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Abstract

Flarescope is a fully automated, 0.4 m telescope under development at Caltech and to be installed
at Palomar Observatory. The major scientific goal for Flarescope is the monitoring of magnetically
active dwarf stars of spectral type G and later with the intention of detecting continuum emission from
highly energetic flares and the possible resultant coronal mass ejection (CME). This goal requires that
Flarescope performs near continuous, sub-millimag (< 500 ppm), differential photometry. By looking at
relatively red stars in comparatively blue bands (Sloan v’ and g’) we expect to achieve high contrast
detections (a ratio of flaring to quiet flux of > 2) of flare events. On the Sun, such energetic flares also
have associated metric radio emission in the form of Type II and III bursts, the former of which has
origins intrinsic to CMEs and the latter of which is associated with solar energetic particle events, both
of which have important consequences for the origins and development of life. This compels us to include
low frequency (v < 100 MHz) observing as a part of our search for flare events through a coordinated
observing system with the Long Wavelength Array. Here, we only focus on the design decisions and
requirements of the optical component of the to-be coordinated system.

1 Introduction

Flarescope will be a fully autonomous instrument dedicated to sub-millimag (mmag), differential photometry
of nearby, magnetically-active F, G, K, and M dwarfs. The goal is to produce high photometric precision
light curves of target stars every night in order to detect low-contrast, non-periodic flares. Currently, it is
planned to be a 0.4 m aperture telescope at the Palomar Observatory. In order for it to be fully autonomous,
it will be able to identify that the weather is conducive for observing, control the dome, make an optimal
observing schedule, choose the right filters, and perform the observations, data reduction, and photometry
in real time without any manual input. Here, we describe the opto-mechanical and other decisions made in
order to achieve mmag photometry and a fully automated system.

In Section we review the science motivation for dedicated observations of magnetically active dwarfs
and in [I.2] we review the decisions made regarding the optical train of the system to achieve high contrast,
mmag differential photometry. In Sections[2] we review the hardware of the optical system (e.g. the telescope,
mount, and CCD). Details for the dome, site and associated infrastructure, and observatory subsystems are
provided in sections [3 ] and [] respectively.

1.1 Science Motivation

Many late type stars have been found to be incredibly magnetically active. A natural consequence of magnetic
activity is large scale flares following magnetic reconnection events. For the Sun, if the energy released during
such events is sufficient to overcome the containment of the surrounding plasma by the magnetic field, then
we witness bulk plasma motion in the form of a coronal mass ejection (CME). For these sufficiently large
flares, there are two major components of interest here— the consequential photospheric heating at the foot
of the magnetic loops and the plasma emission associated with the CME. For the Sun, the latter component
manifests in the form of Type II and complex Type III radio bursts. More specifically, these CMEs often
drive shocks with frozen-in magnetic field lines. Should these shocks be super-Alfvénic (v ~ 1000km/s),
Type II bursts are produced. Complex Type III bursts originate from the electrons accelerated along the
open field lines that drive the CME. The characteristics of Type II and III bursts are covered in detail by
3]

The strict origin of Type II bursts in CMEs make them an excellent tracer for CME events; a detection of
a Type II burst is a detection of a CME. The coherent nature of the plasma emission mechanism also makes



these kinds of bursts incredibly bright at metric wavelengths (upwards of 10 GJy at ~ 100 MHz). However,
this corresponds to only ~ 2.4mlJy at 10pc. For a telescope like the Low Frequency Array (LOFAR),
the Netherlands component of the array would only have a sensitivity of ~ 13mJy at 75 MHz assuming a
bandwidth of 50 MHz and integration time of 10 minutes. Observing a CME would then require:

e Integrating over longer times and running the risk of averaging the burst flux out

e Integrating over longer bandwidths. However, 50 MHz is already at the upper end of bandwidth for low
frequency observations and integrating over such large bandwidths also removes spectral information
necessary for identifying the burst as Type II (namely, the frequency drift)

e Having a small volume sample of flare stars to observe
e Relying on extreme events
e Having a method other than Type II bursts to detect a CME

This final option motivates us to develop Flarescope for the sake of detecting the white light component of
flares. This is the blackbody emission produced from photospheric back heating that produces hot spots with
temperatures ~ 9000 K [I3], although much higher temperatures have also been reported for later spectral
types [4]. The white light component of solar flares have been found to make up a significant fraction of
the energy content of a flare [8], although the small contrast of the flare flux to the quiescent surface flux
generally makes the white light component of a solar flare difficult to detect. This contrast is impacted
by the relative temperature of the flare to the quiescent Sun — the smaller the temperature difference, the
smaller the fractional flux increase— as well as the scale of the heated area— hot spots generally take up small
areas and so can contribute significantly less to the total solar irradiance (TSI) than the quiescent surface.
However, late type stars, particularly K and M dwarfs, can experience flares with temperatures comparable
to or larger than solar flares. This factor, coupled with their lower surface temperature, would make the
white light component of stellar flares from late type stars more obvious than for the Sun. This heightened
contrast is further aided by the flares constituting a larger relative surface area on K and M dwarfs. By using
relationships between the white light flare luminosity and kinetic energy of the flare, we hope to extrapolate
estimates of the flare velocity — should it be super-Alfvénic (and by extension super-sonic since the fields of
active regions responsible for producing flares can be 100s-1000s G), then the white light flare can be can be
assumed to be associated with a CME.

Flarescope is being designed with the goal of detecting these white light flares in mind. Specifically,
Flarescope is being designed to have mmag photometric precision on integration timescales of minutes in
order to detect even low contrast flares from late type stars. Many of our restrictions are set by our main
target of interest, ¢ Eridani (e Eri), the closest sun-like star which also hosts an exoplanet|[IT]. € Eri is a later
type than our sun (K2) so that a flare from it will have a higher contrast than a flare of comparable energetics
observed on the Sun. € Eri is also much younger than the Sun (only a few hundred million years[I1]), has
a stronger magnetic field (surface strength of ~ 160 G[I4]), and has a rotation period of 11 days [5]. The
combination of these features makes € Erian especially magnetically-active star. The plasma environment
of € Eri and the space weather that ensues from frequent, large flares is of interest especially in the context
of the habitability of € Eri’s exoplanet. The goal of Flarescope is then to detect flares from € Eri, as well
as other magnetically active stars (see Section , in order to identify CMEs, characterize the plasma
environment of the stars, and evaluate the impact that stellar activity of sun-like and later-type stars has
on habitability.

While the design of Flarescope is motivated by the white light component of flares, it will also work
in a coordinated fashion with the Long Wavelength Array (LWA) at the Owens Valley Radio Observatory
(OVRO) in hopes of also detecting for the first time a stellar analog of the Type II and III bursts. This
will help with characterizing the timeline of emission processes of stellar flares in order to better understand
how stellar flare dynamics may differ from solar flares as well as aid in identifying whether or not the flare
is associated with a CME. Further, because stellar flares are not known to experience periodicity, observing
as frequently and continuously as possible is key for flare detection. With these requirements in mind, the
technical goal of Flarescope is then for all observing tasks (weather assessment, dome and telescope control
and telemetry, scheduling, imaging, data reduction, and flare identification) to be fully automated.



Star Sp. Type d [pc] m Field Reference m Separation [amin] Transit x Notes

e Eri K2 3.2 4.1 HD 22130 9.65 11.94 1.36 Nearby, active, planet host

GX And M2 3.6 9.1 BD+443 48 9.73 1.18 1.02 Eruptive variable, planet host

w1l Ceti G5 9.2 5.11 BD+02 521 8.97 4.45 1.15 BY Dra, 9 day rotation period, super-
flare candidate

12 Oph K1 9.9 6.09 HD 149476 9.65 18.09 1.22 By Dra

EQ Peg M4+4+M5 6.2 10.93 CCDM J2332241942AB 9.76 14.74 1.03 UV Ceti type

AD Leo M3 4.9 10.13 BD+-20 2464 11.03 1.50 1.03 UV Ceti type, planet host candidate

UV Ceti M6 2.7 13.75 TYC 5855-1883-1 12.25 13.1 1.59 UV Ceti type

WX UMa M6 4.9 15.45 TYC 3012-425-1 12.04 8.70 1.02 UV Ceti type

G1 380 K6 4.9 7.23 HD 233714 9.52 2.54 1.04 Eruptive variable, 1.7 day rotation pe-
riod, possible planet host

GI1 892 K3 6.5 6.00 HD 240224 9.34 9.00 1.09 Eruptive variable, hosts 6 planets

CF UMa K1 9.2 6.75 BD+-38 2286 10.24 8.78 1.00 Superflare candidate

Table 1: List and details of the initial target stars for Flarescope.

1.1.1 Target Objects

The initial list of objects of interest is given in Table [II The two main restrictions we set for our targets is
that they be magnetically active dwarfs and that they be nearby (d < 10pc). There are two main groups
of stars satisfying these requirements: 1.) active G, K, and early M type stars and 2.) mid and late type,
fully-convective M dwarfs. The distinction is important; UV Ceti type variables have incredibly strong
fields, upwards of several kG, making the Alfvén speed highly relativistic and the energies required to escape
magnetic confinement enormous. Because of this, it is unclear that these stars would be capable of producing
a CME, despite producing some of the most powerful stellar flares. However, as such late spectral types with
such powerful flares, these targets offer the best possible white light contrasts and possibility of observing
non-CME-associated radio emission (e.g. other Type III burst emission and other plasma emission at many
stellar radii). For such cool stars, the habitable zone is also much closer to the star, making any planets
within the habitable zone more susceptible to the impact of the flare (be that organic compound genesis or
sterilization of the surface). Because of the considerable impact that these stars have on their environment
irrespective of producing CMEs, we include them as targets of interest for Flarescope.

The first group of targets of interest pose an observational challenge and drive many of the restrictions
for Flarescope’s design. As hotter stars (at least relative to the late M dwarfs), the white light components
of observed flares will have a comparably smaller contrast (see Section and Figure |4). This sets the
requirement of being capable of mmag photometry and, as discussed in Section [1.2} sets filter, field of view
(FOV), and additional optics restrictions. However, observing magnetically active, solar-like stars—especially
those with planets— is of particular interest. These stars have fields much stronger than the Sun’s while also
weaker than the UV Ceti variables (i.e. between a few 10s to few 100s G) that should produce strong flares
by solar standards that are also capable of reaching super-Alfvénic speeds and therefore capable of producing
CMEs and associated shocks. For this reason, € Eri, which is the nearest sun-like star with an exoplanet, is
the main target of interest for Flarescope.

1.2 Technical Requirements

In order to be sensitive to as low contrast flares as possible, Flarescope has been designed with the goal of
performing sub-millimag (ophot < 1000 ppm), differential photometry. This limit for Flarescope is driven by
the 2003 Halloween solar storm, where the TSI increased by 270 ppm during an X 17 class flare [18], which
would suggest a 440 ppm increase for the X 28 flare that happened during that same period. We would then
expect for a star like € Eri which has a bolometric flux ~ 1/3 that of the Sun to increase in bolometric
brightness by ~ 1mmag for a comparably energetic flare. For a flare bolometric luminosity comparable to
the quiescent luminosity of € Eri, this value is enhanced by a factor of 2 by observing in the ¢’ band so that
500 ppm precision is nearly a 50 detection.

The endeavor of affordable, ground-based mmag precision is not new ([I5} 16} 17, 10, @]). The limiting
factor of any ground-based telescope with such a goal will be scintillation, the phenomenon of which is
covered in detail in [I2]. The expression for scintillation noise og is given in equation [1| [I2], where the factor
of 1.5 follows from the original expression for og being underestimated by about a factor of 1.5 [7]. In this
equation, D is the diameter of the telescope in c¢m, x is the airmass, tj,; is the integration time, h is the
elevation of the telescope in m, and hq is taken to be 8000m. Flarescope will be located at the Palomar
observatory and so h is taken to be 1712m. This expression is plotted as a function of airmass and exposure



CDK 17 CDK 20

Pixel Scale/FOV 0.917/15.58" 0.78”/13.25’
Time required (s) 381 315
Required pixel diffusion 1167 1572
Dimmest Object (mgy) 11.72 12.03
Cost $19,500 $29,500

Table 2: Comparison of the 17”7 and 20” CDK telescopes being considered. The time required is the
integration time required to reach ppm precision given the required diffusion and for sources with mag
< 10.5 (i.e. in the scintillation dominated regime) and the required pixel diffusion is the number of pixels
we would have to diffuse over for € Eri to not saturate the detector in the time it takes to read out an image
(we define saturation as 1/2 the well depth of the detector, i.e. 45,000 e~). The dimmest object is the ¢’
magnitude of the dimmest object that will saturate the detector in 1s

time in Figure [T}
o5 = 1.5 0.09 D23\ 75 (24, )72 exp(—h/ho) (1)

Scintillation dominates total noise for bright sources and so, along with the targets and physical limita-
tions of the CCD, guides many of our optics decisions. Additionally, being able to do differential photometry
requires that there be an adequate photometric companion within the same field and thus favors a large
FOV. This restriction further impacts our decisions for Flarescope hardware. In this section, we will discuss
our justification for the telescope hardware for Flarescope while in Section [2| we will give more details on
each component in addition to computation details.

1.2.1 Photometric Precision

Our photometric precision (as well as FOV) considerations start with our decision to get a corrected Dall
Kirkham (CDK) telescope. Compared to a Ritchey—Chrétien, the optical train of a CDK allows for a larger
FOV free of optical errors. The two main telescopes of consideration were the PlaneWave CDK 17 (0.43m
aperture) and PlaneWave CDK 20 (0.50 m aperture), the major differences of which are summarized in
Table 2 Although the CDK 20 would have lower overall noise and hence would achieve mmag photometry
on shorter timescales than the CDK 17, its two downfalls relative to the CDK 17 are its smaller FOV and
the number of pixels that would have to be diffused across to avoid saturating the detector for our brightest
targets. Considering that flares can last 10s of minutes, the extra ~ 1minute needed to reach mmag
precision with the CDK 17 is not much of a sacrifice compared to what would be lost (both photometrically
and monetarily) with the CDK 20.

Another important source of noise that we included in our decisions was that introduced by the electronics.
In particular, in order to mitigate confusion due to pixel-specific response of the EMCCD, we will use an
equatorial mount (Section and an autoguiding system (Section . The use of an equatorial mount
rather than an Alt-Az mount ensures that the target star and its photometric companion don’t rotate across
the EMCCD throughout the observation. The use of an autoguiding system allows for sub-arcsecond tracking
so that the objects stay on the same pixels for the entire night. In addition to mitigating confusion due to
pixel-specific responses, this also makes the data reduction process much easier as the psf will be in the same
location for each frame; the pixel position of the relevant objects do not need to be located for each frame.

Finally, for our brightest stars like € Eri, we run the risk of saturating the detector faster than it can
be read out. Others have gotten around this issue by defocusing the telescope to diffuse the light [I7, [16].
However, the psf of the defocused light is complex and makes aperture photometry difficult. In order to
exercise more control over the psf while also diffusing light, we will use engineered diffusers. When placed
appropriately in the optical train, this piece can produce a top-hat psf in principle as large as needed,
allowing for sufficiently long exposures with a simple psf. Using the diffuser in tandem with a filter requires
a dual filter wheel. The filter wheel we will use for Flarescope is the FLI-CL1-10. Because we do not want to
use the diffuser for especially dim objects, the FLI-CL1-10 being mechanical rather than manual so we can
decide which objects we want to use the diffuser on— in addition to being able to accommodate the 50 mm
square diffuser— was a key factor in our decision for the wheel.
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Figure 1: Equation || as a function of air mass and magnitude. The dashed, dotted, and filled line represent
the parameter space that support og of 5 x 107%, 2.5 x 1074, and 10~* (~ 0.5, 0.3, 0.1 mmag) respectively.

Finally, it is important to note that there is a tradeoff between high contrast imaging and good photometry
that manifests in our filter selection. For a ~ 9000 K flare, we would get the highest contrast in the v’ band
(center wavelength ~ 350nm). However, the efficiency of the lenses and CCD as well as the atmospheric
transmissivity is severely diminished in this band when compared to the ¢’ band (center wavelength ~
475nm). Due to the throughput of the optical system in the g’ band (2 2x that of the u’ band), the ¢’ band
will be our primary science band, although we will also have the u’, v/, and i’ filters for additional science
purposes. More discussion of the filters is provided in Section

1.2.2 Field of View

The three major contributors to the FOV are the diameter of the aperture, the focal length, and detector
size. Since we are using a contributed EMCCD, our ability to increase the FOV is limited to the diameter
and the focal length. Both the CDK 17 and CDK 20 PlaneWave telescopes have an F'# = 6.8, leading us to
again favor the CDK 17, which has an FOV ~ 1.2x that of the CDK 20.

PlaneWave has a 0.66x focal reducer designed specifically for their CDK telescopes that would increase
the FOV of the CDK 17 to 23.8' x 23.8" (assuming our 1024x1024 pixel EMCCD; see Section . How-
ever, we can instead expand the allowable distance between target and companion by using the PlaneWave
integrated rotational focuser (IRF90) in place of the Hedrick focuser. Using the IRF90 allows us to use the
diagonal of the detector, expanding the allowed separation between the target and companion from 15.7" to
22.2'. This is only ~ 1.6" less than that offered by the focal reducer alone, and does not suffer from additional
throughput loss and degraded psf as the focal reducer would.



Component Cost Notes

Site Clearing and Pad $15,0007

Palomar Staff

Telescopdl + Wedgd? $47,586 120V

IRFI(P| $4,500 90mm aperture and
401b (18kg) payload

Domd¥ $48,500 230V, single phase

Flat Concrete Adapter Plate $800

Dual filter wheePifl $2,595 FLI 10 position dual fil-

Sloan filter setl]
Diffuser (2" sq)fl

$550/filter, $2,200 total
$500/diffuser, $1,500 total

ter wheel. 5.31b, 12V
v, g', v, and ¢’ filters
0.25°, 1°, and 2° diffu-
sion angles

CCD (Andor iXon3 88 (Contributed)  Operating power: < 95
W, 100-240 VAC

Guidescopd™] $823 51mm RedCat tele-
scope

Guide camera] $149 ASI 120mm CMOS
camera

Autoguiding system(:2| $279 ZWO ASIAir Pro

Autoguider Auto Focuser™] $248 ZWO ASIAir Pro Elec-
tronic Auto Focuser
(EAF). 5V. 0.51bs

Operational CPU $2,034  See Table |6

Analysis CPU $6,671 See Table [6)

HVAC $4,000 4X NEMA rated enclo-
sure, 800 BTU /hr heat
capacity support

Weather Station™)] $635 Wireless Vantage Vue
Weather — Station +
Console and mounting
pole kit

Total $137,520

Table 3: A summary of the hardware and other expenses associated with Flarescope.

2 Hardware

2.1 Telescope

Flarescope will be a 0.43m PlaneWave observatory system (CDK400; see Figure which includes the
CDK 17 optical tube and L 500 direct drive mount. This particular telescope is nominally an Alt-Az mount,

ICDK 400 observatory

21500 wedge

3Integrated rotating focuser

4 Astrohaven dome

5FLI Cl1-10 position dual filter wheel
6Additional information for FLI CL1-10 FW
"Sloan filters

8Engineered Diffuser

9 Andor iXon3 888
1051 mm RedCat guidescope
HAST 120 mm CMOS camera
12ZWO ASIAir Pro
1BZWO ASIAir EAF
M Wireless Vantage Vue bundle


https://planewave.com/product/cdk400-telescope-system/
https://planewave.com/product/l500-l600-equatorial-wedge/
https://planewave.com/product/irf90-integrated-rotating-focuser/
https://optcorp.com/products/astrohaven-12-foot-dome-230v
https://optcorp.com/products/fl-cl1-10-cl1-10-cfw-centerline-color-10-position-color-filter-wheel
https://www.flicamera.com/cfw/index.html
https://farpointastro.com/products/astrodon-photometrics-sloan-filters?variant=40161576091801
https://www.rpcphotonics.com/product/edc-0-25/
https://www.morrellonline.com/uploads/2/7/0/1/27013482/andor_ixon3_emccd_brochure.pdf
https://www.highpointscientific.com/william-optics-redcat-51-apo-f-4-9-refracting-telescope-l-rc51ix?gclid=CjwKCAjw87SHBhBiEiwAukSeUe15MNXw6m1QuYTv1VA10JI7_bNv8TmplYVZ2pYf2UvHitXhBtkZ2hoCuiYQAvD_BwE
https://www.highpointscientific.com/zwo-asi120mm-mini-monochrome-astronomy-camera-asi120mini?utm_source=google&utm_medium=cse&utm_term=ZWO-ASI120MINI-FG&gclid=CjwKCAjw87SHBhBiEiwAukSeURK8JnoHEq7ZWgn3Hl3-sg1lRWBANNmm8UPi3C5dOD-tMne2rQNbeRoCk-MQAvD_BwE
https://www.highpointscientific.com/zwo-asiair-pro-wifi-camera-controller-for-asi-cameras-asiair-pro?gclid=CjwKCAjw87SHBhBiEiwAukSeUXwB8zgEoLYlLzqKp3C4IDQVo2y0-zjIMsJvqVbBTXTRS6hKk0HPmRoCgBEQAvD_BwE
https://www.highpointscientific.com/zwo-advanced-electronic-automatic-focuser-eaf-5v-usb-with-hand-controller-temp-sensor-eaf-5v-a?utm_source=google&utm_medium=cse&utm_term=ZWO-EAF-5V-A&gclid=CjwKCAjw092IBhAwEiwAxR1lRgDJa4YdlL_J1NCzvjx22gpnBVtyIAq1FGqzpN8as3xzHbpvgDtKVBoCuTAQAvD_BwE
https://www.davisinstruments.com/products/vantage-vue-weatherlink-live-bundle-with-console

Npix = 1167, x = 1.5, # Frames = 380, D = 0.4318 m
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Figure 2: Different noise values in ppm as a function of the companion star’s magnitude. The blue region
represents noise < lmmag and the yellow region is the star magnitudes which won’t saturate the detector
in a 1s integration. The npix = 1167 is found from assuming a psf size so that € Eri won’t saturate the
detector in the time it takes to readout a frame at 1 MHz. 500 precision would then require ~ 25 mintes.

but we will use the L 500 equatorial wedge to make it equatorial. The lenses will be quartz with anti-reflection
(AR) coatings to optimize throughput in the 300-400 nm range (transmission nearly 100% in the v’ and ¢’

bands). The CDK design removes effects such as coma, off-axis astigmatism, and field curvature for fields
< 1°.

2.2 Mount

We will be using the L 500 direct drive mount which has a payload capacity of ~ 2001bs (about 2x the
CDK 17 optical tube weight of 1061bs). The slew speed can be as high as 50°/s; although it is unlikely we
will use such a high slew speed, the fact that the instrument can move so fast necessitates an alert system
for when the telescope slews to new targets. The sidereal tracking accuracy is < 0.3” rms over 5 minutes
(this will be supplemented with an autoguiding system; see Section . This mount is controlled via the
PlaneWave Interface (PWI4) software which, given that it is ASCOM compliant, will be compatible with
the autoguiding system we will be using.

2.3 Focuser

We will be using the IRF90 integrated rotating focuser in order to maximize the available FOV as described
in In addition to this benefit, it is also capable of supporting a larger payload than the Hedrick focuser
(401bs capacity versus 201bs). It has a 365 degree range with hardstops to avoid the possibility of cord
wrap. This focuser requires an electronic focus accessory (EFA) which operates through PWI3. The EFA
not only automatically controls the focusing, but also monitors the temperature of the observatory system
and controls the fan of the telescope.
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Figure 3: The PlaneWave CDK 400 observatory (left) and AstroHaven dome (right)
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Figure 4: The ratio of the flaring luminosity to the quiescent luminosity of € Eri (left) and AD Leo (right)
in a band as a function of the flare’s bolometric luminosity assuming a flaring temperature of 9000 K.



2.4 Filters and Filterwheel

The blackbody nature of the white-light flare component means that achieving the highest contrast requires
observing in the bluest bands; although our target stars have temperatures between about 2700 — 5000 K, a
flaring temperature of 9000 K puts the peak emission at ~ 330nm which lies in the Sloan u’ band. While
the u’ filter would provide the highest flaring contrasts (see Figure , the low atmospheric transmission in
the band due to absorption from ozone [6] as well as the diminished quantum efficiency of the CCD at these
wavelengths leads us to favor the ¢’ band. For a flaring luminosity comparable to the quiescent luminosity
of ¢ Eri, the brightness of the flare is only slightly greater than the quiet photosphere in the ¢’ band as
shown in Figure However, it is possible for there to be flares with bolometric luminosities greater than
the quiescent luminosity of the host and € Eri itself is one of the earliest spectral types we intend to look at;
although € Eri is our main target of interest and is setting important restrictions on the telescope design, it
is certainly not the star from which we expect the highest contrast. Additionally, for mmag sensitivity, we
should be able to detect a flare ~ 1030 erg/s, which again is well within the realm of possibility for an active
star with high magnetic filling factors like ¢ Eri[2].

While Flarescope will focus largely on the u’ and ¢’ bands, it will also have r’ and 4’ filters available for
observations unrelated to its main science goal. Additionally, we intend to eventually utilize a dichroic and
Ha filter in order to measure the radial velocity of ejected plasma. Such measurements would put better
restrictions on whether the observed flare is associated with a CME, but since this particular instrumentation
won’t be apart of the initial phase of Flarescope, we will exclude further discussion on the subject here.

The FLI-CL1-10 filter wheel (see footnote [5) has 842 positions between the two carousels, allowing for
simultaneous use of a diffuser and filter if observing bright objects. This filter wheel operates through the
Finger Lakes Instruments software development toolkit.

2.4.1 Diffusers

We will be getting three diffusers with 0.25°, 1°, and 2° diffusion angles. The 1° diffuser will set the
placement of the filterwheel in the optical train relative to the CCD; its goal is to diffuse € Eriacross the
1167 pixels necessary so that € Eridoes not saturate the detector in the time it takes to read it out at the
1 MHz readout rate. At the distance set by this requirement, the 0.25° then provides diffusion across 74
pixels (corresponding to a limiting magnitude of 7.0) and the 2° provides diffusion across 4681 pixels (limiting
magnitude of 2.5). The use of a 0.25° diffuser is helpful for sources that would still saturate the detector
without a diffuser, but for which a 1° diffusion angle would introduce unnecessarily high read noise. The 2°
diffuser is being purchased in anticipation of there being sources brighter than € Eri that we may want to
observe in the future.

2.5 CCD

We will be using the Andor iXon3 888 EMCCD); its operating information is provided in Table[d] In addition
to these details, this EMCCD is backlit— giving it a higher quantum efficiency than a front-illuminated CCD
(see Figure[5)— and is a frame transfer CCD, allowing for simultaneous imaging and read out. This EMCCD
is also thermoelectrically cooled (TEC), making our HVAC requirements much more manageable since we
will not rely on glycol to keep the detector cool enough that dark current is essentially negligible.

2.6 Guiding

Due to the restrictions set by scintillation, Flarescope requires integration times on the order of several
minutes to reach mmag sensitivity. Then, in order to keep the psf of the target and companion star on the
same pixels throughout this duration, we will be using a closed loop guiding system. Specifically, we will be
using the ZWO ASIAir, which is capable of independent autoguiding and imaging. This will be mounted on
the RedCat 51 mm telescope (F# = 4.9, PS = 0.825” /micron) along with the ASI 120mm CMOS camera
(1280 x 960 px, 3.75 micron/px, see Table [5| for more information) giving a FOV of 66.0" x 49.5’. A FOV of
this scale should be sufficiently large to find a bright star to guide with for any field. Given that the ZWO
ASTAir is an autoguider, at each new field that the PlaneWave (and consequently the mounted RedCat)
telescope points to the ASTAir will automatically select the best guide star in the field.
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Figure 5: Quantum efficiency of the Andor iXon EMCCD (see footnote E[) BV refers to the standard AR,
mid-band coating and EX2 refers to a dual coating. The EX2 is only available for the iXon Ultra and so
is not relevant for our CCD. There’s a strong drop in efficiency below 500 nm and an even steeper drop off
below about 400 nm. Given that the u’ band is between about 320 and 380 nm, we are compelled to use the
¢’ band.

Description Value
Readout rate (fps/MHz) 1/1

Read noise (e7) 6

Active pixels 1024 %1024
Pixel size (um?) 13x13
Well depth 90,000

QE >0.90
Operating Temperature (C°) -20 to 30
Storage Temperature (C°) -25 to 50
Cooling Method Thermo-electric

Table 4: Details for the iXon3 888 EMCCD. The values given red are true for the iXon Ultra 888, but
haven’t been confirmed for the iXon3 888

Description Value
Readout rate (fps) 35
Active pixels 1280%960
Pixel size (um?) 3.75x3.75
Well depth 13,000
QE <0.80

Operating Temperature (C°) -5 to 45
Storage Temperature (C°) -20 to 60
Cooling Method None

Table 5: Details for the AST 120 mm guide camera.

10



Description ocC DAC
Motherboard Intel Xeon E-2100 MB

Processor Intel Core i3-9100, 3.6 GHz, 4-core AMD EPYC™ 7453, 2.75 GHz, 28-core
0S Windows 10 Pro Linux

Storage capacity = 2x512 GB 4x10TB

Memory/swap — 8x16 GB

Power 350 W 500 W

Dimensions 17.27 x1.77 x14.5” 17.27 x1.77 x23.5”

Table 6: Information on the operations computer (OC) and data analysis and storage computer (DAC) for
Flarescope.

2.7 CPUs

Flarescope will have two dedicated computers: one for controlling the operations of the observatory (all
subsystems listed in table [7| besides the analysis subsystem) (OC) and one for data analysis and storage
(DAC). The OC will have a Windows operating system (OS) to support the software for controlling the
dome, mount, and focuser and the DAC will have a Linux OS. The DAC will have four, 10 TB hard drives
configured with RAID 10 to ensure all data are mirrored locally for backup. Assuming 4 MB file sizes and 6
hours of observing per night, then the DAC should be able to support 7-8 months of 1s resolution images.
Unusual data (observations with an high number of flagged images or data where a flare is identified) will
be inspected by eye regularly and all data will be consolidated to a 10s time resolution on a monthly basis
to accommodate more observations before doing a data dump.

2.7.1 HVAC

Because the temperatures at Palomar are within the temperature restrictions of the EMCCD and guide
camera, the CPUs are what set the HVAC requirements. Because only the CPUs need to be kept cool,
rather than getting an HVAC setup to keep the entire interior of the dome cool, we will be getting an
air conditioned enclosure specifically for the CPUs. This enclosure will be 4X NEMA rated and capable of
supporting the anticipated ~ 150 W (~ 500 BTU /hr) heat load within the -5°C to 30°C ambient temperature
range expected at Palomar.

3 Dome

The dome will be the Astrohaven 12.5-1 dome (see Figure [3). This is a 12.5’, remotely controlled, belt
driven, clamshell dome. The two sides of the dome can be controlled independently of each other, allowing
for fine control of the exposure of the dome interior (e.g. the telescope) to the environment. Although there
is human-machine interface available on the dome for manual control, we will be using a MODBUS driver
that makes remote control through a CPU possible.

4 Site

4.1 Selection

The Palomar Observatory has four available sites for consideration for Flarescope. We intend to put
Flarescope at a site south of the the Widefield Infrared Transient Explorer (WINTER) and north of the
Palomar 200”. Although the site north of WINTER would be lower cost in terms of site excavation, there is
a weather tower that provides a 50° elevation obstruction; the highest elevation obstruction in the southern
site is 22°.
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4.2 Infrastructure

Because the OC and DAC will be stored in a temperature controlled enclosure in the dome instead of a
separate shed, our infrastructure concerns are limited to power, internet, and road accessibility to the dome
and the electronics within. The site is 160 feet from both a paved road and the WINTER gravel path and
will be pulling power resources from the WINTER site that is 220 feet away.

4.3 Weather Station

We will be using the Vantage Vue weather station for weather forecasting and to monitor the temperature,
pressure, wind speed and direction, cloud coverage, humidity, and recent rainfall. The Vantage Vue sends
data to a separate console that will be kept in the dome. Data from the console can then be accessed by the
CPUs. Additionally, we will be using weather information from the Palomar 200” telescope; if they identify
poor observing conditions when the Vantage Vue has not, Flarescope will keep the dome closed to be certain
the equipment is safe.
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Figure 6: The path for communications between subsystems, assuming that the Interfacing subsystem is
acting as the mediator in the paths. Not shown here is that the Safety subsystem will be able to communicate
with all others to halt observations during dangerous situations. Additionally, the CPU enclosure, weather,
dome, mount, filter wheel, and data analysis subsystems will be able to communicate with the Reporting
subsystem to update a website with information on the status of the observatory.
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Subsystem

Description

Weather

Dome

Scheduling

HVAC

Mount

Focuser

Filter wheel

Autoguiding

Analysis

Safety

Interfacing

Reporting

Responsible for identifying when the weather is conducive for observing. Com-
municates with the dome subsystem to open when appropriate and close when
necessary. Will give regular reports on the status of the weather so that manual
overrides to the dome can be given if necessary.

Responsible for opening shutters to the appropriate extent to perform obser-
vations as well as block out wind. It will also make sure the dome is closed
after observations. It will communicate with the safety subsystem to provide
auditory and visual alerts when it is opening/closing for the evening/morning
as well as when it will be changing orientation significantly to accommodate a
new target. It will send an alert if the dome gets stuck or experiences other
errors and will regularly report on the status of the dome.

Responsible for making an observing schedule for the night based on object
priority, elevation, and its proximity to the Moon (as well as identifying the
phase of the Moon and consequently identifying how close is “too close” e.g.
an object can be closer to a new moon than a full moon).

Responsible for reporting the temperature of the enclosure of the CPUs and
communicating with the safety subsyste to send alerts and halting observations
if a critical temperature is reached.

Responsible for slewing to the appropriate target and carrying out the obser-
vations. Will report on which target is being observed, direction of pointing,
and will communicate with the safety subsystem to provide visual and auditory
alerts for when the telescope is about to slew to a new object.

Responsible for rotating the focuser to orient the CCD to provide the necessary
FOV for doing observations.

Responsible for setting the filter wheel to the appropriate diffuser or no diffuser
at all. Also responsible for setting the correct Sloan filter depending on the
science of the observation. It will report which filters are being used and which
diffuser if any is in use.

Responsible for identifying a guide star for each new field that the telescope
slews to and maintaining sub-pixel tracking throughout the night.
Responsible for performing data reduction and photometry on the images pro-
duced by the telescope subsystem as well as identifying flares. Will update
with the latest co-added, mmag precision image and update the light curve for
the object. Will also communicate with the reporting subsystem to send alerts
for the identified flares.

Will be responsible for communicating/coordinating with the other subsystems;
once an error or safety concern has been identified, it will be responsible for
making the necessary alerts or halting observations.

Responsible for communicating between the Python scripts in the pipeline and
the other programs needed for observing (e.g. PWI4)

Will be responsible for communicating with the other subsystems in order to
update the online server with the relevant information.

Table 7: A list of the Flarescope subsystems and descriptions of their roles.
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5 Software Requirements

5.1 Data Analysis Pipeline

—»{ Raw Image }

l

Standard reduction

l

Quality Check

|

First image

of data cube Start data cube with this image

Co-add image to other images in data cube

l

Aperture photometry of companion

l

SNR = 104

Yes

Photometry of target from coadded image

l

{Write out target photometric data to light-curve ﬁle}

The data analysis subsystem of Flarescope will be doing reduction and differential photometry on every
image with photutils [I] as soon as the image is produced. Images will be coadded until mmag precision
from the companion star is reached, at which point differential photometry will be performed for the target
star (see flowchart). All information on the reduced image (data, header, companion flux and noise, and
associated file names of the raw image and flats, darks, and biases used) will be stored in the data cube
that used the image. The differential flux and noise of the target star from the final coadded image in
the data cube will be written out to a separate light curve file. This pipeline is based on the PyChimera
pipeline developed by Dr. Navtej Singh for the CHIMERA instrument. Dr. Singh has experience developing
roboticized observatories and will be collaborating via JROC in the automatizing of the Flarescope system.
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Flare identification will be done through an adapted version of a pipeline developed by Mike Greklek-
McKeon. This pipeline was originally produced for identifying flares from TESS data and thus needs to
be modified to accommodate on-the-fly flare identification. Information on flares identified by this pipeline
(e.g. the start and end time and integrated flux) will be written out to a separate file that will be reported
so that further inspection can be done.

6 Timeline

The Flarescope team intends to begin purchasing the equipment summarized in table [3] immediately after
the design review. Due to the past and continuing status of the COVID-19 pandemic and the impact it
has had on the optical instrument market, the anticipated delivery times are a major unknown. There is
an interface control document continually being developed with Palomar staff to resolve the schedule and
finer detail requirements. We plan to have the dome and CDK 400 observatory by early 2022 and for all
subsystems to be integrated by the end of 2022 so that observations can begin in early 2023.
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