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RESUMEN

Informamos sobre el desarrollo de un sistema de imagen éptica simultdneo en 3 colores y alta
resolucién temporal para el telescopio de 2.1 m del Observatorio Astronémico Nacional en San
Pedro Martir, México. OPTICAM estard equipado con tres cdmaras sCMOS Andor Zyla 4.2-Plus
y un conjunto de filtros SDSS que permitiran cobertura éptica en el rango de 320-1,100 nm.
OPTICAM permitird nominalmente exposiciones en el orden de sub-segundos. Dado su disefio
instrumental, un amplio rango de fuentes astrofisicas de rapida variabilidad pueden ser obser-
vadas con OPTICAM incluyendo estrellas binarias de rayos X, enanas blancas pulsantes, objetos
compactos en acrecentamiento, estrellas binarias eclipsantes y expolanetas. Las observaciones re-
alizadas con OPTICAM seréan de propiedad exclusiva durante seis meses y luego se pondran a
disposicién publica para la comunidad astronémica.

ABSTRACT

We report the development of a high-time resolution, 3-colour, simultaneous optical imaging sys-
tem for the 2.1 m telescope in San Pedro Martir Observatory, México. OPTICAM will be equipped
with three Andor Zyla 4.2-Plus sCMOS cameras and a set of SDSS filters allowing optical cov-
erage in the 320-1,100 nm range. OPTICAM will nominally allow sub-second exposures. Given
its instrumental design, a wide range of fast-variability astrophysical sources can be targeted with
OPTICAM including X-ray binaries, pulsating white dwarfs, accreting compact objects, eclipsing
binaries and exoplanets. OPTICAM observations will be proprietary for only six months and will
then be made publicly available for the astronomical community.

Key Words: instrumentation: photometers — stars: imaging — telescopes — accretion, accretion
discs

1. GENERAL

Many physical processes occurring on short time scales (on the order of milliseconds to sec-
onds) have only recently been observed thanks to the advent of new technologies, allowing multi-
wavelength high-cadence photometric measurements. As a consequence of these advances, along
with the development of new observational techniques, time-domain astronomy has become a
strong emerging area in modern astrophysics.
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High time-resolution observations have revolutionised our view of the physical processes that
take place on short timescales, providing a unique insight into physical phenomena that otherwise
would be inaccessible to conventional photometry. For example, the vast majority of all known
extra-solar planets have been discovered by searching for transits in the optical light curves of their
host stars (e.g. Mayor, & Queloz 1995; Pepe et al. 2014); neutron star (NS) spin periods ranging
from milli-seconds to hours have been discovered by observing their X-ray and optical light curves
(e.g. Ambrosino et al. 2017); accreting astrophysical systems from young stars and white dwarfs
(WDs), to stellar black holes (BHs) in binary systems and supermassive black holes (SMBHs)
in quasars have been found to display the same stochastic flickering’ variability (McHardy et al.
2006; Scaringi et al. 2015); and evidence for strong-field general relativistic precession has been
found in accreting stellar-mass BHs via the detection of fast, quasi-periodic oscillations (QPOs;
Motta et al. 2014).

Accretion-induced variability manifests through changes in the brightness of an astrophysical
object on different time-scales and across a range of wavelengths. Recent research by Scaringi et al.
(2015) suggests that the characteristic time-scale of these variations depends mainly on the phys-
ical properties of the accretor and the rate at which it accretes, regardless of the nature of the
accretor. Accreting WDs, NSs and BHs in binary systems provide us with the best available
laboratories for studying the process of disc accretion. Particularly in the innermost disc regions,
the variability time-scales can range from seconds in WDs to milli-seconds in NSs and stellar-mass
BHs (Dhillon et al. 2007). Multi-wavelength high-speed observations are essential to increase our
understanding of the underlying physics of the accretion process (see Middleton et al. 2017, for
review). Unfortunately, in-depth and systematic studies in the optical wavelength range have not
been possible due to the lack of instruments with the necessary temporal resolution and sensitivity.

Over the past decade, fast-photometric studies have provided a glimpse of their potential when
used in simultaneous multi-wavelength campaigns (e.g. Gandhi et al. 2010; Scaringi et al. 2013;
Shahbaz et al. 2013; Mallonn et al. 2015; Gandhi et al. 2016, 2017; Hynes et al. 2019; Malzac et al.
2018; Mouchet et al. 2017; Green et al. 2018; Paice et al. 2019; Pala et al. 2019). For example, in
accreting compact objects in X-ray binaries (XRBs), the relationship between the rapid (millisec-
ond to minutes) variability at different wavelengths has allowed the inner structure close to the
event horizon of a BH or the surface of a NS to be determined through measurements of the
absolute sizes of its main components and through inferences about the plasma physics underlying
the observed phenomena (e.g. Gandhi et al. 2008, 2016).

The relationship between optical and X-ray variability is known to change as a function of
time and/or spectral state in both BH and NS XRBs, suggesting changes in the physical scale and
geometry of the emitting regions (Kanbach et al. 2001; Durant et al. 2008; Gandhi et al. 2008,
2010, 2017, and references therein). As a consequence of the lack of current facilities provid-
ing fast-photometric, multi-band capabilities, there are only a few simultaneous observations of
such systems, and even fewer observations made with high temporal resolution. In this con-
text, fundamental contributions have been recently made through the use of the ULTRACAM
(Dhillon et al. 2007) instrument in several key areas, ranging from accretion physics to exoplanets.
Major contributions are also expected from its successor HIPERCAM (Dhillon et al. 2016, 2018;
Bezawada et al. 2018), a state-of-the-art quintuple-beam imager for high time-resolution observa-
tions. Other short-term events such as the transit of exoplanets, have been targeted by MuSCAT2
(Narita et al. 2019) using simultaneous 4-colour imaging at the 1.52 m Carlos Sdnchez telescope.
The TAOS project (e.g. Bianco et al. 2010; Geary et al. 2012; Lehner et al. 2012; Ricci et al. 2014)
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has focused on the comprehensive study of Kuiper Belt Objects (KBOs) through measurements in
the sub-second range. KBOs have also been successfully targeted by CHIMERA (Harding et al.
2016), a wide-field, simultaneous, two-color, high-speed photometer on the Hale telescope.

As part of this new generation of time-domain instruments, we present OPtical TIming CAM-
era (OPTICAM"), a new high-speed, triple-beam, optical imaging system developed through a
collaboration between research teams at the Universidad Nacional Auténoma de México (UNAM)
and the Astronomy Group at the University of Southampton (AG-UoS) in the United Kingdom.
OPTICAM will open new areas of opportunity for both research communities which will benefit by
accessing an instrument equipped with three high-sensitivity, high-resolution, state-of-the-art sci-
entific complementary metal-oxide-semiconductor (sSCMOS) cameras. OPTICAM will be equipped
with a set of Sloan Digital Sky Survey (SDSS) filters and three 2048 x 2048 sCMOS detectors.
The fastest timescale variations likely to be observed with OPTICAM range from milliseconds
to seconds depending on the apparent magnitude of the source. Simultaneous triple-band obser-
vations will allow problems due to stochastic variations to be avoided, while providing a broad
wavelength coverage across the optical spectrum. The instrument will be available as a common-
user instrument for the 2.1 m telescope in the Mexican National Astronomical Observatory at San
Pedro Mértir, México (OAN-SPM?®), which is among the best astronomical sites in the North-
ern Hemisphere (more details in § 2). OPTICAM will be available to the Mexican and AG-UoS
astronomical communities through traditional telescope time request methods.

In this paper, we report the design and performance of OPTICAM, a triple-band high-speed
optical system designed to explore sub-second variability scales. In § 2 we describe some of the
characteristics of the OAN-SPM and the 2.1 m telescope. In § 3 a brief description of the opto-
mechanical design is presented. Details about the utilised filter set and sCMOS camera are shown
in § 4 and § 5, respectively. The flow-control and frame-acquisition system is described in § 6.
An estimate of the limiting magnitude for the SDSS optical bands is provided in Section 7. In
§ 8, we explore some of the possible scientific cases that can be addressed using the OPTICAM
instrument. Finally, in § 9, we present our conclusions and report on the current status and future

time-line of OPTICAM.

2. THE OAN-SPM AND THE 2.1 M TELESCOPE

The OAN-SPM is located on the Sierra San Pedro Martir in Ensenada, Baja California, México
(2800 m; 115°2749” W, 31°02/39” N). The average annual temperature in SPM is 3 °C, with
extremes between -10 °C and 20 °C and an average pressure of 0.74 atm. The OAN-SPM is one
of the best observing sites in the Northern Hemisphere with 82% clear sky nights (Carrasco et al.
2012). Based on results from a 3-year study, Echevarria et al. (1998) reported a median seeing
of 0.61 arcsec and a first quartile of 0.50 arcsec. Later, Michel et al. (2003) also reported a
median seeing of 0.6 arcsec using the Differential Image Motion Monitor (DIMM) technique.
Additionally, Tapia (2003) reported that 63% of the nights between 1984 and 2003 were considered
“photometric” whereas 73% of nights were suitable for high-quality spectroscopic studies.

An average seeing of 0.7 arcsec is estimated based on several long- and mid-term monitoring
studies involving a variety of measurement techniques that took place at the OAN-SPM in recent
years (see Table 1). These results also show a very stable, long-term sky quality at the site. In this
sense, important efforts® are being made with the intention of issuing regional legislation for the

"https://www.southampton.ac.uk/opticam
Shttp://www.astrossp.unam.mx/oanspm/
9http://leydelcielo.astrosen.unam.mx/
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TABLE 1
OAN-SPM SEEING MONITORING STUDIES.

Method?® Reference First Quartile Median  Third Quartile
[arcsec] [arcsec] [arcsec
STT+CM Echevarria et al. (1998) 0.50 0.61 e
DIMM Conan et al. (2002) 0.61 0.77 0.99
DIMM Michel et al. (2003) 0.48 0.60 0.81
MASS-DIMM  Skidmore et al. (2009) 0.61 0.79 1.12
g-SciDAR Avila et al. (2011) 0.50 0.68 0.97
DIMM Sénchez et al. (2012) 0.60 0.78 1.11
MASS Sanchez et al. (2012) 0.25 0.37 0.56
GL Sanchez et al. (2012) 0.45 0.59 0.84

*Methods: ~ Site Testing Telescope + Carnegie Monitor
(STT4+CM); Differential Image Motion Monitor (DIMM);
Multi-Aperture Scintillation Sensor (MASS); Generalised-
Scintillation Detection and Ranging (g-SciDAR); Ground Layer
(GL).

protection and conservation of the dark skies of northwestern México. All of the aforementioned
features make the OAN-SPM one of the best locations for optical Astronomy, comparable to other
sites such as Roque de los Muchachos (e.g. Munoz-Tunon et al. 1997), Las Campanas (Prieto et al.
2010), Armazones and Mauna Kea (e.g. Schock et al. 2009).

The OAN-SPM 2.1 m telescope! is the largest optical telescope in México and started oper-
ations in 1979. The main mirror is fixed in an equatorial Ritchey-Chrétien focus. The telescope
has hyperbolic primary and secondary mirrors. Three focal lengths are available under request
in the 2.1 m telescope: f/7.5 (~ 13.0 ”/mm), f/13.5 (~ 7.15”/mm) and f/30 (~ 3.25 ”/mm).
Recently, a fully automated instrument rotator has been permanently mounted on the telescope
focus. OPTICAM will be installed on the Cassegrain focus of the 2.1 m telescope (see Fig. 1) as
a common-user instrument under the normal rules of operation and management currently in use
at the OAN-SPM.

3. OPTO-MECHANICAL DESIGN

OPTICAM is designed to operate at f/7.5 on the Cassegrain focus of the OAN-SPM 2.1 m
telescope. The layout of the optical system of the 2.1 m telescope and OPTICAM is shown in
Fig. 1. OPTICAM will have three arms. The geometric layout of the optical design of OPTICAM
is shown in Fig. 2. The beam enters from the OAN-SPM 2.1 m telescope (from the left as shown
in the Fig. 2 optical layout), passes through the first dichroic in Arm 1 where the initial beam is
split. The reflected beam passes to the the first optical camera (C1). This camera is optimised
for the use of w’ and 7’ filters (from 320 to 550 nm). In the same way, the transmitted beam is
then split again towards the optical cameras C2 and C3, which are optimised for ' (from 560 to
690 nm), and ¢’ and 2’ filters (from 690 to 1,100 nm) in Arms 2 and 3, respectively.

Custom filter exchangers (see Fig. 7 and § 4) are placed in front of the sSCMOS cameras (see
Fig. 9). The filter exchanger mechanism allows the desired filter to be placed in the optical path

Onttp://wuw.astrossp.unam.mx/~sectec/web/telescopios/2mt . html
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Fig. 1. Layout of the optomechanical system of the OAN-SPM 2.1 m telescope and OPTICAM. Incident
light is separated into three channels by two dichroic beam splitters. See also Fig. 2 and Fig. 4 for a more
detailed description). The diagram is not to-scale but for illustrative purposes.
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Fig. 2. Design of the OPTICAM optical layout showing the major optical components: the dichroics
(D1 and D2), optical cameras (C1, C2 and C3), filter exchangers (FE1 and FE2) and sCMOS cameras
(sCMOS1, sCMOS2 and sCMOS3). This diagram is not to-scale.

of the respective arm. Each filter exchanger has three available slots. The filters will be manually
positioned during the first stage of operation, allowing the user to define the filters to be placed
in each arm during an observation run according to Table 4. For example, the filter exchanger
in Arm 1 (FE1) has a mechanical scroll bar that can be moved to place either the filter v/, ¢’ or
an “empty” slot in the optical path of Arm 1. The same mechanism has been implemented in
the other two arms of OPTICAM. The aforementioned empty slots can also be used in future to
house new filters for specific studies. As shown in Fig. 2, the three optical paths of OPTICAM
are optimised for their respective filter configurations.

The current optical configuration will allow us to simultaneously observe the same FoV (see
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Fig. 3. 3D CAD SoLiDWORKS render of the OPTICAM instrumental setup. In this perspective, the top
cover has been removed to show an internal view of the optical design. The dichroic beam splitter and
optical lens barrels can be observed. Dimensions are given in inches.

Table 2) with the 3 different sSCMOS cameras, one in each arm, respectively. The ZEMAX OP-
TICSTUDIO!! optical design software was used to simulate and accurately model the entire optical
system of OPTICAM. An isometric projection of the system is shown in Fig. 3, while a front-view
is shown in Fig. 4. In both figures the three sSCMOS cameras are shown in brown boxes, the
filter exchange mechanism in green and the lenses and dichroics in grey. A thermal analysis was
made every 5 °C from -10 °C to 20 °C. We found no significant variations in any of the optical
cameras. As a consequence, the system is dominated by the thermal behaviour of the telescope.
This thermal analysis revealed a good performance of the instrument, concluding that no thermal
compensation is required within the OPTICAM operating limits.

The mechanical structure was designed using SOLIDWORKS'? V2016. The design temperature
and pressure was 20 °C and 1 atm, as the lenses would be manufactured and tested under these
conditions. Static stress tests were carried out using the AUTODESK SIMULATION MECHANICAL'?
software. The main structure is being built in MIC-6 aluminium. The frame is made of 6061-
T6 extruded aluminium alloy. DuPont Delrin'* acetal homopolymer resin — a highly-crystalline
engineering thermoplastic — has been used in the interfaces with the doublets of the lenses. Grade
316 stainless steel was used in some other minor components in order to guarantee a higher
corrosion resistant structure.

Mhttps://www.zemax . com/products/opticstudio
https://www.solidworks.com/
Bhttps://www.autodesk.com/
Mhttp://wuw.dupont . com
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Fig. 4. The mechanical structure of the OPTICAM instrument was designed according to the specific
technical requirements of the OPTICAM project. Its three arms are optimised for u'/g’, r’ and i’ /2’
filters respectively. The above figure indicates the presence of three Andor Zyla 4.2-Plus USB 3.0 sCMOS
cameras (sCMOS1, sCMOS2 and sCMOS3, respectively; see Fig. 9), the filter exchanger mechanism (FE1,
FE2 and FE3), as well as the lenses within their respective barrels (LB1, LB2 and LB3) and dichroics (D1
and D2).

TABLE 2
FIELD-OF-VIEW OF OPTICAM ON THE 2.1 M TELESCOPE

Arm Filter FoV (arcmin?) Plate Scale (”/pix)

1 (ug) ATTXATT 0.1397
2 () 4.80x4.80 0.1406
3 (") 5.67x5.67 0.1661

4. FILTERS AND DICHROICS

OPTICAM will have a set of SDSS filters (Fukugita et al. 1996), which is the most common
filter-set in modern Astronomy. These filters provide high-transmission, allowing for the detection
of faint objects, and, at the same time, cover the entire optical wavelength range. We have acquired
an Astrodon'® Gen2 set of SDSS filters (u’g/r'i’2") in order to fully cover the 320-1, 100 nm range.
The transmission curves of the five broad-band filters and the quantum efficiency (QE) of the
sCMOS camera are shown in Fig. 5. This filter-set provides a peak transmission > 95% (>90%
for u’). The filters v/, ¢’, v/, i’ and 2’ passbands are shown in Table 3. A plot comparing the
transmission curves of the Astrodon Gen2 SDSS filters with other widely-used filter-sets is shown
in Fig. 6. The total transmission curves for each photometric band of the OPTICAM system
are shown in Fig. 8. Throughput estimations considered the combined action of the filters, the
sCMOS detector and the dichroic beam splitters of the respective arms.

OPTICAM will simultaneously use three different Andor Zyla 4.2-Plus USB 3.0 cameras, each
one associated with its respective filter exchanger. The user will select the precise combination

Shttps://astrodon. com/
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TABLE 3
ASTRODON GEN2 SDSS FILTER PASSBANDS

Filter Wavelength Range [nm] AA[nm)]

u 320-385 65
g 401-550 149
7’ 562-695 133
7’ 695844 149
2! >820
100 | e 100
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Fig. 5. Transmission profiles of the OPTICAM SDSS filter-set (colour lines) and the QE curve (black solid
line) of the Andor Zyla 4.2-Plus USB 3.0 sCMOS camera. OPTICAM will allow simultaneous imaging
with 3 of the 5 SDSS filters (see Table 4).

of filters to be used among the five available photometric filters at observation time according to
Table 4. The addition of a z; filter, also from the SDSS filter-set, as well as a pair of narrow-band
filters are being considered to allow secondary science projects to be carried out. Given the current
instrumental configuration of OPTICAM, the use of narrow nebular filters (bandwidth ~ 3 nm),
Galactic Ho and [OITI] is feasible for bright objects.

The dichroic element is a fused silica substrate with optical interference coatings on both sides
of the glass and a slight angle between its faces. Two dichroic beam splitters were designed for
OPTICAM. The first dichroic (D1) has a size of 109 x 109 =+ 0.2 mm with a clear aperture of
96 mm in diameter, center thickness of 10 £0.1 mm and wedge angle 11’33” + 30”. The second
dichroic (D2) has a size of 95 x 95 + 0.2 mm with a clear aperture of 86 mm in diameter, center
thickness of 10 0.1 mm and wedge angle 18’38 4= 30”. Dichroics were designed to transmit and
reflect an incoming beam at a 45°angle of incidence. The dichroics have a transition zone of 20
nm and a transmission of 97% for A > 560 nm and 98% for A > 700 nm respectively. Design
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OAN-SPM UBVRI,
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Fig. 6. Filter curves of the SDSS filters compared with the Observatorio Sierra Nevada (OSN)/Johnson-
Cousins (U, B,V, Rc and Ic; black solid), Generic Bessell (U, B, V, R, I; dashed olive) and OSN/Gunn (g,

r and 4; black dot-dashed) filter transmission curves.

TABLE 4
FILTER OPTIONS

Filter Exchanger Filter in each Position
Pos. 1 Pos. 2 Pos 3.2

FE1 u g
FE2 7’
FE3 7! Z

“Empty positions can be used as void filter selections
or, if required, future filter options will be included.

Fig. 7. A manual filter exchanger will be used for each camera during the first stage of operations of

OPTICAM.
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Fig. 8. Throughput estimation of OPTICAM for the u’' (purple), g’ (green), r’ (red), i’ (orange) and
2" (black) bands. This calculation considers the contribution of filters, dichroics, camera lenses and the
sCMOS detector.

requirements demanded a transmitted wavefront accuracy of A\/4 peak-to-valley across the whole
clear apertures.

5. Andor Zyla 4.2-Plus USB 3.0 CAMERAS

Andor Zyla 4.2-Plus USB 3.0 is a state-of-the-art sSCMOS camera (see Fig. 9) sensitive in the
300-1,100 nm range, with a maximum QE of 82% at 560 nm (see Fig. 5 for more details) and
a linearity better than 99.8% (>99.9% for low-flux mode). This detector has a full-frame pixel
array of 2,048 x2,048 pixels (6.5 pm pixels), a pixel well-depth of 30,000 e~ and exceptional data
transfer efficiency. A more detailed list of specifications is shown in Table 5. The sCMOS camera
is capable of delivering up to 53 frames per second (fps) in the 12-bit full-frame configuration and
up to 40 fps in the 16-bit mode. By setting a smaller area of interest (AOI), also known as region
of interest (ROI), it is possible to reach even higher readout speeds (see Table 6).

The Andor Zyla 4.2-Plus USB 3.0 camera has a due detector for applications requiring high
sensitivity and high temporal resolution performance. In addition, this sSCMOS camera has a
thermoelectrically-cooled design, thereby avoiding the requirement of an active cooling system and
high-cost maintenance, and a very low read-noise compared to CCDs. Due to its FPGA processing
power and the memory capacity of the Andor sCMOS cameras, it permits implementation of bias
offset compensation for every pixel in the array in real-time. This feature considerably lowers
noise background into negligible levels, thus eradicating fixed pattern noise associated with CMOS
cameras.
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Fig. 9. Andor Zyla 4.2-Plus USB 3.0 sCMOS camera. Image taken from the Andor Oxford Instruments

website.

TABLE 5

Andor Zyla 4.2-Plus USB 3.0 CAMERA MODEL SPECIFICATIONS?.

General specifications

Sensor type

Active pixels (W x H)
Pixel size

Sensor size

Pixel readout rate (MHz)

Read noise (e7) median [rms]

Maximum QE

Sensor Operating Temperature

Dark current, e~ /pixel/sec @ min temp
Readout modes

Maximum dynamic range

Pixel binning

Data range

Interface options

Hardware time-stamp accuracy

Linearity

Front Illuminated Scientific CMOS

2,048 x 2,048 (4.2 Megapixel)

6.5 pm

13.3 x 13.3 mm

Slow Read 216 (108 MHz x 2 sensor halves)
Fast Read 540 (270 MHz x 2 sensor halves)
0.90 [1.1] @ 216 MHz

1.10 [1.3] @ 540 MHz

82 %

0 °C (up to 27 °C ambient)

0.10 @ Air Cooled

Rolling-Shutter

33,000:1

Hardware binning: 2x2, 3x3, 4x4, 8x8
12-bit & 16-bit

USB 3.0

FPGA generated timestamp with 25ns accuracy
>99.8 %

#More details: https://andor.oxinst.com/products/scmos-camera-series/zyla-4-2-scmos

As shown in Table 6, the maximum output frame-rate of the camera depends on both the size

of the read pixel array and the bit-resolution. The pixel readout rate defines the rate at which
pixels are read from the sensor. In the case of Andor Zyla 4.2-Plus USB 3.0, a rolling-shutter'®
mode is used and the digitised signals are read out sequentially at a pixel readout speed of up to
540 MHz (270 MHz x 2 halves). In rolling-shutter mode — contrary to the global-mode available
in other camera models, where the whole pixel array is read out in a single scan — different rows
of the pixel array are exposed at different times as the rows are sequentially read from the center
towards the upper and lower ends of each of the halves of the pixel array, respectively. OPTICAM
uses as a default 540 MHz rolling-shutter configuration. In its fastest configuration at full-frame,
the camera will be set up with rolling-shutter, overlap enabled and 12-bit mode. The sustained

16 https://andor.oxinst.com/products/scmos-camera-series/zyla-4-2-scmos
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TABLE 6

MAXIMUM SUSTAINABLE FRAME RATES AND TRANSFER RATES FOR VARIOUS
PIXEL ARRAYS

Array Size® Frame Rate® BTRC Frame Rate®  BTRS
[fps@12-bit] [Mb/s] [fps@16-bit] [Mb/s]

2,048%2,048 53 424 40 320
1,920x1,080 107 423.2 80 316.4
512x512 403 201.5 403 201.5
128 x128 1,578 49.3 1,578 49.3

*The pixel array (also called the area or region of interest) will be
user-defined on the GUI window.

PFrame rates are given in fps (frames per second).

“Byte-based transfer rate (BTR).

frame rate for this configuration is 53 fps with 100% duty cycle due to the rolling-shutter capability
(40 fps in 16-bit mode). This rolling-shutter mode allows a new exposure to start after each row
of pixels has been read out, as a consequence, no time is lost between exposures.

Higher frame rates can be achieved by reducing the desired pixel array size. Maximum sus-
tainable frame rates and transfer rates for various (vertically centred) ROIs, at a 540 MHz readout
speed, are also shown in Table 6. The values shown in this table were obtained assuming a 1x1
binning. In the fourth column of the same table, the byte-based transfer rate through the USB 3.0
port for the respective pixel array is shown. The Andor Zyla 4.2-Plus USB 3.0 cameras nominally
operate in rolling-shutter mode. Since the actual write-speed of the host computer hard drive
can limit the final sustainable frame rate, this effect has to be taken into account to avoid future
data transfer malfunctions. In Table 2, detailed information is presented about the FoV and plate
scales for OPTICAM, under different instrumental and AOI setups.

Image exposures can be started by a trigger event (e.g. TTL pulse or rising edge). We use a
timing module described in § 6 to provide highly precise timing marks. The Andor Zyla 4.2-Plus
USB 3.0 camera can be operated under room temperature conditions (up to 27 °C ambient),
however, if its air-cooling system is software-enabled, the detector cools down, stabilising to a
nominal operating temperature of 0 °C, regardless of the ambient temperature.

6. CONTROL AND DATA-ACQUISITION

As shown in the block diagram of Fig. 10, triple-band (filters F1, F2 and F3) simultaneous
imaging will be possible using a set of three Andor Zyla 4.2-Plus USB 3.0 cameras (sCMOSI,
sCMOS2 and sCMOS3, respectively). Image acquisition will be controlled from a single host
computer. The software for image acquisition, flow control, storage and communication between
interfaces and subprograms have been developed by collaborators of the present project, mainly
written in C++4. Specific software elements regarding frame-reading, image memory allocation,
temperature control and other image-related handlers were adopted from the Andor SOFTWARE
DEVELOPMENT KIT (SDK'7). The SDK provides us with a dynamic link library and a suite of

"https://andor.oxinst.com/products/software-development-kit/software-development-kit
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Fig. 10. Block diagram of the OPTICAM control and data-acquisition system. Details in Sec. 6.

functions entitled to configure the data-acquisition process from the Zyla sCMOS cameras used
by OPTICAM.

Our instrumental control is closely related to the currently working OAN-SPM telescope control
setups. The nominal communication standards between devices currently used at the OAN-SPM
observatory have been adopted in order to deliver an instrument compatible with other systems
now operating on the 2.1 m telescope. For OPTICAM, in the case of the graphical user interface
(GUI), we have opted for a specific adaptation of the generic GUI (Colorado 2014) currently used
at the OAN-SPM, given our simultaneous imaging and frame rate needs. This new GUI will allow
the observer to control the different frame-related parameters of the observation (e.g. exposure
time, filters, ROI dimensions and binning) as well as the type of exposure to be acquired (e.g.
test image, object, flat). Additionally, this interface will allow the quick visualisation of some
important parameters of the exposed fields (e.g. object name, coordinates, airmass, observation
date and time, camera details and filter data).

High precision time stamps will be provided through a ‘Silverbox 2.0’ timing module specifically
designed on request for our project by the KTH Royal Institute of Technology'® staff members
in Stockholm, Sweden. The module is intended for the generation of configurable and precisely
synchronised timing pulses. Both the period of the pulse train and the pulse duration can be
independently set to an integer factor of the base clock period. This module will be used by
OPTICAM in order to acquire data from the 3 different cameras with a very accurate timing.
The highly accurate clock of the Silverbox (41 ppm precision; ppm stands for parts per million in
relation to the crystal’s oscillator nominal frequency) can be synchronised to either a time-pulse
from the Global Positioning System (GPS), or from a custom supplied, one-pulse-per-second line,
or left free-running.

Assuming a selected full-frame (4.2 Mpix), 12-bit resolution configuration (16-bit words for

Bhttps://www.kth.se/en


https://www.kth.se/en

14 CASTRO ET AL.

50 limiting magnitude

1073 0.01 0.1 1 10 100

exposure time (s)

Fig. 11. Preliminary limiting-magnitude plot for a detection by OPTICAM (at a signal-to-noise of 5-0)
in the OAN-SPM 2.1 m telescope.

storage purposes; more details in § 5), each camera can provide up to 53 fps at maximum perfor-
mance. Considering that each pixel is encoded with 16-bit words, this means that OPTICAM can
deliver 8 Mb s™* through a USB 3.0 port.

7. LIMITING-MAGNITUDE

Fig. 11 shows a preliminary limiting-magnitude plot for a detection by OPTICAM (at a signal-
to-noise of 5-0) as a function of exposure time at the OAN-SPM 2.1 m telescope provided that the
f/7.5 mount is installed. The curve was obtained assuming dark sky conditions'® and an average
seeing value of 0.7 ” (see § 2). Atmospheric extinction was estimated from Schuster, & Parrao
(2001). Regarding the technical details of the Zyla cameras (e.g. QE and detector noise), we rely
on the data provided by the Andor Zyla 4.2-Plus USB 3.0 user guide. The empirical throughput
of OPTICAM at the 2.1 m telescope will be estimated during the first-light observation after some
photometric standard stars are observed.

8. SCIENCE WITH OPTICAM

Due to its unique optical and timing capabilities, OPTICAM will allow us to perform strictly
simultaneous, triple-band observations of a wide variety of astronomical objects with dynamical
times-scales ranging from seconds in WDs to milliseconds in NSs and galactic stellar-mass BHs.
The expected temporal resolution and accuracy achieved by OPTICAM will also allow the study of

Yhttp://www.astrossp.unam.mx/sitio/brillo_cielo.htm
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many other astrophysical objects including, amongst others, eclipsing binaries, exoplanets, active
galactic nuclei, ultra-compact binaries, pulsars, pulsating WDs, stellar flaring events, and stellar
occultations. In addition to stand-alone science, OPTICAM can complement simultaneous multi-
wavelength campaigns of fast variability phenomena, or observations by several high-energy space
observatories (e.g. AstroSat, Chandra, NICER, NuSTAR, Swift and XMM-Newton). Some of the
proposed astrophysical objects and possible case-studies for use of this instrument are described
below.

8.1. X-ray Binary Systems

The study of BH and NS XRBs has rapidly evolved over the past two decades, largely due
to the availability of powerful X-ray space observatories. The X-ray phenomenology of XRBs
includes week-to-year-long outbursts, where their overall luminosity can increase by several orders
of magnitude. However, most of the underlying physics is still under debate. An example of
this is the presence of fast periodic/quasi-periodic variability (QPOs) observed at different wave-
lengths, often associated with orbital motions in the inner accretion disc and/or disc precession
(e.g. Ingram et al. 2016). In this context, multi-wavelength observations of such fast-time variabil-
ity might allow the degeneracy between models to be broken (Hynes et al. 2003; Kalamkar et al.
2016; Veledina et al. 2017).

It is widely accepted that, given a continuous mass-transfer rate from the secondary star, out-
bursts of X-ray transients occur when a thermal instability occurs after the surface density at large
radii reaches a critical value. From high-resolution, multi-wavelength observations of the binary
BH V404 Cyg, Kimura et al. (2016) found optical oscillations on time scales of 100 seconds to 2.5
hours, well-correlated with the X-ray emission. Since these oscillations occurred at mass-accretion
rates much lower than expected, it was concluded that the mass-accretion rate is not the only key
factor, particularly for sources with large discs, long orbital periods and large-amplitude oscilla-
tions (Kimura et al. 2016). Mufioz-Darias et al. (2016) reported the presence of rapidly-changing
P-Cygni profiles due to winds, and attributed the X-ray and optical variability patterns to insuffi-
cient mass-flow reaching the innermost regions of the accretion disc. ULTRACAM simultaneous,
three-band, sub-second observations of V404 Cyg showed a steep power density spectrum domi-
nated by slow variations on 100-1000 s timescales (Gandhi et al. 2016). These observations also
showed persistent sub-second flares, particularly in the r’-band. The origin of the observed lags
between different wavelengths in accreting objects is also still unclear. Several promising physical
processes have been put forward as explanations for such behaviour, e.g. reprocessing of the X-ray
emission by the accretion disc, intrinsic variations of the thermal disc emission (Cameron et al.
2012) and changes in the projected direction to- and accretion flow into the compact jets (Bell et al.
2011). At the median distances of ~2kpc for BH XRBs (Gandhi et al. 2019), the typical optical
luminosities of the rapid sub-second flares alone can reach peak values of ~103¢ergs™'. Such
powerful and rapid flares cannot originate as thermal emission. Thus, they appear to be impor-
tant probes of non-thermal processes very close to the central compact objects. To explore some
of these lines of research, OPTICAM will allow us to perform high-time resolution, simultaneous
observations, made jointly with other high-performance space- and ground-based observatories, in
order to provide a unique time-dependant, panchromatic view of XRBs.

8.2. Accreting White Dwarfs

Interacting binary systems harbouring a WD are one of the most common accreting objects in
the Galaxy. Due to their large number and relative proximity, accreting WDs are ideal laboratories
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to characterise the properties of accretion discs across a wide range of mass transfer rates. X-rays in
cataclysmic variables (CVs) are thought to originate from the boundary layer (see Kuulkers et al.
2006, for review) or from the X-ray corona at low accretion rates (e.g King & Shaviv 1984).
Roughly half of the gravitational potential energy is radiated from the aforementioned layer while
the other half is radiated from the accretion disc through viscous processes (Dobrotka et al. 2014).

Many CVs have short orbital periods of less than 4 h (e.g. Patterson et al. 2002). HS 0728+6738
is a CV with an orbital period (P) of 3.21 h showing optical variations on a time scale of ~ 7 min.
Additionally, the fast variability seen in HS 0728+6738 (Rodriguez-Gil et al. 2004) outside eclipse
also shows QPOs on time scales of 10-30 minutes.High cadence observations of sources in eclipse
with simultaneous time-resolved multi-band coverage, will allow us to dissect the different light
components of these systems. Light curves obtained with OPTICAM will allow us to retrieve the
geometry and orbital parameters of this type of system. Such techniques have already succeeded in
detecting the long-sought population of WDs accreting from brown dwarfs (Littlefair et al. 2006;
Savoury et al. 2011; McAllister et al. 2017) which were later confirmed through spectroscopy (e.g.
Herndndez-Santisteban et al. 2016).

8.3. Active Galactic Nuclei

For AGN harbouring a SMBHs in the range 105-108 M, the lags between various bands range
from seconds to a few days (Breedt et al. 2010; Cameron et al. 2012). In particular, the study of
low-mass AGNs, as in the case of Narrow-Line Seyfert 1s, requires a time-resolution on the order
of a dozen seconds (e.g. McHardy et al. 2016). An example is NGC 4051, a highly-variable AGN
showing large variations in flux over relatively short timescales (~ hours) (e.g. McHardy et al.
2004; Silva et al. 2016). A major goal of such studies is the determination of inter-band lags, i.e.
time-delays between different bands, which are thought to be due to the light-travel times between
different parts of the system. The wavelength dependence of these lags can be used to infer the
emissivity and temperature distributions across the accretion disc, as well as to estimate the size
of the disc and its accretion rate. Thus, simultaneous coverage across multiple bands provided by
OPTICAM will allow us to carry out this type of study.

8.4. Eclipsing Binaries

Eclipsing binaries are arguably the most important empirical calibrators in stellar astrophysics.
In the case of short-period systems, their fundamental stellar and binary parameters (masses,
radii, temperatures, luminosities and periods) can often be measured with both accuracy and
precision. As an extreme example, high-precision photometric measurements of eclipse timings
have even been used to establish the presence of an extra-solar planet orbiting the close binary
NN Ser (Beuermann et al. 2010; Marsh et al. 2014; Parsons et al. 2014). This makes short-period
oscillation eclipsing binaries valuable subjects for both spectroscopic and multi-band photometric
studies (e.g. Lu et al. 2018). The use of an instrument such as OPTICAM — as part of simultaneous
multi-wavelength coverage — will make it possible to constrain with high-precision the physical
parameters of a large number of eclipsing binaries.
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8.5. Fxoplanets

Although exoplanets were first studied using the radial-velocity technique, time-resolved colour
photometry provides valuable astrophysical information that has led to detection and characteri-
sation via transits of numerous exoplanets. Such measurements usually require extremely precise
relative multi-band photometry and until recently they were only possible through the use of space
telescopes or large ground-based facilities (Sedaghati et al. 2015). However, precise BVRIz’JH ob-
servations by Ricci et al. (2017) have recently confirmed the potential adequacy of small ground-
based telescopes (in the range 36-152 c¢m) for extraplanetary transit research. A good example
of this is the successful operation of MuSCAT-2 on the 1.52 Carlos Sénchez telescope and the
current implementation of the TAOS-II? project at the OAN-SPM. Multi-colour, high-precision,
fast-photometry obtained with OPTICAM will certainly help to increase the number of exoplanet
observations at the OAN-SPM.

9. CONCLUSIONS AND DISCUSSION

OPTICAM is a high-speed optical system designed to perform triple-channel fast-photometry.
OPTICAM will have a set of u'g'r’'i’z” SDSS filters which will provide coverage in the 320 <
Alnm] < 1,100 wavelength range. OPTICAM will be mounted in the Cassegrain focus of the
OAN-SPM 2.1 m telescope. Incident light will be split into three different beams using a pair of
dichroic beam splitters. One beam is dedicated to either the u’ or ¢’ filter, whereas the second
beam will be dedicated to 7’ and the third beam to either the i’ or the 2’ filter. These filter
combinations, and additional empty positions, will be selected through the use of a manual filter
exchanger available on each arm of the optical system. The filters will be placed according to the
particular science case (within the limitations established in § 4). The image acquisition will be
carried out by three modern 2,048 x2,048 Andor Zyla sCMOS cameras, observing the same patch
of sky of approximately 5 x 5 FoV (see Table 2).

The OPTICAM system will be capable of strictly simultaneous imaging, meaning that images
will be acquired at exactly the same time through the use of a synchronisation card and dedicated
software. OPTICAM will nominally allow sub-second imaging capabilities, nevertheless, higher
readout speeds can be reached as a function of the ROI size. The three cameras will be synchronised
with the aid of a precise timing module. Each image header will be time-stamped using this
dedicated timing module equipped with a precise GPS system.

A theoretical limiting magnitude curve has been provided for the purposes of this paper. As far
as we know, sky brightness and extinction values have not been measured before with the SDSS
filter set at the OAN-SPM site. Transformations have been made from known UBV RI. values,
and extinction values were interpolated using the Schuster, & Parrao (2001) extinction curve as
a first approximation. In order to estimate the empirical throughput of OPTICAM on the 2.1 m
telescope and accurately characterise the response of the instrument, as well as to measure the
average values of the sky brightness and extinction, a set of spectro-photometric standard stars
need to be carefully observed at different air-masses. First on-site tests of the instrumental setup
are expected to be carried out in October 2019. During this period, other, relatively well-known,
bright objects will also be targeted, allowing us to make comparisons with published data of the
same objects in order to establish performance comparisons with OPTICAM.

Onttps://taos2.asiaa.sinica.edu.tw/
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OPTICAM is a low-budget project compared to other, similar systems currently in operation
(e.g. ULTRACAM and HiPERCAM). The sCMOS cameras had previously been acquired within
said budgetary limitations. This pre-existing condition coupled with the scientific requirements
established for OPTICAM, imposed very strict design requirements in order to provide a large
FoV, simultaneous triple-band imaging and an appropriate plate scale for an instrument operating
under the specific sky conditions of the OAN-SPM observatory. The design requirements are
particularly oriented to get a good sampling of the point spread function of a point-like source
without significant spacial degradation.

The most important limitation of OPTICAM is the low instrumental sensitivity in the bands
u’ and 2z’. It will be in the observer’s interest to decide when these filters should be used according
to the needs of their underlying science, for example, the acquisition times required (particularly
for u') to achieve a good S/N will limit the time-resolution possible (yet this is often required in
some fast-photometry studies). Despite these limitations, in the context of conventional photo-
metric studies, where timing capabilities are not critical, OPTICAM aims to be a very efficient
instrumental system due mainly to its triple-band imaging capability, high time resolution and its
well-defined detection band-passes.

OPTICAM is a step forwards towards a new generation of instruments with high temporal
resolution, which will enable studies of very fast astrophysical phenomena occurring in the range
of milliseconds and seconds, a range that previously could not be achieved by conventional CCD
photometric techniques. Due to its fundamental design, OPTICAM can be used to observe a
variety of astrophysical sources such as XRBs, pulsating WDs, accreting compact objects, eclipsing
binaries and pulsars. OPTICAM intends to match some of the capabilities of ULTRACAM, such as
short exposure times, negligible dead-time and true simultaneous imaging with multi-wavelength
coverage.

In order to maximise the long-term impact of the project, and its benefits to the astronomical
community, we will ensure that all observations taken with OPTICAM become publicly available.
Data will only be proprietary for six months after the observations are taken. In accordance with
open-data policies, all observations will then be accessible to the entire international astronomical
community. In addition, OPTICAM will serve as part of a world-wide transient network of
instruments dedicated to the study of transient phenomena, such as SmartNET?! (Middleton et al.
2017).
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