D(D —h+spo1)
PO2 =
Bspo1 — D
S’POQ =D
v Determination of s’so, v Determination of foo, v Determination of tpo,
SJPO]_ =D —h+ spo1 + spo2 f D spoo 2D spoo
= — t - —_—
PO2 spos— D PO2 2D — spos

l

v Determination of fpgoq

fro1 =

!
SPO1Spo1
5PO1— Spoy

Fig. 4.4 Calculation flowchart of optical parameters of magnifying optical system. All values
are uniquely determined by giving D, h, and f3.
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Table 4.1 Paraxial parameters of PO1 andPO2.

spo1 [mm]  sp,, [mm]  fpo; [mm]
35.678 -258.577 -31.352

spo2 [mm]  sp, [mm]  tpop [mm] 15, [mm]  fpps [mm]
-390.254 140.000 -163.030 280.000 103.037

Calculated parameters are summarized in Table ?? and Table ??. The enlarger system
consists of a doublet lens with a concave power and a concave mirror. Each magnification
factor is Bpp; ~ —7.2 and Bpor ~ —0.36 calculated by the parameters in Table ?? and
Table ??., and resultant magnification factor is B = Bpo1 X Bpoz ~ 2.6. They mean that PO1
expands the focal plane image excessively, and then it is reduced by PO2.

It is useful to convert the values in Table 4.1 into the distance between each surface
(d;) and the curvature of the surface (R;) because these quantities are required for ZEMAX

optimizations. We can calculate them by using following equations.

d() =h— Spo1 (4.35)
dy = —(spo2 — Spo1) = —(tro2 — fro1) (4.36)
Ri=2f (i=1,2) (4.37)

The results are shown in Table 4.2.

4.2.2 IFU optics

Next, We determine parameters of the IFU optics. The distance d4 between S2 and S3 and
the curvature of each mirror can also be calculated from the values in Table ??. First of all, d4
is determined from d4/d3 = 1/B and d3 = D from the requirements to return the magnified

image to its original size.
dy=D/B (4.38)

A focal length of S2 can be calculated from the following equation.
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Table 4.2 Paraxial parameters for ZEMAX optimization.

d; [mm]® R; [mm]®
POO 8.322 inf
PO1 131.678 -62.704
PO2 140.0 -206.074
S1 140.0 inf
S2 53.846 -77.778
S3 - -107.692

@ The thickness between the i-th and the (i + 1)-th surface.
®) The radius of curvature of the i-th surface. The inf means the
flat shape, and the minus sign means the concave shape.

1 1 1 1 1

e 4.39

d3 —d4 D+D/B fS2 ( )
L o= 158 (<0) (4.40)

The initial value of the focal length of S3 can be calculated from the condition that the

entrance pupil at the pupil mirror is moved to infinity.

1 1 1 1

R R 4.41

& = D/p Is (D)
D

o fsz= _E (< ()) (4.42)

Since the curvature radius of the mirror is twice times of the focal length, both f5, and
fs3 are determined only by the width D of the IFU and the magnification factor f3.

4.3 Optimization

We perform optimization of the whole system of the IFU using the ray tracing software
Zemax. The obtained paraxial parameters are adopted as a starting point of optimization.
The flowchart of the optimization is shown in Fig. 4.5. Optimizations are carried out in
three steps. First, we optimize the enlarger optics (PO1 and PO2). Next, we deal with the
parameters of S1-S3 which are the heart of the IFU. Finally, we evaluate the whole system
including both the IFU and SWIMS optics.



32 Optical design

Step 1 In the framework of the paraxial calculation, PO1 is modeled as an ideal thin lens, so
in the ray tracing it is necessary to replace it with a lens of finite thickness. Since the
wavelength coverage of SWIMS is wide (0.9-2.5 um), chromatic aberration needs to
be corrected for PO1. We adopt a doublet lens with a glass materials of BaF, with high
transmittance in the infrared region and S-NPH2 (OHARA) suitable for chromatic
aberration correction with high availability. The shape and the optimized parameters
are summarized in Table 4.3. Each lens is as thin as 2—-3 mm, and their fabrication
process and a risk of breakage due to thermal cycling will be a subject to be studied in
the future. By embedding this doublet lens (PO1) and the concave mirror (PO2) in the
paraxial solution position, we confirm that the telescope focal plane image is enlarged
by factor of 2.6, and focused on the position with distance of D ~ 140 mm from PO2.
The curvature and the lens thickness of PO1 and PO2 are set to variables, and the
composite magnification factor is fixed to 8 = 2.6. The merit function is optimized at
the position of the slicing mirror. The optical parameters of the enlarger optics are fixed

to the values obtained in Stepl, and do not changed in the subsequent optimization.

Step 2 SWIMS-IFU divide the field of view into 26 slitlets, so 78 mirrors in total should
be optimized and this is not easy tasks. We use a macro language and user-defined
optimization functions in order to handle these multivariate optimization. A fan angle
is the angle in the longitudinal direction of the slicing mirror, and a tilt angle is the
angle in the horizontal direction. We set position of S2 and fan angle of S1 to variables,
and position of S2 is fixed to pupil position of exit pupil of S1. After determining
the arrangement of each channel for S2, we set a height of S3 to the telescope focal
plane. Then, at the position of S3, the tilt angle of S2 and the position in the optical
axis direction of S3 are optimized so as to minimize the spot radius. The tilt angle of
S3 is adjusted so that the exit pupil for S3 matches with the position of cold stop in the
SWIMS optics.

Step 3 Since the optical parameters of SWIMS such as the position of the cold stop cannot
be changed, an exit F-number of the IFU optical system should be same as that of the
telescope. These procedures are repeated until satisfying the deviation of pupil position
at the cold stop is less than 10 %. The obtained optical layout after the optimization

are shown in Fig. 4.6.
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Step 1

v Optimization of enlarger optics

+ Surface : PO1, PO2

- Variable : distance, curvature

+ Evaluation : Spot radius at S1
Pupil quality at S2

Step 2

v Optimization of IFS optics

» Surface : S1, S2, S3
+ Variable : distance, curvature, fan/tilt angle
- Evaluation : Spot radius at S3

Step 3

v Optimization of total optics

- Surface : IFU + SWIMS spectrograph
- Variable : distance, curvature, fan/tilt angle
« Evaluation : Spot radius at detector surface
Pupil quality at cold stop within SWIMS

Fig. 4.5 Flowchart of optimization of the IFU.
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Fig. 4.6 Overall view of SWIMS-IFU. The incident light (upper left) from the telescope is
guided into the IFU by POO, the two-dimensional field of view is divided into twenty-six
slitlets, converted into a one-dimensional slit and emitted to the SWIMS. The position of S3
is equal to the position of the telescope focal plane.
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|« | Telescope 150 mm
Focal plane ‘
E POO0 o
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Blue arm Side Vi
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Fig. 4.7 Optical layout of SWIMS (left) and SWIMS-IFU (right). Green square represents
the IFU. X-axis lies in the focal plane of the telescope and the Y-axis is chosen parallel to the
optical axis of the telescope. Z-axis corresponds to the direction of propagation of light rays
in the IFU. A “Ch xx” represents a symbol attached to each reflection surface of the mirror
arrays, and the enlarged image is divided into 26 pieces from Ch—13 to Ch+ 13. The orange
arc of the lower right is the rearranged slitlets corresponding to S3. It becomes an injection
slit to SWIMS.

4.4 Results

4.4.1 Optical parameters

The final optical parameters and the coordinates after optimization are summarized in
Table 4.3 ~Table 4.6. We define the coordinate system as follows. The X-axis lies in the
focal plane of the telescope and the Y-axis is parallel to the telescope optical axis as shown
in Fig. 4.7. In consideration of design and manufacture, we chose the reference point of
the IFU (i.e. the origin of the coordinate system) as the center of the slice mirror located
between Ch+1 and Ch—1 (the red circles in Fig. 4.7) The intersection of the focal plane and
the optical axis of the telescope is located at (0.000,+27.162, —67.492) with respect to the
IFU reference point.

POO has a planar shape and introduces light from the telescope into the IFU. The
magnifying optical system is composed of a doublet lens (PO1) and a spherical mirror (PO2).
We introduce a doublet on one side of the enlarger optics to make the optical system compact.
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This consists of biconcave (PO1-1) and meniscus (PO1-2) lens, and PO2 has a concave
shape. PO1 and PO2 reimage the focal plane image at the position of S1 with synthesis
magnification of ~ 2.6. Since SWIMS acquires spectrum of wide wavelength band from
0.9 um to 2.5 um with one exposure, careful lens design to suppress chromatic aberration
is required. As a result of considering various lens materials in combination, we adopt
BaF; and S-NPH2 as achromatic lens material in the near-infrared wavelength. In order
to take into account the refractive index at low temperature, we use the data obtained from
experiments (Yamamuro et al., 2006).

S1, S2, and S3 are the heart of the IFU and consist of three mirror arrays. They divide
the two-dimensional field of view into twenty-six slitlets and inject a rearranged slit image
toward the SWIMS optical system. Each reflective surface from Ch—13 to Ch+13 shown in
Fig. 4.7 has a planar shape in S1, and have concave spherical in S2 and S3. We use off-axis
ellipsoid for Ch—13~Ch—7 and Ch+7 ~Ch+13 in S2. On the outer reflection surfaces of
S2, the incident ray from S1 has a large incident angle, and is reflected to S3. This causes a
large aberration on these reflective surfaces. In order to improve optical performance, we
introduce an aspheric surface to S2. In consideration of ease of manufacturing and alignment,
we decide to replace a part of the pupil mirror with an aspheric surface. These have the effect
of greatly improving the imaging performance of the exit slit of the IFU as described in
Section 4.4.3.
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4.4.2 Size of the IFU

In SWIMS-IFU optical design, careful consideration is required to satisfy the size require-
ment. The most severe restriction on the optical system is the height of the IFU (parallel to
Y-axis), and it is determined by the position of POQ. Therefore, through optimization, the
position of POO is controlled to keep the value of paraxial calculation. In order to simplify
the alignment of the optical elements, the constraint condition that each optical element is
located at the end of the unit was imposed by paraxial calculation (see also Section 4.5.2).

Specifically, we optimize POO and PO2 so that they are located at both ends of the
unit and that the distance between POO and PO1 is not too far, while keeping the synthesis
magnification of POO and POI1 so as to be ~2.6. In the same way, the position of S1 is
adjusted to be almost beneath POO, and the position of the pupil mirror is also optimized to
be beneath PO2. Optimization is repeated so as to minimize the aberration while considering
the arrangement of optical elements.

We verify the details of the size of the optical layout. Fig. 4.7 shows elevation and plane
view of the optics of the SWIMS-IFU after optimization. The result demonstrates that all
the optical surfaces are packed into volume of D = 150 mm, L = 185 mm, and H = 50 mm,
respectively. This layout also satisfies the condition that each optical component (without S3)
should be packed together at each side of the unit. It allows us to fabricate monolithically not
only each mirror arrays but several components on the same side (e.g. PO2 and S2) and to
reduce procedures of alignment by using high precision machining technique. As a result
of optimization, we succeed in constructing an optical layout solution satisfying the size

requirement sufficiently.

4.4.3 Optical Performance

Fig. 4.8 shows the spot diagrams at the slicing mirror. The diameter of the spot size is ~
0./05 at the center channel and 0708 at the outer channel.

Fig. 4.9 is also shows that all the spot diameter at the slit mirror position. We adopt
off-axis ellipsoid surfaces for pupil mirrors at Ch—13 ~ Ch—7 and Ch+7 ~ Ch+13 to
improve the performance. In fact, we have improvement in the spot diameters at these
channels compared with when they have spherical surfaces. At Ch—13 and Ch+13 which
show the worst spot size with spherical surfaces, the spot diameters become 0.”3 or less and
are improved by 1/3 with the non-spherical surfaces. This means it is necessary to use an
off-axis ellipsoid surface in a channel at the outer side of the pupil mirror. In other words,

about half of the 26 channels of the pupil mirrors should have off—axis ellipsoid surfaces.
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Fig. 4.8 Spot diagrams at the S1 (slicing mirror) position
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Fig. 4.9 Spot diagrams of all the channels at S3 adopting off-axis ellipsoid to Ch—13 ~
Ch—7 and Ch+7 ~ Ch+13 of S2 (pupil mirror). One side of the rectangle represents 1.”0.
The upper row and the lower row show edge of the slitlets, and the middle row the center.
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Fig. 4.10 Spot diagram at the detector of the blue arm of SWIMS. One side of the outer
rectangle represents 1”0 (= 10 pixels) The upper row and the lower row show spots at 0.9
pm and 1.4um, respectively.

Next, by connecting the IFU to SWIMS spectrograph as shown in Fig. 4.7, the imaging
performance on the detectors is evaluated. We call the shorter wavelength side (0.9-1.4 um)
as “blue arm” and the longer wavelength side (1.4-2.5 um) as “red arm”.

Spot diagrams at the detector surface are shown in Fig.4.10 and Fig. 4.11. The imaging
performances of both arms tends to decrease with increasing wavelength. This is caused by
the design of the SWIMS optics itself, and is independent of the nature of the IFU optics.
Also, the spots worsen as going to the outer channel due to their large reflective angle at the
pupil mirrors. The maximum spot diameter obtained is 0.”39 which is approximately equal
to the IFU spatial sampling. Considering that SWIMS-IFU will be used under seeing—limited
condition of 0//4 — 0”8 at the Subaru or the TAO 6.5-m telescope, this spot diameter is within
allowable range . In other words, this image quality dose not significantly degrade spatial
and spectral resolutions in the case of seeing—limited observations, although it may possible
to make efforts to improve the spot diameter by reviewing the degree of freedom of the
optical system. Based on the above results, the optical layout of this study satisfied the size
requirement, and the final imaging performance is better than the spatial sampling of ~ 0.4 ”.

Finally we discuss the pupil alignment between the IFU and the cold stop within SWIMS.
Since SWIMS-IFU is connected to the existing spectrograph, misalignment of pupil image
will leads to a loss in light intensity and increase thermal background noise.

Fig. 4.12 shows the full field of view spot diagram at the pupil mirrors of position for
Ch+1 and Ch=£13. From these results, good pupil image is obtained even at the outer channel
of SWIMS-IFU. Using this as an entrance pupil for SWIMS—spectrograph, collimator lens of
SWIMS make the exit pupil image at the cold stop position. Since the diameter and position
of the cold stop in SWIMS are all fixed, it is necessary to fit the exit pupil of the SWIMS-IFU
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Fig. 4.11 Spot diagram at the detector of the red arm of SWIMS. One side of the outer
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Fig. 4.12 A full field of view spot diagram at S2 (pupil mirror) position. Blue is the pupil
image of the center of the view, while red and green are those at the edge of the slitlets.

well there. The result is shown in Fig. 4.13. At the Ch+£13, the pupils of the edge and center
of the slitlets are not at the same position, and mismatch with the cold stop , which result in

light loss at the cold stop of ~ 12%.

4.5 Tolerance estimation

4.5.1 Tolerance values of each component

In this section, we estimate how much error is allowed for each optical element. First of all,
we perform sensitivity analysis. In Section 4.4.3, we identify that the worst degradation of
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Fig. 4.13 A full-field spot diagram at the cold stop position within SWIMS. Blue is the pupil
image of the center of the view, while red and green are those at the edge of the slitlets.

spot size occurs at the edge of Ch—13. Thus, it is possible to obtain the most severe value of
error for all channel by estimating the tolerance for Ch—13.

We give deviations of translation (AX,AY,AZ) and rotation (Ry,Ry) and shape error of
the optical surface to each optical element, and estimate how much defocusing occurs. Since
the optical element without S2 has an axisymmetric shape, it is not necessary to consider the
rotation around the Z-axis. For S2 using off-axis ellipsoid, it is confirmed that defocusing
occurring in the range of Rz = +£0.01 degrees is negligible.

Table 4.7 summarizes the defocus ratio for each deviation when giving £ 50 pm for
translation, + 0.01 degrees for rotation, and 0.1 um P-V for shape error In the magnifying
optical system, the contribution of PO2 is the largest. Shape error and deviation in the X-axis
and Z-axis directions produce defocus of 6-8%. The mirror array generally produces a
large amount of error, which is a contribution of ~65% of the total. This result clearly
shows that high precision manufacturing and alignment is necessary for these optics. For
S1, it is sensitive to the shape error and the angle error around the Y-axis, each contributing
~10%. S2 has the largest contribution among all the optical elements, and an aberration of
6—10% is generated from the shape error and the deviation in Y-axis and the Z-axis direction,
respectively. S3 is sensitive to the deviation of both X-axis and Y-axis, resulting in defocusing
of 6-8%. Based on the results of the sensitivity analysis, we can estimate which deviations
contribute significantly to each optical element.

Next, we determine the tolerance value for each optical element. Ch—13 has the maxi-
mum spot size of 0”4 on the detector plane, and we define the maximum allowable spot size
as 0/5. In other words, the sum of defocus amounts generated from each optical element
needs to be kept within 0.1.
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Table 4.7 Sensitivity analysis for Ch—13

‘ Shape error AX @ AY @ AZ @ Ry ® Ry ® ‘ Defocusing®

Given error 0.1@ 450 +50 +50 4+0.01  +0.01 -
[um] [um] [um] [um] [degree] [degree]

POO 0.2 00 00 00 2.4 1.5 4.2
PO1-1 0.1 3.1 08 06 0.1 0.1 4.9
PO1-2 0.0 36 07 42 0.1 0.2 8.9
PO2 3.6 69 05 35 2.0 0.0 16.5
S1 10.2 00 00 1.0 2.3 6.5 20.0
S2 10.3 03 86 63 1.8 0.1 27.3
S3 0.4 64 83 0.1 1.7 1.3 18.2

Sum | 100.0%

@ Deviation in X, Y, and Z-axis direction. The definition of each axis is shown in Fig. 4.7.

(® Rotation around X and Y-axis. Since each optical element is axisymmetric, rotation around the
Z-axis is not considered.

(© Percentage of defocus under each error.

@ The value in peak-to-valley.

Tolerance values of each optical element determined based on the results of sensitivity
analysis are shown in in Table 4.8. These values include both manufacturing tolerance and
assembly error. We allocate ~40% to the fore optics and ~60% to the three mirror arrays
as error budget. An accuracy of £40 pm is typically required for the translational direction.
Especially for specific degrees of freedom of PO2, S2,and S3, we require an accuracy of £20
um since they are sensitive to translational error. Regarding the angular error, an accuracy
of £ 0.01 degrees is set as a required value. Considering manufacturing feasibility, shape
error is set to 0.1 um. The sum of defocus arising from these deviations is estimated to be
0.1 from ray tracing, which agrees with the required value.

We define the accuracy shown in Table 4.8 as the requirement for IFU. These values
are based on the analysis for Ch—13 where the aberration is the worst, and can be regarded
as the most severe requirement accuracy. Fabrication with this accuracy has already been
realized in the existing near-infrared IFU such as VLT/KMOS (Dubbeldam et al., 2012), and
it is considered to be sufficiently achievable. Particularly by using monolithic processing by
ultra-precision processing, fabrication errors and alignment of each facet in a mirror array

can be achieved within the required accuracy.
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Table 4.8 Tolerance table of each component

Shape error AX AY AZ Rx Ry Defocusing
[nm] [um] [um] [um] [degree] [degree] | [arcsec]

POO 0.1 +40 +40 +40 +0.01 +0.01 0.01
PO1-1 0.1 +40 +40 +40 +0.01 +0.01 0.01
PO1-2 0.1 +40 +40 +40 +0.01 +0.01 0.01
PO2 0.1 +20 +40 420 £0.01 +0.01 0.01
S1 0.1 +40 +40 440 £0.01 +0.01 0.02
S2 0.1 +40 +20 +£20 +0.01 +0.01 0.02
S3 0.1 +20 +20 +40 +0.01 +0.01 0.02

\ Sum | 0.10

4.5.2 Alignment Strategy

We describe the strategy of alignment of optical elements within the IFU. We will monolithi-
cally fabricate not only each surface in mirror arrays, but also each optical elements in the
unit. As shown in Fig. 4.14 same color means that the optical surfaces will be fabricated
from one piece of alloy. Number of components can be dramatically reduced, and there are
only three-components (red, blue, and green one in Fig. 4.14) to be aligned in the unit. The
alignment of each optical surface in a component can be determined by machining accuracy
(< 1 um). The position of each component is fixed by position-adjusting pins with thin
spacer to adjust moderate offset. These strategies reduce alignment process and provide
high-precision alignment.

The supporting structure of the SWIMS-IFU and each mirror are made of CTE-matched
special aluminum alloy described in Chapter 6. Assuming that all components in the IFU
are isotropically shrunk under a uniform temperature distribution, alignment of the optical
axis adjusted at room temperature will not deviate greatly even at low temperatures. For the
doublet lens of the magnifying optical system, the influence of heat shrinkage is considered
to be sufficiently small as compared with the assembly error and manufacturing tolerance
since the diameter (~ ¢ 10 mm) is small.

4.5.3 Throughput Estimation

In order to evaluate a throughput of the IFU, we consider two contributions to a throughput
of a mirror. One is scattering due to an unevenness on a surface and the other is reflectance
determined by a refractive index of a material. This can be modeled as follows (Ogilvy,
1987).
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Fig. 4.14 A CAD image of conceptual design of SWIMS-IFU structure. The size of the unit
is 60 x 170 x 220 mm?.The image is false-colored and the same color means one optical
component. A housing of the unit is made transparent for the purpose of illustration, and the
actual parts will be painted in black in near-infrared to avoid stray light. The red component
is a combination of POO, S1, and S3 while the blue component is a combination of PO2
and S2. The green cylinder is represented as the lens barrel (PO1) of the magnifying optical
system.
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Fig. 4.15 The measured reflection of NiP surface mirror. The yellow filled area shows the
wavelength range of SWIMS. The ripples seen at ~ 800 nm and ~ 1800 nm are caused by
the exchange of detectors. The curve of finished workpiece (2nm rms) is fitted with a cubic
function and results is as follows. R = 15.01 +0.082544 A —3.8578 x 107> 1% +6.1892 x
1079 A3,

R =Roexp [-8(wosinf/1)?] (4.43)

Ry is the ideal reflectance (i.e.there is no roughness or shape error) of the mirror material.
A and O is wavelength and incoming angle of incident light, respectively. © represents
a root-mean-square roughness (rms) measured in the same unit as the wavelength. The
exponential term is Debye-Waller factor that represents a scattering effect due to the surface
roughness. Since A and o are on the order of ~ 1 um and ~ 0.001 pum in our application,
respectively, we can assume that 6/A < 1. By assuming 6 = 0 (i.e. light comes into the

mirror perpendicularly.) and rewriting the above equation, we obtain
R~Ry[1—(4nc/A)?] (4.44)

In the following discussion we evaluate the contribution of both the reflectance and the
scattering. We measure the reflectance of surfaces of NiP in 240 nm to 2600 nm using
Solid Spec-3700. We prepare finished NiP with a good surface roughness of 2 nm rms and
non-finished surface with 6 ~ 1000 nm.
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Fig. 4.16 The calculated scattering rate with the surface roughness of ¢ =1, 5, 10, and 20
nm.

Fig 4.15 shows the results. The surface with 2nm roughness measured reflectance curves
have wavelength dependence with Ry o< A3. The reflectance rapidly decreases especially
below 1.6 um (i.e. J- and H-band) and is almost constant in the K-band. Since the surface
roughness is 2 nm, the influence of scattering due to the roughness is considered to be
negligible even at A = 1 um, and the wavelength dependence is considered to be the intrinsic
reflectance of electroless NiP. This result suggests we have to apply a gold coating on a NiP
mirror in order to achieve a high throughput of ~ 98%.

Next, we calculate the Debye-Waller factor with o =1, 5, 10, and 20 nm, respectively.
Calculated scattering rate Ss(A) is shown in Fig 4.16. We evaluate influence of scattering at
the A = 900 nm which is most sensitive to the surface roughness, and find that the influence
is almost negligible when ¢ < 5 nm (S5(900nm) < 0.5%). At o = 10 nm, S10(900nm) is ~
2 %, and this value is also acceptable for our observations. In other words, a mirror surface
should be finished with a roughness less than 10 nm.

Combining the effect of both the reflectance and the scattering, we estimate the total
throughput of SWIMS-IFU which contains five mirror surfaces. Calculation is performed
assuming the all mirror to be coated with thin gold film. Fig. 4.17 shows the throughputs
dependence on the surface roughnesses. In the case of the surface roughness is o = 20 nm,
the throughput drops to ~ 60%, which is not a realistic value for scientific observations. We
can obtain a throughput of 82% at o = 10 nm and 90 % at 6 < 5 nm. Based on these results
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Fig. 4.17 Estimated total throughput of SWIMS-IFU. We assume there are five gold-coated
NiP mirrors in the IFU.

we define the required accuracy for a surface roughness as 10 nm since the values can be
sufficiently achieved using a current ultra-precision cutting machine.

Alignment error and manufacturing tolerance of the optical element will cause a displace-
ment of the pupil in the SWIMS, resulting in loss of light intensity. Considering the error of
each optical element given to Table 4.8, we estimate the influence on a throughput to ~10%
at the maximum. As a results we conclude that the throughput of the IFU is ~ 70-80%

(varying with channel) when a surface roughness of 10 nm is achieved.

4.6 Summary of Optical Design

In this chapter, we perform optical design to add an IFS mode to SWIMS spectrograph as a
compact optical module. SWIMS has been originally designed as an imager and multi-object
spectrograph, and all components have already been manufactured. The most important
point in design is that an optical layout of SWIMS-IFU must be designed to be consistent
with both the mechanical and optical systems of SWIMS without any modifications of them.
This restriction requires an extremely compact optical layout that has not been achieved with
existing IFUs. There is a compact IFU as before (e.g FOCAS-IFU, GMOS-IFU in the optical
and GNIRS in the near-infrared), however, the thickness of SWIMS-IFU in the direction
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of the optical axis of the telescope is only 60 mm, and there has been no IFU design under
such a size limit. It gives the most severe restrictions on our optical design, and leads to the
following design difficulties. First of all, it is very unclear whether an optical layout that
satisfies size restrictions can be constructed. In addition, since incident light is reflected in a
small space, there is a possibility that the aberration may become large at the end channel.

In order to overcome these design difficulties, we first perform paraxial calculations to
search possible optical layouts under given parameter related to the size. This formulation
provides a clear perspective under a given constraints, so that we are able to identify the
range of existence of paraxial solutions. Next, ray tracing is performed based on the obtained
paraxial solution, and careful optimization is performed so that the aberration become
minimized at about 80 optical surfaces included in the IFU. In particular optimization of
the outer channels in the pupil mirror array is one of the design difficulties since the light
ray from the slice mirror is reflected at a steep angle, which leads to bad slit images. We
employ aspheric surfaces for the outer channel of the pupil mirror, and confirm the image
quality is improved to the same degree as the center channel. Manufacturability of the pupil
mirror array is also taken into consideration by adopting the minimum number of aspherical
surfaces. Through careful optimization, we finally succeed in constructing an optical layout
that satisfies the severe size restriction and required optical performance for seeing-limited
observations. As a result, the obtained optical layout of SWIMS-IFU has become the most
compact IFU.



Chapter 5

Monolithic Fabrication of a Slicing
Mirror Array

5.1 Application of Ultra-Precision Cutting to IFU optics

Optical elements are the heart of astronomical instruments. Quality of an optical element
such as a surface roughness or a shape error is important factor which greatly influences
science data quality. Up to now, an optical surface is mainly fabricated by two different
methods. One is polishing, and the other is cutting process.

Polishing has been used to make mirrors and lenses for optics since the beginning of
astronomical telescopes (Jones, 1890; Li et al., 2016; Lubliner and Nelson, 1980; Martin
et al., 1990). This is because the polishing can achieve an excellent surface roughness and
can easily produce not only infrared but also visible wavelength optical elements. However,
the polishing takes time for processing, which has become a problem that cannot be ignored
for optical systems which become large in recent years. Also, for metal substrate for a metal
mirror which is optimum for use under cryogenic condition, the polishing cannot achieve an
enough surface roughness for use at the visible wavelength.

Cutting process has been originally used for other than optical surfaces such as structures,
but with the evolution of processing machines in recent years, high-precision has been
achieved. In particular, ultra-precision processing technology using diamond tools can create
mirror surfaces with accuracy that can sufficiently meet requirements in the near-infrared to
the optical wavelength. Ultra-precision machining creates a shape by transferring the motion
trajectory of a diamond tool to a workpiece. Some examples achieve a surface roughness of
< 10 nm for metal materials (Dubbeldam et al., 2012).
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(52)

(S3)

(S1)

Fig. 5.1 Conceptual image of IFU optics. (S1) Slicing mirror array (S2) Pupil mirror array
(S3) Slit mirror array. Each mirror array has 25 reflective surfaces.

In recent years, the ultra-precision cutting technology has become an important technique
for production of optical elements of near infrared IFUs. An image slicer type IFU requires
faceted mirror arrays as shown in Fig 5.1, and the ultra-precision cutting is suitable for
fabricating such mirror arrays. This is because that it is easier to create a complex shape
than polishing and a mirror array can be monolithically fabricated (Dubbeldam et al., 2004).
Especially one of the advantages of using ultra-precision cutting technology is that it is very
good at figuring metal materials thanks to hardness of diamond tools. Also, once we establish
the processing method, it is easy to create many mirrors with the same shape and same quality.
This will have a big influence for development of multi-object IFUs that are being studied for
next-generation instruments (Dubbeldam et al., 2012). These advantages remarkably reduce
the time for optical alignment and is a very important technology in optical systems with
many optical surfaces like IFUs (Rolt and Robertson, 2008)

However, IFU optics have complicated shapes, and to precisely fabricate them is a
challenging task (Dubbeldam et al., 2012; Kitagawa et al., 2016; Lee et al., 2006). Especially
in near infrared instruments, it is typically required that shape error should be < 0.1 um and
a surface roughness should satisfy < 10 nm. It is a very challenging goal to monolithically
fabricate IFU mirror arrays with such specifications even using the ultra-precision cutting
process, and in this study we explore its possibility.

Processing of image slicers in recent years is made of both glass or metal as shown in

Table 5.1. In the case of employing a glass materials, each thin reflecting mirror is polished
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Table 5.1 Examples of recent fabrications of image slicers

Glass Aluminum alloy Nickel phosphorus plating
(w/o plating)

Polishing || SPIFFI ® MUSE ®  — -
FOCAS-IFU ©

Cutting || — KMOS (YFISICA © SWIMS-IFU ©
MIR-IFU for TMT ©®

 Note that only the IFUs in which both mirror material and processing method are describe are listed in the
table.

@ Tecza et al. (2000)

® Laurent et al. (2008)

© Qzaki et al. (2014)

@ Dubbeldam et al. (2012)

(© Eikenberry et al. (2004)

® Sakon et al. (2016)

(®) Kitagawa et al. (2016)

and is assembled using a high-precision jig for alignment. It is adopted as an optical image
slicer which does not need to cool the optical system (Laurent et al., 2008; Ozaki et al.,
2014). For the infrared image slicer, monolithic processing of raw metallic materials (e.g.
an aluminum alloys) is commonly used (Dubbeldam et al., 2012; Eikenberry et al., 2004;
Sakon et al., 2016). However, a surface roughness of raw metallic materials tends to be lower
compared with a glass with polishing processing due to defects on a surface. In order to
further improve the surface roughness, we adopt a nickel phosphorus plating as a mirror
material.

As a first step, we conduct a proof-of-principle experiment to fabricate the slicing mirror
array of the SWIMS-IFU. This is because a surface shape of slicing mirror are simple (i.e.
plane), and it requires multi-axis simultaneous control, which can be applied to fabrications
of other mirror arrays. Therefore, this is a good way to accumulate the technique of mirror

array fabrication.

5.2 Specifications and Methods

We perform monolithic test fabrications of the slicing mirror array of the SWIMS-IFU.
Specification of the slicing mirror is shown in Table 5.2. We prepare an A5052 substrate
pre-figured to the shape of the final mirror array and coated with nickel phosphorus (NiP)
plating with a thickness of 100 um. The aperture size of the mirror array is 10 mm x 12.5 mm
and twenty-five reflective surfaces with a slice width of 500 um are aligned on it. As shown
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Table 5.2 Specifications of the slicing mirror array

Mirror materilas A5052p
Coating thickness 100 um
Tool Diameter (¢) 500 pm
Aperture Size 12.5 mm x 10 mm
Mirror shape plane
Number of reflective surface 25

Slice width (w) 500 um
Facet angle (A9) @ ® 0.45-1.67 deg
Maximum angular difference (AGmaX)(b) 13.9 deg
Roughness Ra < 10 nm
Shape error P-V < 0.1 ym

@ Angle pitch per a reflective surface.
® The definition is depicted in Fig 5.2.

in Fig. 5.2, each channel (i.e. each reflective plane) has an angular difference (A8) with each
other, and its value varies from 0.45 to 1.67 degrees for each channel. The maximum angular
difference (ABnax) between Ch 25 and Ch 1 is about 14 degrees. Ch13 is set to 8 = 0 degree,
i.e. parallel to the X—axis drawn in Fig. 5.2. The shape of each reflection plane is flat, and
the parameters in Table 5.2 are set to almost the same as the specifications of SWIMS-IFU.

The processing procedures are shown in Fig. 5.3. First we cut the workpiece from an
aluminum plate using a NC machining center. Next, using a tungsten carbide end mill tool,
we create a faceted shape with an ultra-precision processing machine. In this process, the
shape takes into account the thickness of NiP plating. Then, electroless NiP plating of 100
um thickness is coated on the workpiece. Unnecessarily plated parts are cut off with the
tungsten carbide end mill tool. Finally, the surface is finished using a endmill tool made of
single crystal diamond. Workpiece after the process is ultrasonically cleaned with isopropyl
alcohol for 30 minutes to remove burrs.

The ultra-precision processing machine used for the mirror finishing is ULG-100A
(Fig. 5.4a), which can control four-axes and has freedom of translation (X, Y, Z) and work
rotation (C). The motion accuracy of each axis is 10 nm and 10~* degrees We use the end
mill tool made of single crystal diamond with a diameter of 500 pum, rotated at 18500 rpm.

5.3 End mill processing with Single axis Control

In order to manufacture a slicing mirror with flat surfaces by end milling, the most straight-

forward method is to control the diamond tool with only one axis in the X-direction. The
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Fig. 5.2 Configuration of the slicing mirror. Each reflective surface is represented by Ch1-
Ch25. The coordinates (X, Y, Z, C) correspond to those explained in Fig. 5.4a.

[Step 1] [Step 2] [Step 3]

Rough NiP-coating
processing & near net shaping

Surface finishing

Surface

Roughness ~1 um ~20 nm ~5nm

Fig. 5.3 Processing procedure of fabricating a slicing mirror. [Step 0] Prepare a blank
substrate (A5052). [Step 1] Shape the blank into a mirror array using a NC machining center,
and perform rough figuring using a ultra-precision cutting machine, using a cutting tool made
of tungsten carbide (WC). A surface roughness after this step is a few um. [Step 2] Coat the
aluminum substrate with electroless NiP plating. Thickness of the coating is about 100 um,
which is a typical value for a ultra-precision mirror finishing. Near-net shaping is performed
using a WC tool. The surface roughness becomes less than 100 nm after this step. [Step
3] Finish the surface using a ultra-precision cutting machine. In order to obtain reflective
surfaces a single crystal diamond tool is used. After this step, the surface roughness reaches
a value of 5-10 nm.



58 Monolithic Fabrication of a Slicing Mirror Array

Tool motion
(// X-axis)

Tool motion
(X+Y -axis)

+C =0,

+X

+Z

(1-axis) (2-axis)

(b)

Fig. 5.4 (a) Photograph of the ultra-precision cutting machine (ULG-100A), which has
four degree of freedom of movement (X, Y, Z, C) indicated by yellow arrows. The right
photograph is an enlarged view of the red square in the left. (b) schematic illustration of
a configuration in cutting process. The diamond tool moves in the only X-axis (1-axis) or
X+Y-axis (2-axis) direction, and make the red-filled area finishing.
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processing concept is shown in Fig 5.4b: when we cut a certain reflecting surface (Ch A), the
C-axis is first rotated so that Ch A is set parallel to the X-axis. Then, by moving the diamond
end mill in the X-direction while rotating, the surface of Ch A becomes a plane parallel to
the X-axis (Fig. 5.4b).

We perform a fabrication experiment of a slicing mirror which has a specifications
shown in Table 5.2 As shown in Fig. 5.5 a workpiece with aluminum alloy plated with
nickel phosphorus (NiP) is mirror-finished. We evaluate the surface roughness and shape of
the surface-finished workpiece. For the measurement, a non-contact white interferometer
ZygoNew View7200 with 10x objective lens is used. The field of view of the measurement
area is 702 pm X 526 um and the central region of Ch 13 is measured.

The results are shown in Fig. 5.7(a). The surface roughness is 7.6 nm, which meets the
required specification of 10 nm. The cross-sectional shape in the moving direction of the
tool is about 80 nm P-V. According to the top panels of Fig. 5.7, however, a deviation from
flat shape occurs in the entire field of view. As shown in the middle panel, a parabolic shape
with sag of ~ 220 nm can be seen in a direction perpendicular to the processing direction.
The radius of curvature (R) corresponding to the sag is R = w? /(2 x sag) ~ 140 mm. This
power of the slicing mirror causes deviation of the pupil position and defocusing of the exit
slit, which will significantly reduce the optical performance of the IFU. We also confirm that
the parabolic shape occurs even if the feed rate of the tool is changed. These results suggest
that a global parabolic shape appears in the case of single axis control of the tool, and a shape
satisfying the specification cannot be obtained.

5.4 Correction of the Parabolic Shape Error

The most likely reason for the appearance of the parabolic shape is that the rotation axis of
the diamond tool has an angular offset () with respect to the Y-axis as shown in Fig. 5.6(a).
In this case, when moving the tool in the X-axis direction, a parabolic shape appears in the
cross section, which is similar to the appearance of a parabola on the oblique cut surface of
the cylinder. the angular error is estimated to be sin~![sag /(¢ /2)] ~ 0.058 degrees. If the
cause of the sag is the tool misalignment, the parabolic shape should disappear when the tool
moves obliquely at the angle of « using X- and Y-axis simultaneously.

We conduct a fabrication experiment to verify the above assumption. Another test piece
with NiP plating is prepared, and one groove processing is performed while changing the
angle of the tool. Feed speed and tool rotation speed are the same as Section 5.2.1. Fig. 5.6
shows the relationship between tool angle (AC) and sag depth. Clearly the sag depth varies
depending on the tool angle, and it turns out that the sag converges at AC < 0. The angle, at
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Fig. 5.5 A photograph of finished surface of a test slicing mirror srray.
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Fig. 5.6 (a) Schematic illustration of the relationship between tool motion and each axis. The
definition of the sign of each axis is same as Fig. 5.4(b). Black arrow indicates movement of
the diamond tool when controlled with only the X-axis. Blue and red arrows mean the tool
motion when both the X-axis and the Y-axis are controlled at the same time. An angle of &
represents the misalignment angle of the diamond tool with respect to the Y-axis. (b) Shape
error dependence on C-axis angle. Each data point is obtained from the measurement, and
the black dashed line represents the best fitting of them. The angle & can be obtained as the
limit of sag — 0 nm.
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which sag — 0 nm, corresponds to the angular error of the tool, and we obtain the value from
the linear fitting of the measurement point. The estimated value is 0.052 degrees, which is in
good agreement with the value of 0.058 degrees obtained from simple analysis. This result
confirms that the assumption that the sag is generated by tool misalignment.

In order to obtain a plane with flat shape, correction of this angular offset is required.
However, it is difficult to re-align the processing machine on the order of 0.001 degrees. Here,
we show a method to correct the misalignment of the rotation axis of the tool by performing
simultaneous control of the X- and Y-axes. In this method, by reflecting the estimated angle
error in the toolpath, it is possible to obtain a planar shape by moving the tool parallel to the
direction of the angle .

We recalculate the tool path using AC = 0.052 degrees and perform the fabrication of
slicing mirror again under the same conditions as Section 5.3. The measurement result is
shown in Fig. 5.7(b). The bottom panel shows that a global parabolic shape does not appear
in the cross sectional shape perpendicular to the processing direction, and cutter marks can
be clearly seen in the top panel which indicate a flat surface can be obtained. This results
shows that the shape error can be corrected effectively by biaxial simultaneous control.

However, in the cross sectional shape parallel to the processing direction (the middle
panel) , a sawtooth-like undulation shape newly appears which is not seen in the case
of the single axis control (Fig. 5.7(a)). This undulation shape has an amplitude of 160
nm and a period of 300 um, which may cause diffraction and reduce optical performance.
This is because surface accuracy generally tends to deteriorate when controlling multi-
axes simltaneously, and a surface roughness satisfying the specification cannot be obtained
unless appropriate cutting conditions. The result suggests that re-optimization of the cutting

conditions is required when biaxial control is applied.

5.5 Optimization of Cutting Condition

One of the possible cause for the undulation shape is the vibration of the tool excited as the
chips cling to the tool during processing. However, such a phenomenon is not observed with
a microscopic camera, so this is not the cause of the undulation.

We investigate optimum cutting conditions experimentally by examining feed rate de-
pendency of undulation shape. We find that the pitch of the undulation depends on the feed
rate and the tendency that the pitch becomes longer as the feed rate becomes faster. Since
the surface roughness tends to deteriorate as the feed rate increases, we determine that the
optimum feed rate is 50 mm/min, and finally perform the zero-cut (i.e.cutting depth is 0 nm)

to make the mirror surface finish. The final cutting condition is summarized in Table.5.3.
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Fig. 5.7 Surface roughness after end milling. (a), (b), and (c) correspond to condition A, B,
and C described in Table 5.3, respectively. Top panels represents surface profile for each
conditions. Middle and bottom panels show the sectional shape of the region drawn with
blue and red dashed lines in the top panel, respectively. Black arrow in the upper left panel
indicates processing directions.

The result under optimization (i.e. biaxial control with optimized cutting condition) is
shown in Fig. 5.7 (c). As show in the top panel, both the parabolic shape and the undulation
shape are successfully removed. This is also seen in the mid panel and the bottom panel
ofFig. 5.7 (c), and < 80 nm P-V is obtained in both the parallel and perpendicular direction
to the moving direction of the tool. These values satisty the specifications for shape error
of < 100 nm. The surface roughness is 9.6 nm, and meets the specification of 10 nm.
Also, we perform shape measurements as shown in Fig.5.8, and measured angles achieve an
accuracy of 0.002 degrees satisfying the tolerance (Table 4.8). All the measurement results

are summarized in Table 5.3.

5.6 Conclusion of the Fabrication

We conduct a proof-of-principle experiment to verify whether monolithic fabrications of a
slicing mirror array is possible by end milling process of a NiP coated aluminum alloy. We
optimize the processing conditions carefully by finding out the cause of various shape error
based on preliminary experiments. The findings obtained through this experiment are as

follows.
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Fig. 5.8 Angle measurements of each reflective plane after finishing with the condition C.
We measure the center of each reflective plane with one pass and perform linear fitting of the
obtained shape to calculate the angle. The reflective planes of the slicing mirror array can
be divided into five discrete groups, which vary by approximately 0.4 degrees within each

group.

Table 5.3 Summary of cutting conditions and measurement results

Condition A Condition B Condition C
Single axis control Two axis control Two-axis
+ optimization

Tool motion X-Axis X + Y-Axis X + Y-Axis

(AC =0 deg) (AC =0.052deg) (AC =0.052 deg)
Tool Rotation speed (n) 18500 rpm
Feed rate [mm/min] 5 5 50
Cut of Depth [um] 3 3 3 and zero-cut
Roughness (Ra) [nm] 7.6 12.1 9.6
Shape error (P-V) [nm] ? 69.5 159.4 78.9
Shape error (P-V) [nm] b 221.8 83.7 62.5
Angle error (r.m.s.) [deg] ‘ - - 0.002

@ Direction depicted with red dashed line in Fig. 5.7.
®) Direction depicted with blue dashed line in Fig. 5.7.
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* We find that the paraboloid shape appears in end mill processing with only one axis
control, and experimentally identify that it is caused by tool misalignment. Furthermore,
we show that amount of the misalignment can be estimated experimentally on the order
of 0.001 degrees and that the parabolic shape can be corrected by biaxial control using

the estimated angle.

» Experimental results of biaxial control suggest that it is necessary to carefully optimize
processing conditions. Otherwise, shape errors of an order of 100 nm P-V will occur.
By investigating the feed rate dependence of the shape, we find that the optimum feed
rate is 50 mm/min for the best surface finishing condition. We finally achieve the shape
error of ~ 80 nm and roughness of ~ 10 nm which satisfy our specification.

* This study is the first demonstration of monolithic fabrication of slicing mirror array
using NiP coated aluminum. In our approach, we show that it can be manufactured
with a roughness of less than 10 nm and a shape error less than 100 nm P-V by end

milling.

Our method can easily be applied to correct arbitrary tool misalignment of the order
of 0.001 degrees, which is difficult to correct by re-alignment of equipment. In addition,
since NiP coating is compatible with diamond cutting and can also be polished, there is a
possibility that the roughness can be further improved as compared with the mirror made
from the conventional aluminum alloy. Further research is required for polishing processing
of optical elements having complicated shapes such as slice mirror arrays.



Chapter 6

Search for Advanced Infrared Mirror
Materials

6.1 Study on Diamond Cutting Performance of Metallic
Alloys

6.1.1 Mirror Materials for Infrared Optics

In astronomical infrared optics, the importance of metallic mirrors is increasing year by year.
This is because in infrared instruments, whose optical system should be kept under cryogenic
condition, the best way to facilitate thermal design is to fabricate all support structures and
mirrors from a same material. Also, the instruments for extremely large telescope such as
TMT, the optical system become large. The enlargement of an optical element causes a
serious problem in terms of availability of materials, fabrication and cost. Then, we can
construct a reflecting optical system at relatively low cost by introducing metallic mirror
mirrors fabricated by ultra-high precision cutting. Also, it is possible to increase the degree
of freedom of the optical system and to make the entire layout compact by introducing
non-spherical surfaces, which is easy to fabricate by the ultra-precision cutting.

Various materials such as glass, ceramics, and metals have been used as mirror base
materials (Jedamzik et al., 2016, 2014; Kurosawa et al., 1990; Petrovsky et al., 1994). Fig. 6.1
compares a specific stiffness and a thermal stability of typical mirror materials. A specific
stiffness is defined as a Young’s modulus divided by a density of materials. A quantities
obtained by dividing CTE by a thermal conductivity represents thermal stability of a mirror
shape with respect to a heat input. SiC shows good specific stiffness and thermal stability

among them, and is widely used as a mirror material of a space telescope (Kaneda et al.,
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Fig. 6.1 Comparison of physical properties of mirror materials. A specific stiffness is
defined as a Young’s modulus (E) divided by a density (p) of a material, and a thermal
stability is defined as a coefficient of thermal expansion () divided by a thermal conductivity
(A). Each point is calculated from the table in Tsuno et al. (2005) and also from the data
sheets on the company’s websites: KYOCERA (http://www.kyocera.co.jp), KROSAKI
HARIMA (http://krosaki-fc.com), NTK CERATECH (http://www.ceratech.co.jp), and RSP
TECHNOLOGY (http://www.rsp-technology.com).
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2003; Pilbratt et al., 2010). Among the metallic alloys, RSA443 is the closest to SiC and
significantly performs better than other glass materials. SiC ihas disadvantages such as high
cost, fragility, and complicated processes for mirror finishing. In case of metallic alloys, it is
resistant to extrinsic impact and mirror finishing can be achieved easily using cutting and
polishing process. Since RSA443 has especially good thermal stability with keeping the
advantages of good stiffness, it is optimal for precise optical element.

These metallic alloys, however, still have still have few systematic evaluation of diamond
cutting performance from the viewpoint of use as an optical element (Saito, 1978; Sugano
et al., 1987). Especially the evaluation of adding special aluminum materials which become
available in recent years (i.e.for commercial use) is a new attempt (ter Horst et al., 2012).
Therefore, it is an important database in the selection of the mirror material of ultra-large
infrared instruments of extremely large telescopes such as TMT in the future. In this section,
we performed the evaluation to find an optimum material for the metal mirrors, focusing on

special aluminum alloys that appeared recently.

6.1.2 Diamond Turning Experiments

In order to evaluate which aluminum alloy is suitable for the cutting process, we carry out
an experiment to find out what kind of surface defect is present and whether the surface
roughness changes depending on the material. Our final goal is to find which aluminum alloy
is most suitable for the base material of the IFU mirror.

The outline of the experiment is as follows. First we prepare various aluminum alloys.
Each aluminum alloy is cut out into the same shape which has a mirror in a planar shape,
and the planar part is finished with ultra-precision cutting with a diamond tool. Finally the
surface roughness of the mirror is measured for each aluminum material. This experiment is
to evaluate which aluminum is suitable for cutting.

We chose A2021, A5052, A6061, and A7075 from conventional aluminum alloy materials
and RSA443, RSA6061 and RSA905 from special aluminum alloy as shown in Fig. 6.2. In
addition for comparison, C1020 (oxygen-free copper) and NiP over RSA443 are chosen.
These special aluminum alloy has become available in recent years. CTE of RSA443 matchs
to those of NiP plating by adjusting Si content (~ 40 %). RSA6061 has the same composition
as A6061, but grain boundary minimized by quenching in the manufacturing process, as a
result, the surface roughness after cutting is improved. RSA905 can be polished directly like
a glass materials. The conventional aluminum alloys; A2024, A5052, A6061, and A7075,
are readily available, low cost, and it is used for various purposes.

We cut off each workpiece with a 10 mm X 10 mm size plane aperture using an NC

milling machine. After that, diamond turning is carried out in two steps using a 4-axis ultra-
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Fig. 6.2 Photograph of surface-finished mirrors made of various metallic alloys. Shown are
A2024, A5052, A6061, and A7075 (conventional aluminum alloys) from the left in front
row, and C1020, RSA443, NiP on RSA443, RSA6061, and RSA905 (oxygen free copper
and optimized aluminum alloys) from the left in rear row. The aperture of each mirror has a
planar shape and the size is 10 mm x 10 mm.
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Table 6.1 Processing conditions of diamond turning

Step ‘ Rough processing Surface finishing
Work rotation speed (n) 500 rpm

Feed rate (F) 20 mm/min 5 mm/min
Feed pitch (d = F /n) 0.04 mm/rev 0.01 mm/rev
Cut of depth (D) 2 um 1 um
Number of Cuts (L) 6 2

Total cut of depth (D' = DL) 12 um 2 um

Tool radius (Ry) 1.6 mm

Theoretical roughness (R;) 125 nm 7.8 nm

precision cutting machine for mirror finishing. The processing conditions are determined so
that the theoretical maximum height Rz is less than 10 nm, and shown in Table 6.1. After
machining, the mirrors are ultrasonically cleaned with IPA (isopropyl alcohol) for 30 minutes
in order to remove burrs and then dried under room condition. The cutting edge of the
diamond tool is checked with a microscope, and it is confirmed that chippage and the relevant

events are not occurring.

6.1.3 Results

In order to evaluate how the cutting performance varies for each material, we measured
surface roughness and shape of each workpiece. Before the measurement, the workpiece is
left at ambient temperature (291 K) in a thermostatic room for about 20 hours to avoid the
influence of shape deformation due to temperature fluctuation.

The surface roughness is measured by Zygo New View7200 which is a non-contact white
light interferometer. The magnification of the objective lens is 10x which leads to camera
resolution of 1.1 um. Surface roughness (Ra) is calculated by applying a bandpass filter to
remove global waviness shape and spike—like noise. Fig 6.3 (a) shows the arrangement of
measurement points. In order to evaluate fluctuations in roughness, five regions with size of
702 ym x 526 um are measured and average is and a standard deviation are calculated. The
applied band-pass filter has a high-pass cutoff wavelength of 3.3 um and a low-pass cutoff
wavelength of 131.55 um , which are three times the camera resolution and 1/4 of the width
of the field of view, respectively.

Fig 6.4(a) 1s intensity maps, where conventional aluminum alloys such as A5052 show
irregularities and scaly structures due to grain boundaries on their surfaces, while oxygen-free
copper (C1020) does not show any large defects, i.e., a uniform surface structure is obtained.
For RSA443, the grain boundary of Si occupies most of the surface. RSA6061 seems to have
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Fig. 6.3 Configuration of surface measurements. (a) Roughness is measured at five region
(a—e) with size of 702 um x 526 pm. (b) Surface shape is measured by scanning diagonally
(path-A and -B) with length of 10 mm.

(b) Filled plot.

Fig. 6.4 Surface profile at the region “a” of each material with field-of-view of 702 um X
526 um (a) Intensity maps which are useful for distinguishing fine grains (e.g.black dot-like
feature) on the surface (b) Filled plots which clearly show depth and direction of cutting
marks. Each field of view is same as that of (a).
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a grain boundary smaller than that of A6061 which has same compounds but is manufactured
by different methods. A relatively clean surface is also obtained for RSA905. There is also
a feature looks like “shooting stars” which may be cutting marks by the diamond tool in
Fig 6.4(a). This is clearly can be seen in filled plots of Fig 6.4(b). The differences in depth
and width of the cutting marks can be found between conventional aluminum and the others.
This is because the conventional aluminum alloy tends to contain large grains which affect
surface profile directly, in other words, cutting performance becomes worse.

Distribution of Ra, the average surface roughness, for each material is plotted in Fig 6.5(a).
Every material except RSA443 has roughness of less than 10 nm, which is sufficient for
infrared optics. C1020, RSA6061, and NiP especially show good specular surface with
Ra < 5nm.

In order to evaluate appearance of the cutting marks for each material, distributions of
P-V values are shown in Fig 6.5 (b). The P-V values should reflect how fine structures such
as scratches, pores and so on appear on the surface. It can be seen that even if the averaged Ra
is similar, the distribution of P-V changes greatly, depending on the material. For example,
in A2021, P-V has large values of 1400-2000 nm, although the averaged Ra shows small
value of ~ 5 nm. This result indicates that there are very large scratches on the surface of
A2021. On the other hand, RSA443 with Ra of ~ 15 nm, shows small fluctuations of the P-V
values, which means the surface of RSA443 does not suffer from cutting marks. NiP and
C1020 show excellent surface roughness in regard to both Ra and P —V value, suggesting
that they are good mirror materials.

We next carry out surface shape measurement with Mitaka PFU-3 (magnification: 100x)
and flatness is evaluated. Measurement points are acquired in the range of 10 mm in the
diagonal direction of the mirror with step of 5 um as shown in Fig 6.3(b),. We fitted the
obtained shape data with a 20th order function, and a P-V value is calculated from the best
fit function. Fig. 6.6 shows the results. Flatness of P-V < 100 nm is achieved in all materials,
which satisfies our specifications, except for RSA443. This is because a large number of
Si grain boundaries are precipitated on the surface due to high concentration Si (see also
Fig. 6.4), and makes the surface bumpy. After applying simple moving average to the data
with 10 points (= 50 um) binning, the resultant curve falls within the above range.

The result of shape error, the shape accuracy is not affected greatly by intrinsic properties
of materials, but rather determined by a processing condition (environmental temperature,
cutting edge condition of the tool, and translational degree of the machine). In other words,
the processing environment is stable in this experiments.

These results are summarized in Table 6.2. They suggest that NiP, C1020, and RSA6061

have excellent diamond cutting performance and high potential as a mirror material.
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Fig. 6.5 Surface roughness measurements of surface finished mirrors. “a—c” in the figure
indicate the measured regions depicted in Fig. 6.3(a).
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Fig. 6.6 Shape of surface finished mirrors. Plotted curve corresponds to path-A in Fig. 6.3b.
The vertical axis gives an offset to improve visibility. Each yellow-filled areas indicates
the range of P-V 100 nm corresponding to our requirements. The gray curve for RSA443
represents raw data, and the red curve drawn on it is obtained from simple moving average
processing.

6.2 Interferometoric Measurements at Cryogenic Condi-

tion

6.2.1 Bimetalic Bending Effect

NiP coated aluminum substrate has several advantages in improving optical performance (Hi-
bbard, 1997). NiP plating has superior compatibility with ultra-precision cutting, and very
good surface roughness (< 1 nm r.m.s.) can be achieved by diamond processing (Taylor
et al., 1986). Also, by applying NiP plating, polishing becomes possible and the shape can
be corrected for minute regions. It is also possible to erase cutting marks by polishing (Beau-
camp et al., 2008). This is an important key technology to extend metal mirrors made with
ultra-precision cutting technology to the visible wavelength range.

On the other hand, at the infrared wavelengths, it is necessary to place the entire optical

system under cryogenic conditions in order to suppress to thermal radiation. If the CTE of
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Table 6.2 Summary of surface roughness and shape error

Materilas  Surface roughness Shape error

A2024 4.8 +£ 0.3 nm 45.5 nm
AS5052 4.5 + 0.4 nm 25.2 nm
A6061 6.2 + 0.4 nm 29.5 nm
A7075 5.2+ 0.3 nm 52.9 nm
RSA443 15.1 & 0.4 nm 70.3 nm
RSA6061 4.7 £ 0.4 nm 76.5 nm
RSA905 5.0 £ 0.4 nm 50.6 nm
NiP @ 5.0+ 0.1 nm 21.8 nm
C1020 4.6 £ 0.1 nm 43.9 nm

4 Base matelial of NiP coating is A5052. The thickness
of coating is 100 pm

substrate and NiP plating are different, the magnitude of thermal shrinkage differs between
them may cause distortion in the shape under low temperature. Since such a bimetallic
bending may significantly reduce the performance of the optical system, it is important to
quantitatively evaluate it by the experiment. There are still few research on shape evaluation
of metal mirrors with coating under cryogenic temperature environment (DeWitt et al., 2008;
Kinast et al., 2014; Robichaud et al., 1998).

In this section, we carry out mirror shape measurement at low temperature, and evaluate

the effect of bimetal bending.

6.2.2 Experimental Setup

The measurement configuration is shown in Fig 6.7. The laser interferometer ZygoGPI is
used for shape measurement in combination with compact low temperature dewar with an
optical window to cool a sample to liquid nitrogen temperature.

As shown in Table. 6.3, A5052, RSA443 and RSA6061 are chosen for the aluminum
substrate. In order to investigate the thickness dependence of bimetal effect, test pieces with
various plating thickness are prepared. Each workpiece is finished with diamond turning with
the same condition as described in Table 6.1 The mirror shape is set to a concave surface
with a radius of curvature of 70 mm, same as that of one channel of the pupil mirror array, to

estimate its shape distortion under cryogenic temperature.
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Fig. 6.7 (a) A cryo-dewar which cools mirror to LN2 temperature (~ 80 K). It has an optical
window and a mirror mount made of oxygen-free copper. (b) The setup of measurement,
with the laser interferometer and the dewar at the optical laboratory of Mitaka, NAOJ.

Table 6.3 Specifications of test pieces for cryo-measurements

substrate ‘ mirror shape ‘ Thickness [um] @ CTE [K~'1® CTE [K~1]©
A5052 Concave 100, 5 23x107¢ ~ 18 x 107

RSA6061 | (Size: 10 mm x 10 mm, 20, 10 23 x 10°° 18 x 10°°
RSA443 R =70 mm) 100, 50 122x10°° ~11x10°0@

@ Thickness of NiP coating (um)
® The value at 300 K.

® The value at ~ 80K.

@ Kinast et al. (2014)
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Fig. 6.8 Results of shape measurements. RT, LN2, and re-RT represent room temperature
(300 K), liquid nitrogen temperature (77K), and room temperature after the thermal cycle
(i.e.after elevating temperature). The top and bottom rows show the shape changes of A5052
and RSA443 with 100 um of NiP plating at each temperature. Spike noise is removed by
performing sigma clipping at each temperatures.

6.2.3 Results of Shape Measurement

Measurements are carried out at three temperatures of (i) room temperature, (ii) LN2 temper-
ature, and (ii1) room temperature again after cooling. The results are shown in Fig. 6.8.

In the case of A5052 substrate, a global shape change is observed. At the LN2 temperature,
the deviation from the shape at room temperature is 740 um. As the CTE of A5052 is 2.3
x 107% K1, which is 1.8 times greater than that of NiP, the base material shrinks, and the
concave shape tends to become a convex surface dragged by the base material. In addition,
since the stress is concentrated at corners, distortion at low temperature is large. This suggests
that if the mirror has the same curvature, distortion in the peripheral part is suppressed in the
circular opening than in the rectangular opening.

On the other hand, in the case of RSA443 substrate, no significant change in the global
shape is observed. The change in shape from room temperature is 80 pm, which clearly has
a smaller value than that in the case of A5052. This is because RSA443 is designed to have
almost the same CTE as that of NiP.

However, there is a hysteresis effect in which shape does not return to that before a
thermal cycle. This trend is seen both in plating thicknesses of 100 um and 50 pm as shown
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in Fig. 6.9(b). The cause of the hysteresis may be a reduction in adhesion of plating to the
substrate due to the high Si content of RSA443. Since Si is a nonmetal material, the nickel
plating is supposed to be bonded only with aluminum, and has weakened in adhesion force.
However, Kinast et al. (2014) has carried out , a similar experiment with NiP plated on
AlSi42 with 100 um thickness, and reported no such hysteresis. The differences between
the experiments are that we do not heat-treat the base metal, and that they do not perform
ultra-precision processing before plating, and the influence of mounting. However, since our
workpiece is cut out from the core part of an aluminum alloy ingot, and the size is small, the
influence of residual stress due to rolling can be ignored. Also, in our experiment, the axis of
symmetry of the mirror is connected to a cold plate of the dewar with a single bolt and the
distortion pattern should be axisymmetric, which is different from what observed. Therefore,
a good surface processed by an ultra-precision machining is required before NiP plating.
Improvement may be obtained by performing plating pretreatment optimized for high Si
doping, but in any case further research is needed. Development of pre-treatment technique
optimized for highly-doped Si aluminum is necessary, which must be a future work.

The plating-thickness dependence of deviation of shapes from those at room temperature
is plotted in Fig. 6.9(a). The deviation of RA443 substrate becomes clearly smaller than that
of A5052. When the plating thickness is 100 um, deviation for RSA443 is ~ 1/9 of that of
AS5052, satisfying the specification of P-V < 0.1 ym.

Even when A5052 or RSA6061 is a substrate, shape distortion becomes smaller as plating
thickness is made thinner as can be seen in Fig. 6.9(a). Note that there is no difference in
CTE between RSA6061 and A5052 (Table 6.3). Fig. 6.9a(a) clearly shows that the deviation
decreases almost linearly as the thickness of the plating decreases.

However, when the plating is thin, it is sensitive to the underlying conditions (surface
roughness, precipitation of inclusions, etc.), and dents of plating such as pits and pinholes
may be generated. Fig. 6.10 shows a profiles with the plating thickness of 5 um, where
pinholes are observed. The diameter of each pinhole is about 10-20 um, and influence on
optical performance to the near-infrared cannot be ignored. Although no shape distortion
occurs plating with thickness of 5 um cannot be practically used as a near infrared mirror
because of the pinholes..
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Fig. 6.9 Dependence of deformation amount on thickness of NiP plating. Spike noise is
removed by performing sigma clipping when deriving P-V values at each temperatures.
(a) Difference value of P-V values between at room temperature and at liquid nitrogen
temperature. Yellow-filled area indicates the range of 100 nm P-V corresponding to our
requirements. (b) Difference value of P-V values between at room temperature and after
elevating temperature.
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Fig. 6.10 Surface profile of NiP plating with a thickness of 5 um. Many pores appear on the
surface after diamond cutting. Some pores has a depth of 7 um, and it reachs an aluminum
substrate.
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6.3 Summary
The results of our evaluation are summarized as follows.

(1) Without a NiP plating, an oxygen-free copper is the best base material for diamond
curning process. However, when we consider it as an infrared mirror for astronomy,
its weight, price, and lower hardness will become problems. It is also necessary to
overcome the mismatch of CTE with support structure (generally aluminum alloy). It
is conceivable to use it for a metallic mirror for an optical instrument which does not

require cooling.

(2) Among aluminum alloys, RSA6061 has less surface defects and is suitable for use as a
mirror. This is related to the manufacturing method of RSA6061, and it seems that the
miniaturization of grain boundaries by the rapid cooling is effective. RSA905S is also

very interesting, which can be directly polished, and further research will be necessary.

(3) When plating is applied, the surface roughness of 5 nm is achieved even in cutting
process. In addition, the surface profile has few defects and a homogeneous surface
is obtained compared with aluminum alloy. This is due to the fact that electroless
NiP has an amorphous and homogeneous structure without precipitation of grain
boundaries. The greatest advantage of NiP plating is the polishablity. Cutting marks
can be eliminated by post-polishing after cutting, and the surface roughness of few nm

can easily be achieved.

(4) We confirmed that the bimetal effect appears with NiP coated A5052 and RSA6061 at
cryogenic temperature, which caused by mismatch in CTE. The shape distortion reachs
300-800 nm P-V, and it is found that mirrors with nickel plating on these alloys cannot
be used as a cryogenic temperature optical system. The dependency of the distortion
on plating thickness appears clearly, which is explored in this study for the first time.
When the plating thickness is 5 pm, the shape distortion due to the bimetallic effect
is ~ 0.1 um and fit within the requirement. However, with such thin plating, many
surface defects appear as shown in Fig 6.10, so it is expected that optical performance
will be significantly impaired.

(5) Itis experimentally confirmed that the bimetallic effect is obviously suppressed for the
special aluminum alloy RSA443 optimized to match the CTE of NiP plating, and that
the required shape error of 0.1 um is satisfied. However, a shape difference between a
thermal cycle appears. This may be caused by lowered adhesion between plating and

substrate, which has not been reported in previous studies (Kinast et al., 2014). Further
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research such as condition of the front surface to be plated and the pretreatment of the

plating are necessary.

In summary, we show that a high-Si containing aluminum alloy RSA443 is optimal for
the infrared optical system, which can significantly suppress the bimetal effect.
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Spatially resolved study of Starburst
galaxies






Chapter 7

Introduction of Part Il

7.1 Star formation main sequence

7.1.1 Integrated Study

In recent years, it has been understood that there is a strong correlation between star formation
rate (SFR) and stellar mass (M) of star-forming galaxies. This is called “‘star formation main
sequence (SFMS)”, which is an important concept to study galaxy formation and evolution
because it can be used as a benchmark to test results of hydrodynamical simulations of
galaxies (Kannan et al., 2014; Sparre et al., 2015). SEMS is investigated at various redshift
from present universe to z ~ 2—4 (Daddi et al., 2007; Katsianis et al., 2016; Wuyts et al., 2011)
in multi-wavelength observations (Elbaz et al., 2011; Tasca et al., 2015). Normalization and
scatter of SFMS are important observables which reflect physical condition of star formation
in galaxies at given redshift. Normalization of SFMS changes depending on redshift, and
increases towards high-redshift (Whitaker et al., 2012). Scatter of distribution is affected by
intrinsic (e.g. star formation history) or extrinsic (e.g. observation error) factor, and earlier
studies suggest contribution from the later is small (o < 0.2—-0.3 dex) (Salmi et al., 2012;
Speagle et al., 2014).

There are also galaxies with high specific star formation rate (sSSFR = SFR/M..) deviating
upward from the SEMS unlike many star-forming galaxies located on the relation, suggesting
intense star formation activities. A galaxy deviated highly above the SFMS at a certain
redshift is defined as “starburst galaxy.” Since the SFMS relation shows redshift evolution, a
starburst galaxy at z ~ 0 is categorized into a “normal” star-forming galaxy at z ~ 1-2. This
fact motivates us to study nearby starburst galaxies as local analogs of high-z star-forming

galaxies.
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7.1.2 Spatially-resolved Study

Recent IFS studies enable us to analyze SFMS from a spatially resolved view while all
of the studies mentioned above are derived from integrated quantities. Cano-Diaz et al.
(2016) shows that there are also correlation between spatially-resolved properties of star
formation rate surface density (Xsrr) and stellar mass surface density (X1, ), with optical
IFS observations of local star-forming galaxies. This spatially-resolved SFMS relation has a
slope and an intrinsic scatter similar to those of the integrated relation. IFS studies in the
near-infrared wavelength is also important(Pereira-Santaella et al., 2016; Piqueras Lopez
et al., 2016) because starburst galaxies have a large amount of dust due to their intense star

formation activities.

7.2 Role of Starbursts in Galaxy Evolution

The modern infrared astronomy opened in the 1950s, and have established an important posi-
tion in the astronomy by dedicated researches using various infrared telescopes/instruments
at both ground and space observatory such as UKIRT, IRAS, ISO, Hubble/NICMOS and so
on (also see short reviews in Storey (2000); Walker (2000)). Intense infrared surveys found
many galaxies brightly emitting in the infrared—band (Armus et al., 2009; Lonsdale et al.,
2003; Sanders et al., 2003). These population are characterized by their total infrared lumi-
nosity: Lir = Lg_1000um) and are called luminous infrared galaxies (LIRGs) for log(Lir /L)
= 11-12 or ultra luminous infrared galaxies (ULIRGs) for log(Lir /Ls) > 12 (Sanders and
Mirabel, 1996). These LIRG / ULIRG are bright in the infrared wavelength due to infrared
radiation from dust re-radiation heated by intense star formation activity or AGN. Throughout
this part, we refer nearby LIRG / ULIRG to “starburst galaxies.”

Thanks to recent developments in infrared optics and semiconductor detectors, infrared
spectroscopic observations have brought about new developments in galactic astronomy.
A redshift range of 1.4 < z < 2.5, which is called the “redshift desert" from which the
rest-optical features (e.g. Ha) move outside of the sensitivity of CCD detector, has been
newly observed by near infrared spectrographs (Steidel et al., 2004). From these observations,
it has become clear that the star formation activities of the universe reached a peak in the
period of z ~ 1-2 (*cosmic noon") (Madau and Dickinson, 2014). The cosmic noon is a
era of great transition in the context of galaxy formation and evolution. The galaxies in the
cosmic noon show a star formation rate which is nearly two orders of magnitude higher than
that of the galaxies in the current universe (Daddi et al., 2007; Pannella et al., 2015), and it is
also reported that their gas fraction is higher than that in the nearby galaxies (Scoville et al.,

2016; Tacconi et al., 2013). Morphology of galaxies in the redshift range are looks quite
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different from that in the present universe (Delgado-Serrano et al., 2010; Schade et al., 1996):
Many star-forming galaxies have large clumpy star-forming regions within their disks. Also,
there are many galaxies which have disturbed morphology (Elmegreen et al., 2009; Guo et al.,
2015) rather than grand-designed spiral or elliptical-like shape that are common feature
in the present universe. Examining these high-z clumpy galaxies will give an important to

understand knowing the mechanism of the emergence of the galaxy morphology.

7.3 Scope of Part II

It is important to spatially resolve each star-forming region within high-z starburst galaxies
since the star formation would be governed by local physics with a scale of < lkpc (i.e. a
typical size of giant molecular cloud). However, in the era of z > 1, the spatial resolution
of current facilities is insufficient to decompose the galaxies. For example, natural seeing
observations at ground-based telescopes are limited to resolutions of ~ 0!”8 corresponding
to 8—11 kpc at z ~ 1-2. Even when adaptive optics can be used for near-infrared observation,
the resolution remains at ~ 0”2 corresponding to 2-3 kpc. Using strong gravitational
lensing, substructure of the galaxies with high-resolution of sub—kpc (Jones et al., 2010;
Nierenberg et al., 2014) can be detected. However, strong gravitational lensing requires both
a background source and a foreground lens aligned along a line of sight from the observer,
and statistical discussion becomes difficult due to the small number of samples.

It suggests that correspondence exists between a local starbursting LIRG and a star-
forming galaxy at high-z (Pannella et al., 2015; Stierwalt et al., 2013), thus we refer nearby
LIRG / ULIRG to “starburst galaxies” in the following discussion. It is useful to examine
nearby starburst galaxies as a counterpart of high-z galaxies, because we can easily achieve
high spatial resolution in nearby galaxies. For example, if we use an adaptive optics in a
galaxy at a redshift z < 0.1, the spatial resolution reaches < 0.4 kpc. Of course, such a high
physical resolution at z > 1 can be achieved by extremely large telescopes such as TMT,
E-ELT and GMT which will be commissioned in the 2020’s.

These local LIRG/ULIRG galaxies shows large dust extinction (Piqueras Lopez et al.,
2013), suggesting that the star-forming regions are embedded in highly dusty environments.
Then, it is difficult to use hydrogen Ho emission line in visible wavelength as a tracer
of star-forming regions. In contrast, observations in far infrared rays and submillimeter
waves are hardly influenced by dust absorption, but spatial resolution becomes worse as the

wavelength becomes longer.
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Therefore, we propose observations focusing on the Pac emission line from ionized
hydrogen in the near infrared wavelength. Since Pact (A = 1.875 pm) becomes stronger than
Ho in dusty environment, it is a good probe of star formation activities in dusty environments.

There are several Pa observations of nearby starburst galaxies using HST/NICMOS (Diaz-
Santos et al., 2008). However, rest-wavelength of Pac emission line is sensitive to absorption
by Earth atmosphere (Konishi et al., 2015), and greatly absorbed so its observation from
ground-based observatories is difficult, and we have to focus on redshifted objects. The
study on the nearby starburst galaxies focusing on Paq is unique and there is a possibility to
approach the origin of the star formation activity of the starburst galaxy.

In part II, we first describe PARADISES survey using Pac emission line as an indicator
of star formation activity in chapter 8. The survey is aimed at systematically investigating
spatially resolved internal structure of both star-forming activity and dynamical state within
nearby starburst galaxies. As the first step of the survey, observation results of near infrared
imaging with spatial resolution of sub-kpc using adaptive optics are shown in chapter 8
and 9. We show the “spatially resolved" version of SFR-M,, relationship that has played a
useful role in studying star formation activities in context of galaxy evolution in Chapter 10.
The result shows that the PARADISES samples also perform intense star formation activity.
We discuss properties of the star formation clump detected by Pac emission with sub—kpc
resolution and also discuss similarity with giant star-forming clumps seen in high-z universe.
These interesting objects obtained from the PARADISES survey can be considered to be
good candidates for follow-up observation using SWIMS-IFU.

Throughout this part we adopt a standard cosmology with Q, = 0.3, Qs = 0.7, Hy =
70km s~! Mpc~! (Komatsu et al., 2011). The angular size of 1.0 corresponds to 2.01 kpc at
z=0.11.
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Sample and Data

8.1 PARADISES Survey

8.1.1 Survey Description

We are implementing the Pa-Alpha Resolved Activity and Dynamics of Infrared Selected
Extreme Starbursts (PARADISES) survey. This survey aims to dissect the star formation
activity buried in dust inside the galaxy by narrow-band imaging observations of hydrogen
Paa emission in order to understand the galactic interaction and the galactic evolution
process.

Paa emission line (Ag = 1.875 um) is an index of a massive star formation activity which
is less susceptible to dust attenuation compared with visible or ultraviolet light. Intrinsically,
Pao emission is weaker than Hor (A9 = 0.653 um), but becomes stronger compared with Hoo
in starburst galaxies with large attenuation due to dust.

This surveys are achieved by a near-infrared imager; Infrared Camera and Spectrograph
for the Subaru Telescope (IRCS), and their narrow-band (NB) filters shown in Table 8.1
which cover the redshifted Pacx emission line. The targets are selected from galaxies detected
in the 90 um band by the AKARI all-sky survey (matched with SDSS), and the details are

described in section 9.2.2 . The observational strategy is as follows.

(Phase 1) Observation of NB imaging by IRCS on Subaru (Kobayashi et al., 2000) is
performed. Identification of the star-forming region and mapping of star formation,
including those embedded in dust clouds, at the 1 kpc scale can be done by the Pax
emission line. As Pac is less susceptible to dust attenuation, it is possible to find a star

formation region buried in dust which cannot detected with Ha emission line.
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Table 8.1 Total number of observable targets with IRCS

Filters  Acen [um] (AA[um])?  Redshift Candidate Observed

NB2090 2.091 (0.035) 0.105-0.124 103 6 (2°)
H>(1-0) 2.122 (0.032) 0.123 - 0.140 58 3

4 A central wavelength and width of the filters.
b Number of objects observed with AO188.

(Phase 2) Integral field spectroscopic follow-up with SWIMS-IFU is performed, and a data
cube of 0.9-2.5 um can be acquired with one exposure. This clarifies the gas motion
of the star-forming regions. Also, we can derive an Av map (i.e. two-dimensional dust

distribution) using the Balmer decrement such as Pao/Bry.

8.1.2 Target Selection

From the AKARI + SDSS catalog, we select LIRG/ULIRG class starburst galaxies whose
Pao emission line redshifts to the NB filters of IRCS (Koyama in prep). Table 8.1 shows the
NB filters installed in the IRCS with their redshift range (z ~0.11-0.14) We also take into
account of their observability from the Subaru telescope, and limited their declination to be
Dec > 30°. Among the candidate targets of PARADISESs survey, we observe seven galaxies
under seeing conditions, and carry out high spatial resolution observations assisted by an
adaptive optics facility for two targets satisfying the condition of having tip-tilt guide stars
with R < 16.5 mag, distance < 30”.

These two galaxies have remarkably different features in an infrared luminosity and an
optical morphology as explained below:

NB209-096: The tip-tilt guide star is located about 17”southwest away, and its SDSS r-band
magnitude is 15.87. This galaxy is categorized into starbursts in SDSS DR12. Optical
magnitude in the SDSS u-band and z-band are 19.89 and 17.57 in the AB-system,
respectively. The K-band magnitude estimated from our observation is 13.30 in the
Vega-system, and the total infrared luminosity derived from the AKARI FIR source
catalog is log L(IR) = 12.23 which is classified as ULIRG. The star formation rate
estimated from the infrared luminosity is SFR(IR) = 201 M, yr~! indicating intense
star formation activity while the star formation rate estimated from Ha without dust
attenuation correction is SFR(Ha) = 1.6 M, yr—!. As seen in the left panel of Fig. 8.2,
this galaxy seems to have double cores in addition to features extending north and
east. Almost all the ULIRGs are merger systems in the nearby universe (Sanders and
Mirabel, 1996), and the disturbed morphology of this galaxy is consistent with it.
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NB209-097: The tip-tilt guide star is located about 18" southwest away, and its SDSS r-band
magnitude is 14.33 mag. This galaxy is categorized into star-forming in SDSS DR12.
Optical magnitude in the SDSS u-band and z-band are 17.85 and 15.48 in the AB-
system, respectively. The K-band magnitude estimated from our observation is 13.54
in the Vega-system, and the total infrared luminosity derived from the AKARI FIR
source catalog is log L(IR) = 11.86 which is classified as LIRG. The star formation
rate estimated from the infrared luminosity is SFR(IR) = 34 M, yr~! while the star
formation rate estimated from Ho without dust attenuation correction is SFR(Ha) =
0.96 M, yr—!. As seen in the right panel of Fig. 8.2, this galaxy shows a disc-like
morphology in the optical image. There is a companion with the same redshift (z
= 0.1115) at about 20 kpc apart from the galaxy. This companion has SFR(Ho) =
0.6 M, yr—!, and a stellar mass ratio to NB209-097 is about 1/10 (the MPA/JTHU
catalogue; http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/). Since a bridge-like
feature or tidal tails are not confirmed in the optical image, it is expected that they have

not experienced the first encounter and will cause minor merger in the future.

8.2 AO Observations using Subaru/IRCS

We perform near-infrared imaging observations using the Infrared Camera and Spectrograph
(IRCS), which is one of the first-generation instruments of the Subaru telescope. It has
capability of both imaging and spectroscopic observation at near infrared wavelength of 1-5
um (Kobayashi et al., 2000), and still allows us to perform versatile near-infrared observations
through its several major performance upgrade (Terada et al., 2004). The imaging mode of
IRCS is optimized for high spatial resolution with AO facility with wider field-of-view of
60" x 60". The IRCS filter set consists of the basic J, H and K_ filters for broad bands in
addition to NB filters optimized for various emission lines.

One advantage of IRCS is the Subaru AO system (AO188). AO188 is an adaptive
optics system installed at the Nasmyth platform of the Subaru telescope and consists of
188-elements wavefront sensor (Minowa et al., 2010). It can be operated in both natural and
laser guide star modes. Therefore, we obtain high-spatial resolution images with comparable
spatial resolution as that of the Hubble space telescope and with high sensitivity thanks to
the large aperture of the Subaru telescope.

We conduct AO-assisted observations using the K "-band filter (Acen =2.12 um, AL =0.35
um) and the NB209-filter (Acen = 2.09 um, AA = 0.035 um). Total exposure times are almost
the same for both targets, where 200 sec for the K '~ band filter and about 1000 sec for the
NB209-filter. Table 8.2 summarizes the observational logs. As shown in Fig. 8.1, the central
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Fig. 8.1 Transmittance curve of the K "-band and the NB209-filters of IRCS. The red and blue
lines represent the transmittance curve of K /—band, and the NB209-filters, respectively. The
two dashed black lines correspond to the redshifted Pace emission line of the AO188 targets
(z=0.1125 and 0.1115).

wavelength of the NB209-filter is located almost at the center of the K - band. The central
wavelength corresponds to the wavelength at which Pac emission line is redshifted to z =
0.115.

In this condition, we achieve FWHM of 0”20 in both the K-band and the NB209 images
measured using five stars in the images, which corresponds to a resolution of 400 pc at the
redshift of 0.11. We also estimate the Strehl ratios of both the K-band and NB2009 filters of
NB209-097 by synthesizing diffraction-limited PSFs at the wavelength of 2.12 um and 2.09
um. We pick out a star close to the galaxy near the center of the field-of-view, and read the
peak value of the star after converting its count to that of the diffraction-limited PSF. The
derived Strehl ratio is 0.057 for the K-band image and 0.055 for the NB209 image. Although
these values are not the best performance of AO observations in the K band of IRCS, they are

within a reasonable range under a typical observational condition (e.g. Minowa et al. (2010)).
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Fig. 8.2 Composite images of the targets; NB209-096 (left) and NB209-097 (right), taken
from SDSS SkyServer DR12. White circles in the images indicate tip-tilt guide stars for
AO188 observations.
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8.3 Data Reduction

Data reduction is performed according to the standard procedure of near-infrared imaging.
First, a sky flat is created and the sensitivity unevenness of the detector is corrected using it.
Then, a sky frame for each dithering set is created and sky subtraction is performed. Finally,
an object position is adjusted, and coadded it to create the object image. Standard stars are
acquired in both the NB209 band and the K - band filters and reduced in the same procedure
as the targets. These series of reductions are performed using a Python-based IRCS pipeline
(ircs_imgred_v0.6).

The image of Paa emission line is synthesized as follows. First of all, a continuum image
from the K -band image and the narrow band image are created by the following formula.

fio X AK — fyp x ANB
AK' — ANB

Jeom = (8.1)
Here, f,s and fyp are K band flux density and NB flux density, respectively, and AK' and
ANB are the bandwidths of the K -band and of the NB filters (Table 8.1). Here, we assume
that the flux density of the continuum component is equal for both the K "_band and the NB
filters, and the flux of Pac emission line is equal for both band filters.

The synthesized Pac images are shown in Figs. 8.3a and 8.3b. Bright regions emitting in
Pao are detected clearly on both targets.
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(b) NB209-097

Fig. 8.3 NB, continuum, and derived Pacx images.




Chapter 9

Resolved Star Formation Activities

9.1 Deriving Physical Quantities

9.1.1 Star Formation Rate

Accurately estimating the star formation rate (SFR) of a galaxy is one of the important tasks
of galaxy astronomy. Continuum components or bright emission lines of various wavelengths
have been used as tracers of star formation (Calzetti (2013); Kennicutt and Evans (2012) and
references therein). In our research, we focus on the near-infrared hydrogen recombination
emission line, Pac.. The advantage of using Pac is that it directly traces star formation
regions and also is less affected by dust attenuation compared with Hot (Ag¢, /Apae >~ 0.18,
Alonso-Herrero et al. (2006)). Furthermore, it can achieve high spatial resolution compared
to far infrared and submillimeter wavelength.

Star formation rates are estimated from Paa luminosities as follows. A relationship
between Ho luminosity and star formation rate is taken from Kennicutt (1998a) where

Salpeter IMF is assumed;
SFR [M@yr_l] =7.9x 10" %Ly, [erg s_l]. 9.1)

By applying the intrinsic line intensity ratio of Ho/Pao = 8.6 assuming 7" = 10000 K and
ne = 10* cm ™3 (Hummer and Storey, 1987), the following equation is obtained.

SFR [M@yrfl] =6.8%x 10 Lp,y [erg s’l]. 9.2)

We adopt the Salpeter IMF (Salpeter, 1955) and no dust attenuation correction is per-

formed. When previous studies use a different IMF, we employ the conversion factors of 1.59
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and 1.44 (Calzetti et al., 2007; Kennicutt et al., 2009)) for Chabrier IMF (Chabrier, 2003)
and Kroupa IMF (Kroupa, 2001), respectively, to compare with our results.

The total Pacx luminosities are measured with aperture with diameters of 20’8 and 104
diameters for NB209-096 and NB209-097, respectively, which are chosen to be large enough
to contain nearly all flux of the galaxies. The center of the apertures are set at a peak of
the contour of the continuum image of each object. The obtained SFR is summarized in
Table 9.1. The star formation rates without dust correction are about 117 Moyr—! and 34
M, yr~! for each galaxies, which are nearly one order of magnitude higher than that of a
typical star-forming galaxy at the redshift of ~0.1.

Fig. 9.1 shows that the spatial distribution of star formation activity is quite different
in each galaxy. In NB209-096, there is no substructure in the star formation activity, and
intense star formation activity is seen in the whole region. On the other hand, NB209-097
has a ring-shaped star formation region with a radius of ~1.5 kpc surrounding the center,

and several star-forming blobs are seen in it.

9.1.2 Stellar Mass

We estimate the stellar mass of the galaxies using a stellar mass-to-light ratio (M/L) of the
K-band derived in Zibetti et al. (2009). They adopt the stellar population synthesis model
developed by Bruzual and Charlot (2003), which incorporates the evolutionary phase of the
thermally pulsing asymptotic giant branch stars, and derive the relation of the total stellar

mass-to-light ratio using Lx with an optical color correction.

log(M/Lx) = —1.405+1.157 x (r —2). 9.3)

The colors used are shown in Table 9.1. An integrated stellar mass (M,) is calculated
from the K -band luminosity in solar units (Lg) measured in the continuum image with the
same aperture sizes as described above. We apply the fixed values of M/Lgk in Table 9.1 to
each pixels in the continuum images to derive spatially resolved stellar mass maps (i.e. stellar
mass surface density maps).

Fig. 9.1 shows the stellar mass density maps obtained for the both galaxies. An offset
of about 1 kpc is seen in the peak of stellar mass accumulation and that of star formation
activity for NB209-096, whereas the peaks of the largest star-forming clump and star mass

accumulation nearly matches in NB209-097.
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Fig. 9.1 Surface density map of stellar mass (left) and SFR (right) of the galaxies. The black
circles shown in the lower right panel represent the identified Pac clumps.



Resolved Star Formation Activities

100

0101 X (T0F89)

[0°0F¥S0- T00FSLO0  LOOF6£0  600F0S0 6SF8¢E L60-60CAN

o0 X (#"0F1°S) +0'0F080- €00FS0  90°0FEE0 V'O0+CT  SOTFTLII 960-60CAN

[“IN]
W

[P/ [14D/1] [1/9IN]  (SASIAVIVd) dI
(¥7/W)301  (z-1) ssps 4453 JASS (oed)g4dS (SASIAVIVA) AI

SSeu Je[[o)s pue YIS Jo Arewrwuns |6 9[qeL



9.2 Resluts 101

9.2 Resluts

9.2.1 Integrated SFR— M, relation

The relationship between star formation rate and stellar mass is shown in Fig. 9.2 and the
physical quantities derived for each object are summarized in Table 9.1. The sSFR of our
targets shows 1-2 orders of magnitude larger than those of the main sequence galaxies at
the same redshift of z = 0.1. This suggests that these objects are categorized into starburst
galaxies at z = 0.1, and are almost located on SFMS at z ~ 1-2. We will discuss this in detail
in Chapter 10.
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Fig. 9.2 Star-formation rate versus stellar-mass plot. Our targets are represented by black
filled circles. Star formation rate and stellar mass are estimated as described in Section 10.1.
The black dotted line shows the main sequence relation in local spiral galaxies obtained from
the CALIFA survey covering the redshift of 0.005 < z < 0.03 (Cano-Diaz et al., 2016). The
blue, green, and red dotted lines indicate the relationship at z = 0.1, 1 and 2, respectively,
of which the slope and the normalization are calculated using analytical equation given by
Whitaker et al. (2012). Our targets at z = 0.11 largely exceed the main sequence relation at
the same redshift.
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9.2.2 Mapping Xsrg VS. Xy

Next, we show the relationship between star formation surface density (Xgrr) and stellar
mass surface density (Xyg, ). This is a pixel-to-pixel plot of the star formation rate map and
the stellar mass map shown in Fig. 9.1. We set thresholds of SN > 3 for the Pact image and
SN > 10 for the continuum image, and extract only pixels satisfying both conditions.

The spatially resolved SFR versus M, plots obtained for each object is shown in Fig. 9.3.
Here, we can clearly see a correlation between Xgpr and Xy,.. Even in the Xgpr and Xy,
plot, the “main-sequence track™ can be seen in both galaxies. This indicate that the known
correlation between SFR-M, is kept even in surface density unit, i.e. Xgpr and Xg,.

Furthermore, the both relations are offset upward from those of normal star-forming
galaxies at z ~ 0 obtained from optical IFS observation (Cano-Diaz et al., 2016). The specific
star formation rate for each pixel (sSFR = Xgpr /XM, ) shows higher value compared with
those of the z ~ 0 galaxies not only in Pac clumps ( i.e. star-forming clumps) as seen in
Fig. 9.1 but also in inter-clump regions. Fig. 9.4 plots the binned pixel with 0”2 sampling
for both galaxies, and the tight correlations can be obtained which suggests Enhanced sSFR
throughout entire region can also be seen in Fig 9.5. The sSF'R for each pixel as a function
of radius shows roughly constant value of ~ 0.5 Gyr—! and ~ 2.3 Gyr~! for NB209-097 and
NB209-096 from a radius of 1 kpc to 4 kpc.
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Fig. 9.3 Spatially resolved Xgrr-X0z, . The black dashed line is taken from the resolved study
of nearby normal star-forming galaxies by optical IFS survey (Cano-Diaz et al., 2016). Each

pixel is color-corded with the value of radius which is the distance from a peak of continuum
image.
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Fig. 9.5 Radial distribution of sSFR. The origin of the radius is defined as a peak of the
continuum image. The definition of radius is same as Fig. 9.3.
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9.2.3 Detection of Paca clumps

We spatially resolve the interior of the two galaxies with 400 pc resolution and identify
star-forming clumps in NB209-097 shown in the right panel of Fig. 9.1b. These star-forming

clumps show Pac luminosity of > 1040

erg/s have a higher specific star formation rate within
the galaxy. We visually identify four clumps: the “core” located at the center of the galaxy
and the “clump-A, B and C” embedded in the ring-shaped star formation region around the
center. Two-dimensional gaussian fitting are performed for each clump to measure its size
defining the peak of Pac flux as the center of the clump. We define a clump diameter using a
best fitting FWHM, and FWHM, as follows: Djump = \/ (FWHM2 + FWHM2) /2.

Star formation rates and stellar masses of the clumps are measured with an aperture size

of De¢jump, and resluts are summarized in Table 9.2. The largest core has a size of ~900 pc,
and also has the largest stellar mass, which is about 4 times larger than those of other clumps.
The clump-A, B, and C, which are located at the same distance of ~1.5 kpc from the center
of the galaxy, have diameters of 450-650 pc and SFRs of 0.5-1.3 M /yr. They mean that
stellar mass surface densities (X, ) of the clump-A, B, and C are not as high as that of the
core while all of the clumps have a similar star formation rate surface density (Xgpr) of ~
3-4 M., yr~!, in other words, the clump-A, B, and C have higher sSFRs than that of the core.

These features appear as difference of the location on the Xgrr-X\, plane. Fig.9.6a
shows that the core occupies the high-mass end of the “main sequence” of the NB209-097
while the other clumps are deviated from it and occupy almost the same position on the plot.
The clump-A, B, and C have high sSFRs of 1.1-1.6 Gyr~—!, meaning that star formation
activities of the clump-A, B, and C are enhanced. Since these clumps are close to the limit
of the resolution of the observation (~ 400 pc), it is impossible to disassemble the internal
structures of the clumps. Possibility that the high star formation rate of the Pac clumps can

be explained by accumulation of smaller star-forming regions is discussed in Chapter 10.
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Fig. 9.6 (a) Pac clumps in Xgpr-Xy, plane. (b) Distribution of Xgpr of Pac clumps. The
black dashed line indicates -0.11 M /yr/kpc? which is the mean value of the whole galaxy.






Chapter 10

Discussion

10.1 Origin of Bursty Star Formation Activities

The galaxies we observe have large sSFR, deviating largely from the main sequence relation
at z ~ 0.1 as shown in Fig 9.2. In addition, Fig. 9.4 indicates that star formation activities are
enhanced not only for the integrated quantities but also in spatially-resolved surface density.

The large star formation surface densities suggest that a high gas surface densities in
these galaxies. We recover gas properties by converting the star formation surface density

into gas surface density using the Kennicutt-Schmidt law (Kennicutt, 1998b),

Tsrr = AZ (10.1)

with A = (2.540.7) x 10~* and N = 1.40+0.15 for circumnuclear starbursts. The gas mass
properties derived from above equation are summarized in Table. 10.1. For both galaxies the
gas mass surface densities (Xg,5) show similar value of Xgas ~ 200 M@/pcz. This value is
comparable to those of high-z galaxies of X455 ~ 100-1000 M. /pc? obtained from CO(3-2)
survey of star-forming galaxies at z ~ 1-3 (Tacconi et al., 2013). In other words, higher gas
density environment may be realized in these galaxies compared with those in nearby normal
star-forming galaxies of Xgas ~ 1-100 M@/pc2 (Kennicutt, 1998b). Also, Tgep ~ 0.5 Gyr
indicates higher star formation activity in the galaxies while the nearby normal galaxies with
logM, =10.4-11.4 have ~ 1-2 Gyr (Bigiel et al., 2011). Such high gas density environment
and star formation activity may have caused by a gas-inflow or compression of gas through
merger event. We will discuss it from the viewpoint of merger stage in the following.
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Table 10.1 Gas properties derived from KS-law

Name Zgas (a) Mgas (b) fgas (C) Tdep(d)
[Me/pe?] [Mo] [Gyr]

NB209-096 1704100 (643) x 10'© 0.5+40.2 0.5+0.3
NB209-097 1904100 (2+1) x 10'© 0.240.1 0.5+0.3

Core 900+£700  (645) x 108 0.09+£0.06 0.340.2
Clump-A  1000+£700 (3£2) x 103 0.3402  0.340.2
Clump-B 8004600  (1£1) x 108 0.240.1  0.340.2
Clump-C  800.0+600 (2+2) x 108  0.34+0.1  0.3£0.2

@ Gas mass surface density derived by KS law.

® The total gas mass is obtained by multiplying the Ysas by the area of the
photometric aperture.

(©) Gas fraction is defined as fyas = Maas/ (Mgas + M..).

@ Gas depletion time is defined as Tgep = Mgas/SFR.

NB209-096: mid-stage of a merger event

As shown in Fig. 8.2, this galaxy shows disturbed morphology with double core. We find an
offset of 1 kpc between the peak of the continuum image and of the Pac image in Fig 8.3a.
One peak has sSFR similar to the integrated value of the galaxy, while the other enhanced.
Such double cores have been reported in various merger system, which strongly support
that NB209-096 is in the midst of a merger event. Thus, the star formation activity and
high gas surface density of NB209-096 are considered to be the result of such a merger
event. Through collision between galaxies, hydrodynamical simulations suggest that gas
loses angular momentum due to dynamical friction, and as a result the gas quickly drops to

the center of gravitational potential and fuel the kpc-scale starbursts (Barnes and Hernquist,
1998; Di Matteo et al., 2007).

NB209-097: early-stage of a merger event?

This galaxy seems to have a stable disk structure in the optical image (Fig. 8.2), and we detect
clumpy active star-forming regions around the center thanks to sub-kpc spatial resolution
(Fig. 9.6a). As described in Chapter 8 there is a companion about 20 kpc apart from the
galaxy, which have same redshift and stellar mass ratio of 1/10. These facts suggest that
NB209-097 and the companion may be at an early stage of a merger. As gravitational
potential interfere with each other from the relatively large distance to a companion of 20
kpc (e.g.Bignone et al. (2017)), star formation may be induced. However, it is difficult to
distinguish this scenario only by imaging observation data, and spatially resolved kinematic

information by IFS observations is necessary, which may provide us information of velocity
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field and velocity dispersion field (i.e. local turbulent component). It will provide us signs of
gas inflow or disturbance of velocity field. They may be a important science target for an IFS

follow-up observation in the future.

10.2 Star-forming clumps in Starbursts galaxies

A relationship between a size and a star formation rate (or luminosity) of a star-forming
region is a useful tool for investigating their physical properties. Fig. 10.1 shows the size-SFR
relation of the star-forming clumps detected by various SF tracers. Our samples of Pax
clumps have diameters ranging from 450 to 900 pc and star formation rates of 0.5-2.3 M,
yr~!. The star formation rates are nearly one order of magnitude higher than those of normal
HII regions found in nearby spiral galaxies, and their star formation rate densities of ~ 3—4
M, yr~! kpc~? are also high compared with normal HII regions. This value is similar to
those of star-forming regions detected by Hf in nearby interacting systems (e.g. the Antenna
galaxy; Bastian et al. (2006)).

Star-formation clumps in latest studies of nearby starburst galaxies are also plotted in
Fig. 10.1. One is Fisher et al. (2017), which performs HST optical imaging with a high spatial
resolution of 50-150 pc and resolve star-forming regions of starburst galaxies (SFR(Ho) ~
10—-40) at two redshift ranges of ~ 0.075 and ~ 0.13. They use the Ho line as a star formation
tracer and select samples from SDSS, which leads to relatively less dust obscured targets
with Av ~ 0-3 mag. The other is Piqueras Lopez et al. (2016), which uses VLT/SINFONI to
perform a near-infrared IFS observation of dusty LIRGs with Av~1-20 selected from IRAS
24 um sources. Although their observations are performed under a natural seeing condition,
high spatial resolution (~ 200 pc) is realized by selecting a sample at smaller redshift (z ~
0.014 for LIRGs). They detect star-forming regions of LIRGs with the Bry line.

Our samples show good agreement with those in Fisher et al. (2017) and Piqueras
Loépez et al. (2016) on the size-SFR relationship. It seems that the change in the optical
thickness due to the different star formation tracer of each study has no big influence on the
results. These results suggest that a star-forming region found in a nearby starburst galaxy
has different properties that realize a high star formation rate density compared to normal
HII regions of nearby spiral galaxies. Note that dust extinction has been corrected in the
previous studies, and the correlation seen in the SFR-size plane does not seem to change
significantly depending on the dusty environment. On the other hand, we do not perform any
dust-extinction correction, which means our SFR gives lower limit for each Pac clump.

Our samples and previous studies of nearby starburst galaxies occupy on a position close
to the giant star-forming clumps at z ~ 2 in Fig. 10.1. This suggests that the Pac clumps
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found in NB209-097 are likely to be good analogs of giant star formation clumps at z ~ 2.
Disk galaxies with such star-forming clumps have been discovered through z ~ 1-3 (Guo
et al., 2015; Shibuya et al., 2016), and their formation mechanisms can be modeled by
self-gravitational instability and fragmentation (i.e. the Toomre instability; Toomre (1964))
of a gaseous disk (Noguchi, 1999).

The diameters of clump-A, B, and C are 450-650 pc, which are close to the limit of
resolution of our observation (~ 400 pc). This means that an internal structure of these clumps
is not fully decomposed and we cannot exclude the possibility that their high star formation
rate is a result from an aggregation of smaller star formation regions. According to Alonso-
Herrero et al. (2002) which investigated star-forming regions of ULIRGSs/LIRGs in the Pac
emission line using HST/NICMOS, most of the star-forming regions of ULIRGs/LIRGs are
not aggregation of HII regions seen in nearby spiral galaxies, but rather tend to have larger
sizes intrinsically. As shown in Fig. 10.1, many star-forming clumps with a diameter of
400-600 pc have been identified with a resolution of < 200 pc, and also been reported up to
a diameter of 1000 pc (Fisher et al., 2017; Piqueras Lépez et al., 2016). Our Paa clumps
have size and star formation rate similar to those of the previous studies, which indicates that
our samples are likely to be a single star-forming region. However, in order to investigate an
internal structure of star-forming region of a LIRGs at z ~ 0.11, it is necessary to wait for a
next-generation facilities such as TMT, which has capability to realize a diffraction-limited
observation in the near-infrared wavelength.

Table 10.1 summarizes the gas properties of each Pacx clump derived by the same method
used in Section 9.1.2. Their gas mass surface density of 800-900 M /pc? is one or two
order of magnitude greater than that of a typical HII region found in spiral arms of a nearby
galaxy (Heyer et al., 2004), indicating that they have denser gas environment than typical star
forming regions. In addition, gas fractions (fgas = Mgas / (My+Mg,s)) of clump-A, B, and C
are estimated to be 0.2—0.3, which is comparable to those of clumpy galaxies at z ~ 1-2 of
0.2-0.8 (Bournaud and Elmegreen, 2009).

While the similarity of individual star-forming clump exists, the difference is also seen.
Pao clumps in NB209-097 are detected on the circumnuclear star forming rings, but high-z
giant star-forming clumps are rather detected in a wide area of the disk. Also, our sample
may be influenced by early stage of a merger event, although clumps at high-z are considered
to be consequence of disk instability (Genzel et al., 2011). It is difficult to clarify the cause
of these differences because information of gas motion is missing. Clumpy galaxies like
NB209-097 may be further discovered in the PARADISES survey, and the origin of starbursts

can be validated using near-infrared IFS observation by estimating turbulent gas motion.
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Fig. 10.1 Scaling relation between a size and a SFR of star-forming clumps. The green stars
show the four star-forming regions detected NB209-097 using the Pac line. The filled blue
circle represents the star formation region detected in the 10 LIRGs at z ~ 0.014 using the
Bry line (Piqueras Lopez et al., 2016). The filled orange circle represents the star formation
region detected in the 10 starburst galaxies at z = 0.075-0.13 (Fisher et al., 2017) using the
Ho line. The sizes of these star-forming regions are determined by the definition described
in Section 9.2.3 except Fisher et al. (2017), which employs the geometric mean for the size
definition. The data of “Local HII region” is taken from SINGS (Kennicutt et al., 2003),
Bordalo and Telles (2011), Gonzalez Delgado et al. (1997), Terlevich and Melnick (1981),
and Rozas et al. (2006). It also contains the HII regions of NGC4321 (Arsenault et al.,
1990) and NGC4449 (Fuentes-Masip et al., 2000). The antenna galaxies (NGC4038/4039) is
plotted as an example of nearby merger system (Bastian et al., 2006). The high-z samples
are taken from Arcs (Jones et al., 2010), WiggleZ (Wisnioski et al., 2012), SINS (Genzel
et al., 2011), and SHIZELS (Swinbank et al., 2012).






Chapter 11
Conclusion of the thesis

SWIMS-IFU is a new slicer-type IFU for the near-infrared spectrograph SWIMS, which is
the 1st generation instrument of TAO 6.5-m telescope. It has wide field of view of > 200
0" at the TAO 6.5-m telescope and wide spectral coverage of 0.9-2.5 um simultaneously.
The module-like design of SWIMS-IFU enable us to quickly exchange observation modes
between imaging, long-slit (or multi-slit) spectroscopy, and integral field spectroscopy. These
capabilities will make an observation strategy more flexible, and realize efficient IFS survey
in the near-infrared wavelength which is still rare, but already implemented in the optical
wavelength (e.g. CALIFA, SAMI, and MaNGA). In Part I, we have developed SWIMS-IFU
as follows :

(1) We successfully obtain an optical layout solution satisfying the requirements of image
quality as well as the volume limitation (< 170 mm X 220 mm X 60 mm) by per-
forming paraxial calculation and optimization. The optical design is optimized for
seeing-limited condition and with wide field of view of 145 0" and 220 O" at the
Subaru and TAO 6.5-m telescope, respectively, as well as wide spectral coverage of
0.9-2.5 um. All the optical surfaces are packed into volume of 150 mm x 185 mm Xx
50 mm, respectively, and experimentally confirmed that the mask exchange unit can
handle safely the dummy IFU with the same size and weight as the designed values.
Optical performance shows that the worst spot diameter is 0//39 which is approxi-
mately equal to the IFU spatial sampling. Considering that SWIMS-IFU performs
seeing-limited observation, this is within the allowable range .

(2) We next perform a proof-of-principle experiment of fabrication of a slicing mirror array
which is the heart of the IFU optics. Simultaneous control of two axes of the diamond
end-mill tool results in surface roughness of 10 nm and shape error of 80 nm for NiP
plated aluminum blocks. They satisfy the specifications required to achieve the IFU
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Conclusion of the thesis

throughput of 70% at A = 900 nm. Since once we establish the processing method, it
is easy to create many mirrors with the same figure and same quality. Thus, the results
will have a big influence for development of multi-object IFUs that are being studied
for next-generation instruments

(3) Further we verify diamond cutting performance and conduct cryogenic shape measure-

ments. Comprehensive study of various mirror materials shows surface roughness of
~ 5 nm can be achieved by diamond cutting, especially for aluminum coated with NiP,
C1020, and RSA6061, and their surface roughness can be achieved < 5 nm and have
few surface defects . In addition, we show that RSA443 is effective for suppressing
bimetallic effect by measuring a surface shape at 80 K. These results indicate that the
RSA443 coated with NiP is optimal as a material for the infrared metallic mirror used

under cryogenic temperature in terms of both surface roughness and shape.

Technological challenges still remain for the development of an image slicer type IFUs in the

near-infrared wavelength. Since once we establish the processing method, it is easy to create

many mirrors with the same figure and same quality, thus the results obtained in this study

will be useful for development of multi-object IFUs that are being studied for next-generation

instruments.

In Part II we perform Pacr imaging at the resolution of 0”2 using Subaru/IRCS assisted

by the AO188. We observe two starburst galaxies, one is a mid-stage merger NB209-096 and

the other may be a early-stage merger NB209-097, and star-formation knots emitting in Pact

are detected clearly in both galaxies. The observational results are as follows:

(4) We discover a strong correlation between the star formation rate surface density and

the stellar mass surface density. This relationship is the near-infrared version of the
Ysrr-2um, relationship which have been reported by optical IFS observations, and
we detected it in the starburst galaxies using the near-infrared Pax line for the first
time. Our relation shows an order of magnitude higher than those found in the local
star-forming galaxies. We also find that star formation is enhanced not only in Pac
clumps but also throughout the galaxy.

(5) NB209-096 is an interaction galaxy during merger with double core, one shows advanced

stellar mass accumulation and the other has higher SFR than that of other region in
the galaxy. NB209-097 may be at an early stage of merger event, and it shows
circumnuclear star forming region. Bursty star formation activities in both galaxies
may be induced through merger event, but in order to verify it, spatially resolved
spectral information is needed in order to distinguish their internal gas motion, and
this is future tasks for SWIMS-IFU.
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(6) We have identified four clumps in NB209-097 whose star formation rate surface density
is Xspr ~ 3—4 M /yr/kpc?, higher compared with those of HII regions in the nearby
normal galaxies. They are similar to giant star forming clumps in clumpy galaxies at
z=1-2 . From the gas surface density and gas fraction derived assuming the K-S law,

these Pao clumps may be a local analogs of those of z =1-2 clumpy galaxies.

Clumpy galaxies like NB209-097 may be further discovered in the PARADISES survey,
and the origin of starbursts can be validated using near-infrared IFS observation by measuring
turbulent gas motion. Our study provides an interesting sample for future near-infrared IFS
survey using SWIMS-IFU, and it is a good demonstration of spatially-resolved study with
the Pao emission line.
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Appendix A

Measurement Instruments

In an ultra-precision processing, an accuracy of a measurement instruments is an important
factor determining whether or not the target surface precision has been achieved. In other
words, ultra-precision processing is a system including the measurement, which is realized
by highly accurate measurement on the order of (sub) nanometers. In order to perform
highly accurate measurements of a diamond finished surface, it is important to satisfy the
following conditions. (1) Keep the temperature of a workpiece constant. It is important to
control the temperature of the measuring instrument and the workpiece so that at least the
temperature fluctuation during the measurements can be ignored. (2) No force is applied to the
workpiece, in other words, a non-contact measurement is desirable. (3) Use a measurement
instrument with sufficient accuracy to know intrinsic machining error. In order to suppress
the measurement error to < 1%, measurement accuracy of ~ 7—10 times the tolerance to be
measured is required.

We use ZYGO NewView7200 and MITAKA KOHKI PFU-3 for surface roughness and
shape measurement, respectively. The appearance and specifications of both instruments are
shown in Fig. A.1 and Table A.1 These instruments are installed in a thermostatic room kept
at 20°C, and a workpiece is measured after that its temperature is well fitted in the ambient
temperature. Also, both instruments are non-contact type using optical probes, and their

measurement accuracy is optimal for our specifications.
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Fig. A.1 Photographs of measurement instruments. (a) ZY GO, NewView7200, which is a
non-contact, scanning white light interferometry. (b) MITAKA KOHKI, PFU-3, which is a
non-contact, surface texture measuring instrument with an automatic focus control system.

Table A.1 Specifications of measurement instruments

New View7200 PFU-3
(ZYGO) (MITAKA KOHKI)
Method non-contact, scanning white non-contact, scanning autofo-
light interferometry cus system
Resolution (X,Y) 3.3 pm(a) 0.1 ym
Resolution (Z) < 0.1 nm 10 nm

@ Object lens magnification is 10x.



Appendix B

Elimination of cutting marks by
post-process polishing

Cutting marks remaining after the cutting process will cause diffuse scatter or diffraction,
which may reduce optical performance (Beaucamp et al., 2008). Therefore, we try to polish
the NiP workpiece after the surface finishing and verify whether the cutting marks can be
removed. Note that we are interested only in whether cutting marks can be eliminated by
polishing, the workpiece used in this experiment is different from that shown in Section 5.2.
The modified polishing work is done by hand with the polishing pad and the polishing liquid.
Fig. B.1 shows the change of surface profile with polishing time. The measurement is
performed in the same manner as in described in Section 5.2. 5 minutes after the start of
polishing, cutting marks still remain, and noticeable change can not be seen. Improvement
in surface roughness is observed after 10 minutes, and the appearance of the cutting marks
becomes also gentle. The cutting marks almost disappear after 40 minutes from the start of
polishing. Tthe surface roughness is improved at this point, reaching 3 nm or less.
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