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additional body in the system. The motion of the pulsar around Apart from telescope networks, a large amount of both
the common center of mass and théte speed of light cause the professional and amateur single autonomous telescopes operate
pulses to appear to the observer as being too early or too lateground the globe.

which is known as the light-time effe(&terken2005a 2005h).

In the case of eclipsing binary stars, the regular eclipses act as 2. Network Description

the carrier signal instead of pulsar pulses. An additional body in )

the system will cause variations in timing of eclipses. The 2.1. Remote Sites

resuling light-ime orbit can be derived from long-span  The Solaris observatories are located in the Republic of
photometric data. South Africa, Australia, and Argentina; Figufle shows a

The rst automated photoelectric telescopes were built in thegraphical overview of these sites, all of which lie within less
mid-1960s. Since then, an increasing number of telescopeshan F difference in latitude. The nighttime coverage is shown
operate without direct human supervis{@astro-Tirad@010, in Figure2. The plot shows a theoretical result that takes into
sometimes during extended periods of time. Instrumentsaccount only the Sus position at the respective sites. Actual
attached to telescopes tend to be more complex and need tghject observability will be determined by its coordinates and
ful Il the most demanding requirements of astrophysicists inthe weather conditions.
terms of efciency, speed, precision, and stability. In many  The Solaris-1 and Solaris-2 telescopes are located on the
cases, manual operation of modern telescope systems is N@jremises of the South African Astronomical Observatory near
even possible. This applies not only to the largest instrumentsgytherland in the Hantam Karoo at an elevation of 1842m
but also to distributed networks of smaller telescopes, such ag\\MsL. They share the plateau with many other telescopes,
Project Solaris, which operates a global network of autono-among which are the Southern African Large Telescope, a
mous telescopes. In Sectiénwe describe the global network  station of the Birmingham Solar Oscillations Network
and locations of the observatories. In Secliowe describe the  (BijSON), the Kilodegree Extremely Little TelescofELT-
hardware components of the individual sites. Secton  south, LCOGT, Monet, SuperWasp, and Master. SAA0
describes the software that is used to control, manage, anthfrastructure is very well developed and managed with very
operate the entire network. In Sectibnwe focus on the  good technical support.
operation of the network to date, including major problems — solaris-3 is located at the border of the Warrumbungle
encountered during the installation and operation phases. Weational Park near Coonabarabran in New South Wales,
present scientc commissioning results in Sectidh and  Aystralia, at 1165m AMSL elevation. This volcano crater

summarize our results in Secti@n location posed construction difulties at the same time, as it is
a very picturesque area. The observatory is home to the 3.9-m
1.1. Autonomous Observatories and Existing Anglo-Australian Telescop€AAT), Faulkes South, HAT-
Telescope Networks South, ROTSE, UK Schmidt TelescogedKST), and the

_ . ) Automated Patrol Telescope. The technical support staff at the
Types of observatories based on their operation mode havenountain is very professional.

been dened by Geldermar(200]). Observatories can be Solaris-4 is located in the El Leoncito National Park. The
remote, unmanned, robotic, and fully autonomous. This complejo Astronémico El Leoncito observatory is located in
nomenclature refers mainly to the way observations arethe San Juan province of Argentina. The site comprises the
executed, i.e., how advanced are the scheduling algorithmsmain observatory buildings including the Jorge Sahade 2.15-m
From the systefs engineering point of view, however, the telescope and a remote location at a higher elevation of 2552 m
proposed classcation is not complete. This becomes more AMSL, 7 km away; this is where Solaris-4 was built. This site
evident when the the telescope is treated as a robot with twgy,35s peen particularly challenging in terms of customs
(usually) degrees of freedom that operates in a controlled regulations and bad road conditions in the aféigure 3).
environment. A detailed elaboration on the nomenclature iSThe networks headquarters is located in TortPoland.

provided in Sectiont. Two or more observatories located in
different sites that operate within the same framework or are
governed by the same institution constitute a network of
observatories. In 1956, 12 satellite tracker stations were The Solaris netwotk design prerequisites dee the
deployed marking the beginning of the era of observatory detailed requirements that need to be met by the individual
networks (Whipple & Hynek 1956. Since then, many observatories. Although the major hardware components are
networks comprising telescopes with a wide range of aperture®ff-the-shelf products, they need to be integrated in such a way
have been designed and commissioned. Thbists selected that the systems operate autonomously. The architecture of the
networks of telescopes that have inspired us during the desigisystem is presented on the diagram in Figure photographic
process. overview of the components after installation is shown in

3. System Components
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Figure 1. Birds-eye views of the three observatories with exact Solaris sites marked along with several important waypoints at the South African Astronomica
Observaton(SAAO, South Africy, Siding Spring Observato8SO, Australip and Complejo Astronémico El Leonci(@ALSEO, Argentina North is up on all

images. Map data © 2015 Google.

(A color version of this gure is available in the online journal.

Table 1
Selected Networks of Telescopes
Project Infrastructure Comments Reference
Probing Lensing Anomalies NET- 3 x 1-m Worldwide network that discovered several microlensing Albrow et al.(1998
work (PLANET) phenomena.
RoboNET 3x 2-m Hawaii, La Palma, and Australia, partially owned by LCOGT. Tsapras @089
Robotic Optical Transient Search  Multiple 0.5-m Globally distributed, aimed at the detection of optical transients. Akerlof(2068

Experiment(ROTSE-II)
The Kilodegree Extremely Little Two sites with wide eld  Northern and Southern Hemisphere sites, dedicated to search Repper et al(2007)

TelescopeKELT) 80 mm lenses transiting exoplanets around bright stars.
Hungarian-made Automated Tele-  Six units Unit consisting of four 0.18-n1 2.8 optical telescopes on a Bakos et al(2013
scope NetworKHATSouth common mount that have a combinegld of view of
8.5° x 8.5°, dedicated to detect transiting exoplanets.
Las Cumbres Observatory Global 2 x 2-m, 17x 1-m, Seven locations in both hemispheres, dedicated to professionaBrown et al.(2013
Telescope NetworlL COGT) multiple 0.4-m research and citizen science projects.
Master-II 7x twin 0.4-m Dedicated to observing optical counterparts of gamma-ray =~ Gorbovskoy et al.
bursts(GRBS. (2013
RAPId Telescope for Optical Two arrays Optical transients monitoring, spectroscopy. White 0819
ResponséRAPTOR
Wide Angle Search for Planets Two arrays Array consisting of eight wideld cameras on an equatorial ~ Pollacco et al(2006
(SuperwWASp mount, 482 square degrees totald of view, exoplanetary
transits.
MOnitoring NEtwork of Telescopes 2 x 1.5-m Time available to schools; photometry and spectroscopy. Bischoff(20GH
(MONET)
Pi of the Sky Two arrays Multiple telephoto lens and custom CCD cameras. Wawrzaszek et al.
(2010
Skynet Robotic Telescope Network Nine sites Global consortium of robotic telescopes that use the SkyneR@thart(2009
queuing
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communication problems. Therefore, to be on the safe side,
all sites treat the Internet access property as one of the
operating conditions.

Below we present an overview of the hardware setup. A
much more detailed description can be found in Kaski
et al. (2014.

3.1. Astronomical Equipment

Telescope, mount, and accessorieAstrosysteme Austria

(ASA) mounts and optical tubes were chosen for the project.

Solaris-1, 2, and 4are RitcheyChrétien telescopes, and

Solaris-3 is a Schmidt-Cassegrain design witeld corrector;

all riding on ASA DDM160 direct drive mounts. The DDM160

mounts are installed on modid piers that allow the telescope
Figure 2. Network nighttime coverage throughout the year. Nighttime occurs to observe past the meridian sigrantly longer than in case of
whenever the Sun is below18® altitude. Plots indicate the number of hours @ classical design. The loading capacity is 300 kg. According to
that nighttime between respective sites over{gpsitive valuesor has a gap the manufacturés specication, the pointing rms should be
(nega_tive v_alu@sper every 24 hours. Magenta, green, and blue represent thephatter than 8 arc seconds and the tracking precision should be
following site pairs: SS&-SAAO, SAAO—CASLEO, and CASLES-SSO, better than 0.25 arc seconds rms during 5 minutes, all thanks to
respectlvely. The red line represents the sum of thg gaps in coverages for thF‘l . . . .
entire network. The network covers permanent nighttime from the end of EIght reSOIUt'OmO'OCW arc seoncremental encoders. Figuse
March until mid-September, which is 46% of the year. During the southern Shows tracking test results. The maximum slewing speed is 13
hemisphere summer, the total gap in coverage reaches 5 hours per day. Thdegreeks. Unfortunately, the mounts have a USB interface
largest gap occurs between CASLEO and SSO due to the largest Iongitudina{based on a FTDI ch)p making the setup very sensitive to
separation. _ o o communication errors. The optical tube assemblyttid with
(A color version of this gure is available in the online journal. . .

a focuser, mirror covers, and &Id rotator, all of which are
motorized and controlled via the dedicated software Autoslew.
Autoslew has a graphical user interface and handles the
con guration of the mount. The user can control the parameters
of the PID controllergtabulated for different slewing spegds
« Ability to control the power supply state of all components and even the parameters dfers that are used in the control
In a case when a hardware reset is necessary, it can bwop. The pointing model can be created manually or with the
performed by the system automatically or manually by help of dedicated softwafgequence by ASPAthat automates
the user. the process.

Power isolation. Sensitive and expensive components, Imaging train. All four telescopes are equipped with Andor
such as the CCD camera and the telescope, are separatédon-L CCD cameras that are based on e2V CCD42-40 chips
from components that are exposed to lightning strikes andand tted with four stage thermoelectric cooling that cools the
power surges, e.g., weather stations, antennas, etc. The useCD down to 70° Celsius. The camémashutter is connected

of online UPS units additionally increases the level of to a GPS card that records the opening and closure times of the
power safety. Additionally, all components installed out- shutter, providing a very precise time stamp that is then saved
door are equipped with surge arrestors. Fiber is used forin the image header. A Finger Lakes Instrumeittisr wheel
data transfer wherever possible. with f 50 mm JohnsofUBVR) and Sloan(ugriz) lter is
Focus on securitylt is crucial for the dome to be closed installed as well. All four imaging trains are identical, with the
whenever it is not safe to operate. Our system implementsexceptions of Solaris-3, which has an additioredtl corrector
many safety features that supervise the dome. The dome iand Solaris-1, which istted with a spectrograph.

Figure 5. The proposed architecture is characterized by the
following features.

closed automatically during daytime, bad weafte rain
sensor is hardwired to the controjlén a case of a loss of
communication with the dome controll@voth software
errors or hardware problejnand when there is no active

Echelle spectrographin 2013, Baches, a prototype échelle
spectrograph, was tested on the Solaris-4 teleg&azeowski
et al.2014. The spectrograph body is 280100 x 52 mm in
size and weighs less than 1.5kg, making it a very compact

Internet access on site. All sites but CASLEO offer a stableinstrument even after including the spectroscopic and guide
and reliable Internet connection. SAAO even has a backupcameras. Both are very conveniently attached to the instrument.
link. CASLEO, especially during winter, suffers from Internally, the instrument consists of a collimator lens, &®8n

occasional power losses that eventually lead to major73 échelle grating, a cross-dispersing diffraction grating, and an
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SOL-0132: SLR1 + SLR3 + SLR4 (2015-11-27 to 2015-11-29)
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Figure 23.J024946 55-h observing campaign with the Solaris telescope network: S¢taesgg, Solaris-3(blue), and Solaris-4greer); | band—raw output from AiJ.
(A color version of this gure is available in the online journal.

fail to reproduce properties like temperature and raiuss, presented in Tabl&2 and they represent a wide range of cadence
logg) obtained from our analysis. It is related to the known values from 8 to 500 s. In case of transits, thems values are
issue of low-mass stars discrepancy with stellar evolutioncomparable with the formal photometric errors that were computed
models (e.g., Chabrier et al2007 Morales et al.2009 during the data reduction process. Similarly, SOL-0023 shows
He miniak & Konacki2011): objects are larger and cooler than good accordance between these values. It is worth noting that the
expected. Studiggeiden & Chaboye?012 show that model  formal errors themselves have small scatter. SOL:6@28a has
radii under-predict observed values up to a dozen percentbeen reduced using our dedicated pipeline. In the cases of
However, model calculations are in good agreement with theSOL-0132 and PG 1336-018, the average formal errors are
observational maskiminosity (thus Myo) relationship.  smaller than the t's rms values. This has its origin in the
Assuming that studied stars are 10% larger than modelmodeling process. In both cases, astrophysical models are
predictions, we re-calculated stellar parameters for the valuegomputed and these have their limitations. In this case, however,
of radius of R 10% and R, 10% and corresponding  the obtained astrophysical parameters and their formal errors
effective temperaturekeeping constant value of luminosity  serve as the measure of the data quality. It is important to measure
and presented it in Figugb as a red line. Itis clearly seen that anq understand the sources of photometric errors but the end
fche new values reproduce stellar models and the system a9froduct is the key factor in quantifying the strength of the
Is 7Gyr. hardware and software medley. The precision in mass determina-
tion is 1.6 and 1.7% for PG 1336-018, 3.8 and 3.7% for SOL-
6.1.5. Photometric Precision 0132. Radial velocity measurementgsiality is the main factor,

In the previous sections we demonstrated concrete evidencBUt for stellar radi, it is photometry that plays the crucial role. We
that proves the capability of the Solaris Network to acquire OPtain 1.4% precision for radii of the PG 1336-018 components
high-quality data that can be used to tangle astrophysicaf-5 and 5.2% for SOL-0132. The latter is a very interesting case
problems of that require photometric measurements. Exopland has been described in detail in the previous section.
netary transits reduced with AiJ served as an initial test of the Allan variance has been computed for transits and SOL-0023.
individual capabilities of the telescopes. Using off-the-shelf The plots are presented in FiguB&s28. White noise equivalents
software allowed us to eliminate potential data reduction errorswith appropriate standard devaat values are overplotted to
and prepare a benchmark for testing a dedicated pipeline. wehow the main components of the O-C scatter. In case of transits,
follow an approach that is similar to what is presented in Swift 1 mmag precision is achievable in 30-minute timescales; in the
et al. (2019, where the Minerva systém capabiliies are  case of SOL-0023, this timescale is equivalent to 0.5 mmag
benchmarked with the help of transits. The remaining targetsprecision. The last case is particularly interesting in terms of
were used to further demonstrate the precision achievable witftmospheric scintillation due to the short-8.5 exposure times.
the network. One of the best ways to quantify the photometricBased on the formula provided by Osborn et(ab19, the
guality is to analyze the scatter of the O-C values that are ascintillation component accounts for 4.7 to 3.0 mmag of tra
product of model tting. This has been done for the systems photometric residuals. The goal of the project is to precisely
Wasp-4b, Wasp-64b, Wasp-98b, SOL-0X32and | bands, characterize a limited number ofipsing binaries, predominately
three siteg PG 1336-018, and SOL-0023. The results are for eclipse timing. The pool of targets is ca. 300 binaries. During
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Table 11
Solutions for Eclipsing Binaries. Formal Errors are Noted Directly
Under the Parameter Value
04 3024926 [prfpme] |
. M =0.643, [M/H] =-0.4
Parameter Unit PG 1336-018 J024946-3825.6 M =0.493, [M/H] = 0.4
To JID 2457140.323152 2457353.37820
0.000008 0.00004 o
P (d) 0.101004 0.463220 - J L I |
0.000012 0.000022 = I
Ki (kms?h 78.6 124.3 I
0.6 2.1 [S— i
Ko (kms Y 300 162.3 I
2 2.6 J16 ]
e 0 0 |
i (deg) 77.88 81.0 37 36 33
log T4
0.27 1.0
a (Ro) 0.461 2.66 Figure 24.YY evolutionary tracks for components of J024946-3825.6. Blue
0.006 0.03 represents a track calculated for primary component mass and system
© metallicity [M/H] = 0.4, while red represents a secondary track.
(A color version of this gure is available in the online journal.
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11 3.0 Figure 25. YY isochrones for components of J024946-3825.6 calculated
log Ly (Lo) 1.343 1.05 . . _ L
assuming system metallicity gfl/ H] =  0.4. Black symbols represent initial
0.015 0.15 values ologg andTcg, red shows the recalculation after decreasing stellar radii
log L» (Lo) 2.70 1.45
(see the text
0.09 0.18 (A color version of this gure is available in the online journal
Mbol,1 (mag 1.392 7.4 )
0.038 0.4
Mbg|12 (mag 11.51 8.4
0.23 0.5

most nights, no more than one to two tardets, eldg per night
are scheduled on a particular telescope. For this reasons, tharesent in the eld. Very often, targetelds required an offset to
performance of the network telescopes can be best tested oavoid bright stars being saturated, and at the same time move
speci c targets known from the literature that are typically good comparison stars into theld. Hence, the need for online
characterized with high cadender relatively high, high-
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precision observationfransits, pulsations, eclipsing binayies
The nature of photometric data reduction from systems such as
Solaris(narrow eld of view, 1321 arcmif is very specic and

signi cantly different from wide-angle survey-type systems.
Targets have been carefully chosen so that comparison stars are

astrometry and constant monitoring of ttedd. Solaris telescopes








