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ABSTRACT

Context. MASCARA and bRing are both instruments with multiple ground-based stations that rely on interline CCDs with wide-field
lenses to monitor bright stars in the local sky for variability. MASCARA has already discovered several planets in the Northern sky,
which are among the brightest known transiting hot Jupiter systems.

Aims. In this paper, we aim to characterize a transiting planetary candidate in the southern skies found in the combined MASCARA
and bRing data sets of HD 85628, an A3V star of V = 8.2 mag at a distance 172 pc, to confirm its planetary nature.

Methods. The candidate was originally detected in data obtained jointly with the MASCARA and bRing instruments using a BLS
search for transit events. Further photometry was taken by the 0.7m CHAT, and radial velocity measurements with FIDEOS on the
ESO 1.0m Telescope. High resolution spectra during a transit were taken with CHIRON on the SMARTS 1.5m telescope to target the
Doppler shadow of the candidate.

Results. We confirm the existence of a hot Jupiter transiting the bright A3V star HD 85628, which we co-designate as MASCARA-4b
and bRing-1b. Itis in a 2.824 day orbit, with an estimated planet radius of 1.53fg:8} Ry, and an estimated planet mass of 3.1+0.9 My,
putting it well within the planetary regime. The CHAT observations show a partial transit, reducing the probability that the transit
was around a faint background star. The CHIRON observations show a clear Doppler shadow, implying that the transiting object is
in a retrograde orbit with |4] =247.5f}:§°. The planet orbits at at a distance of 0.047 + 0.004 AU from the star and has a zero-albedo
equilibrium temperature of 2100 + 100 K. In addition, we find that HD 85628 has a previously unreported stellar companion star in
the Gaia DR2 data demonstrating common proper motion and parallax at 4.3 separation (projected separation ~740 AU), and with
absolute magnitude consistent with being a K/M dwarf.

Conclusions. MASCARA-4 b/bRing-1b is the brightest transiting hot Jupiter known to date in a retrograde orbit. It further confirms
that planets in near-polar and retrograde orbits are more common around early-type stars. Due to its high apparent brightness and
short orbital period, the system is particularly well suited for further atmospheric characterization.

Key words. Planetary Systems - stars: individual: HD 85628, MASCARA-4b, bRing-1b
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1. Introduction

The number of known exoplanets has grown rapidly since the
earliest discoveries (e.g. [Latham et al.||1989; Mayor & Queloz
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1995)), first primarily through radial velocity surveys, and later
by successful transit surveys. These initial surveys were per-
formed with small, dedicated ground-based telescopes such as
TrES (Szentgyorgyi & Furész [2007), XO (McCullough et al.
2005), HAT (Bakos et al.|2004), KELT (Pepper et al.|2007),
and SuperWASP (Pollacco et al.|[2006). The space-based tran-
sit mission CoRoT (Barge et al.[2008)), and in particular Kepler
(Borucki et al.|2010), have increased the exoplanet tally to sev-
eral thousand. These surveys indicate that, on average, there is
at least one planet orbiting every late-type main sequence star
(Batalhal2014).

Hot Jupiters — gas giant planets that closely orbit their host
star — are relatively rare, but over-represented in both radial ve-
locity and transit surveys because they are the easiest to find
(Wright et al.|2012;[Dawson & Johnson|2018]). They are unlikely
to be formed in-situ due to the close proximity to their host star,
and must have migrated from their formation location due to ei-
ther interactions with the circumstellar disk, or with other bod-
ies in the system. Measurements of the projected angle between
the stellar spin axis and the planet orbital plane are accessible
through the Rossiter-McLaughlin effect (also called the Doppler
shadow) and may point to a mix of migration scenarios. Their
large sizes, high effective temperatures, and high transit prob-
ability — with transits and eclipses occurring frequently if ob-
served near edge-on — make them ideal targets for atmospheric
follow-up and characterization. Their high temperatures imply
that their atmospheres could be well mixed, providing means to
compare their chemical composition to that expected from differ-
ent formation locations in the protoplanetary disk. Hot Jupiters
are also prone to atmospheric evaporation and escape (Vidal-
Madjar et al.|[2003; Lammer et al.|[2003), processes that were
likely important in the early solar system, including Earth. In
any case, hot Jupiters will always remain the easiest exoplanet
targets to characterize, meaning that we will get the most de-
tailed observational information, challenging our modeling and
understanding to the extreme — now and in the future.

A key parameter for exoplanet atmospheric characterization
is the apparent brightness of the system. Kepler, and to lesser ex-
tent its successor K2, only targeted very faint stars, while most
of the brighter transiting hot Jupiter systems have been found
with dedicated ground-based transit surveys. The two best stud-
ied hot Jupiters, HD 209458 b (Charbonneau et al.2000) and HD
189733 b (Bouchy et al.|[2005) were discovered via radial ve-
locity searches and found to transit later. Systems brighter than
my ~ 8 saturate most ground-based searches, although recently
both SuperWASP and the KELT survey have discovered very
bright systems by altering their survey strategy.

The Multi-Site All-Sky CAmeRA, MASCARA (Snellen
et al.[2012; [Talens et al.|[2017) is specifically designed to find
the brightest transiting hot Jupiters in the sky. It has so far found
MASCARA-1 b (Talens et al.[|2018a), MASCARA 2-b (Talens
et al|2018c), and MASCARA 3-b (Hjorth et al.|in prep. 2019).
MASCARA is combined with the bRing network (Stuik et al.
2017), which is based on similar technology as MASCARA.
bRing’s main science goal was to study the Hill-sphere transit
of B Pictorisb (Mellon et al.|2019b; Kalas et al.|2019); bRing
has also been used for exoplanet transit searches (this work) and
variable star characterization (e.g.,|Mellon et al.|[2019a)).

In 2018, NASA launched the Transiting Exoplanet Survey
Satellite (TESS) (Ricker et al.[2015), aimed to find a wide range
of transiting planets around bright stars (Sullivan et al.[[2015),
including those targeted by MASCARA and bRing. In this pa-
per we present the discovery of MASCARA-4 b/bRing-1b (fur-
ther referred to as MASCARA-4b), soon to be observed by
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TESS. MASCARA-4b orbits the bright (my = 8.2) A3V star
HD 85628, which also possesses a previously unreported dim
binary companion. In Section[2]we describe the discovery obser-
vations performed by the MASCARA and bRing network. Sec-
tion 3|describes the follow-up observations performed by CHAT,
FIDEOS, and CHIRON. Section [4] presents the full analysis of
the system parameters of MASCARA-4b, which are discussed
in Section

2. MASCARA, bRing, and Discovery Observations

The primary objective of MASCARA (Talens et al.|2017) is to
find transiting planetary systems around bright (4 < my < 8)
stars. It consists of two stations, a northern station at the Obser-
vatorio del Roque de los Muchachos, La Palma, Canary Islands
in Spain, which has been observing since 2015, and a southern
station at the European Southern Observatory (ESO) at La Silla
in Chile, which has been observing since mid-2017. Each sta-
tion is equipped with five interline CCD cameras with wide-field
lenses that allow each station to observe the local sky down to
airmass ~2 (Talens et al|2017). As each camera is observing a
fixed direction, stars are moving across the same track on the
CCDs during each night. Each image is taken with an exposure
time of 6.4 seconds, which is short enough such that stars travel
over less than a pixel during one exposure. Photometry from ev-
ery 50 exposures are binned together after reduction and calibra-
tion (Talens et al./[2018b). As the detectors are interline CCDs,
the readout of each image is performed during the next expo-
sure. Hence, no observing time is lost between exposures. This
requires large data storage capabilities, as each station generates
~15 TB of data each month. For economic and practical reasons,
the basic data reduction steps are performed on site, with the raw
data being overwritten after several weeks. A permanent record
of the sky is kept in the form of stacked images, which can be
used for future searches of transients and transits.

The MASCARA stations are paired with bRing, two pho-
tometric instruments that were constructed to observe S Pic-
toris during the expected Hill sphere transit of 8 Pictoris b, to
search for a possible giant exoring system (Kenworthy| [2017;
Stuik et al.|2017; Mellon et al.[[2019b; [Kalas et al.|2019). bRing
consists of two stations in the southern hemisphere, one at the
South African Astronomical Observatory (SAAO) at Sutherland
in South Africa, and the other at the Siding Springs Observa-
tory (SSO) in Coonabarabran, Australia. Each bRing station was
designed along the same basic principles as MASCARA, and is
equipped with two wide-field lenses with interline CCD cameras
of the same model as the southern MASCARA station. With two
cameras, each bRing can only see between a declination range
of -30° to -90°, but observe from horizon to horizon in the east-
west direction down to airmass 10. bRing operates at consecu-
tive exposures of 6.4 and 2.6 seconds to prevent saturation on the
bright star 8 Pictoris b, with the photometry from 25 long and 25
short exposures being binned together after reduction and cali-
bration. This allows for the combination of data between the two
bRing stations and the southern MASCARA station.

With the presence of three observatories in the southern
hemisphere, the MASCARA/bRing network allows for contin-
uous observations of stars within the declination range —30°>
6 > —90° (local weather permitting). As shown in Fig.[I] the ob-
servatories are placed to obtain as much continuous observation
time as possible. Throughout most of the year, weather permit-
ting, at least one observatory is exposing at any given time. At
worst, during the summer there is a gap of thirty to sixty minutes
between stations. This continuity of observations is beneficial
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to transit searches, in particular for planets with orbital periods
close to multiples of one day. For a detailed description of the
calibration procedure of MASCARA and bRing, we refer the
reader to Talens et al.| (2018Db)).

Fig. 1: Global view of the MASCARA/bRing network. The two
MASCARA instruments (white squares) are located in La Silla,
Chile, and La Palma, the Canary Islands, Spain. The two bRing
instruments (yellow squares) are located in Sutherland, South
Africa, and Coonabarabran, Australia. At any given time, at least
one instrument in the southern hemisphere is observing, pro-
vided weather permits.

A Box Least-Square analysis (Kovacs et al.|2002, BLS) on
the combined lightcurve for HD 85628 reveals a strong signal
at a period of 2.82406 + 0.00003 days. The BLS periodogram,
and the phase-folded lightcurve of the MASCARA and bRing
data are shown in Fig.[2} The combined light curve of HD 85628
consists of 52296, 320 second binned data points, totalling 4500
hours of data.

3. Follow-up Observations

After the initial detection of the planet-like signal with MAS-
CARA and bRing, additional follow-up observations were taken
to confirm the transit and planetary nature, and constrain the
mass of the planet. Photometric observations were taken with
the Chilean-Hungarian Automated Telescope (CHAT) to reduce
the possibility that the transit signal originates from a faint
background star. Radial velocity measurements were taken with
FIDEOS on the ESO 1m Telescope to constrain the mass of the
transiting object to the planetary regime. High-resolution spec-
tra were taken during transit with the CHIRON instrument on the
SMARTS telescope to detect the Doppler shadow of the transit-
ing object. This provides conclusive evidence that the object is
indeed transiting the bright star, and in combination with the ra-
dial velocity data, is of planetary nature. In addition, it provides
the projected spin-orbital angle of the system. Table [I] details all
photometric and spectroscopic observations used to discover and
confirm MASCARA-4b.

3.1. Photometric measurements with CHAT

MASCARA-4 was photometrically monitored with the 0.7m
Chilean-Hungarian Automated Telescope (CHAT), located at
Las Campanas Observatory, on 31 October 2018, during a tran-
sit event. Observations were performed with the i’ filter and a
slight defocus was applied. The exposure time of each image was
set to 4 seconds which produced a typical peak flux of 10,000
ADUs per exposure. CHAT data was processed with a dedicated
pipeline (see Hartman et al.|2019; Jordan et al|2019; Espinoza

et al.|2018)) that performs the classical data reduction, the aper-
ture photometry, and the generation of the light curve by select-
ing the more suitable comparison stars and photometric aperture
(12 pixels or 7" in this case) for the differential photometry. Fig.
[3] shows the CHAT light curve, which confirmed the presence
of a transit like feature on MASCARA-4 by showing a defi-
nite ingress of the possible planetary companion. The timing and
depth of this partial transit is consistent with the ephemeris de-
termined from the MASCARA/bRing data. It reduces the prob-
ability of the transit signal originating from a faint background
star by orders of magnitude. Since the CHAT lightcurve only
partially covers the transit, it is not used to constrain the orbital
period and other transit parameters.

3.2. Radial velocity measurements with FIDEOS

We obtained twenty-seven spectra of MASCARA-4 with the
FIber Dual Echelle Optical Spectrograph (FIDEOS, [Vanzi et al.
2018) mounted on the ESO 1.0 m telescope at La Silla Obser-
vatory. FIDEOS has a spectral resolution of 42,000, and covers
the wavelength range from 400 nm to 700 nm. It is stabilized
in temperature at the 0.1 K level, and it uses a secondary fibre
illuminated with a ThAr lamp for tracing the instrumental radial
velocity drift during a scientific exposure. Fourteen spectra were
acquired during UT 24-27 May 2018, while another set of thir-
teen spectra were obtained between UT 6-21 November 2018.
The adopted exposure time for each measurement was 900 sec-
onds, which generated a typical SNR at 5150 A of 105. FIDEOS
data were processed with a dedicated automatic pipeline built us-
ing the routines from the CERES package (Brahm et al.[[2017).
This pipeline performs the frame reductions, the optimal extrac-
tion of each spectra, the wavelength calibration, and the instru-
mental drift correction. Dedicated IDL procedures were used to
derive the radial velocity variations of the target.

To use a cross-correlation template, a detailed synthetic
spectrum was computed using the IDL interface SYNPLOT (1.
Hubeny, private communication) to the spectrum synthesis pro-
gram SYN SPECﬂ utilizing Kurucz model atmosphereﬂ

3.3. Doppler-shadow measurements with CHIRON

High-resolution spectroscopic data were taken via the CTIO
high resolution spectrometer (CHIRON) on the SMARTS 1.5
m telescope in Chile. MASCARA-4 was observed on UT 25
January 2019 during one of the predicted transits, in order to
measure the Rossiter-McLaughlin effect which would be an un-
ambiguous signature of the planetary nature of MASCARA-4b.
We obtained a series of 60 spectra, 50 being in-transit and 10 out-
of-transit. The spectra were reduced according to the CHIRON
pipeline. The start of the transit was missed, and observations
continued for around thirty minutes after end-of-transit.

4. System and Stellar Parameters
4.1. Photometric transit fitting

The photometric modelling of the transit is performed in a
similar way as for MASCARA-1 b (Talens et al.|2018a) and
MASCARA-2 b (Talens et al.|[2018c)). We fit a Mandel & Agol
(2002) model to the MASCARA data using a Markov-chain
Monte Carlo (MCMC) approach, using the Python codes BaTMAN

! http://nova.astro.umd.edu/Tlusty2002/pdf/syn43guide.pdf
2 http://kurucz.harvard.edu/grids.html
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Fig. 2: Discovery data of MASCARA-4 b/bRing-1b. Top left: BLS periodogram of the combined MASCARA and bRing photometry
obtained between mid-2017 and end-2018. Top right: The same zoomed in on the peak in the periodogram, which is located at 0.354
days™'. Bottom left: The calibrated MASCARA and bRing data, phase folded to a period of 2.82407 days. The blue dots are binned
such that there are 9 data points in transit, which comes out to phase steps of ~ 0.005. Bottom right: The same zoomed in on the

transit event.

Table 1: Observations used in the discovery and confirmation of MASCARA-4 b/bRing-1b. Listed dates are in the format dd-mm-

yyyy.
Instrument Observatory Date Nobs  lfexp [s]  Filter/Spectral Range
MASCARA-S LaSilla 01-10-2017 - 31-12-2018 15879 320 None
bRing-SA SAAO 01-07-2017 - 31-12-2018 19672 320 None
bRing-AU SSO 01-10-2017 - 31-12-2018 16745 320 None
FIDEOS La Silla 24-05-2018 - 27-05-2018 14 900 400-700 nm
FIDEOS La Silla 06-11-2018 - 21-11-2018 13 900 400-700 nm
CHAT Las Campanas 31-10-2018 271 4 700-810 nm
CHIRON CTIO 25-01-2019 66 240 460-875 nm
tion T4, the planet-to-star radius ratio p, and the impact parame-
HD85628 as observed on 1-20181031 ter b. We use parameters obtained from the discovery BLS algo-
-0.02- . :i?\t:ed wato rithm as initial parameters. We fit the uncorrected MASCARA
data, including polynomials used to correct instrumental effects
o 0o (Talens et al]2018D). For this fit, a linear limb-darkening coeffi-
E 4 e |18 cient of 0.6 was used. The best-fit parameter values come from
S o000-®" s T ’w" Y Sl e the median of the output MCMC chains, and the 1o~ uncertainties
2 11 e i - w(,' AR AR from the 16th and 84th percentiles of the distributions.
g oo 1 i '"i;* ’”“ Table 2] lists the parameters derived from this model, as well
E nd JY as the reduced chi-square of the data. The reduced chi-square
0 0.02-

0.03-

8423.83 8423.84 8423.85 8423.86

Time - 2450000 (BJD)

8423.82

Fig. 3: CHAT follow-up observations of MASCARA-4b. An
ingress is clearly seen which is consistent with the ephemeris
and transit shape determined from the MASCARA/bRing data.

(Kreidberg|2015)) and emcee (Foreman-Mackey et al.[2013)). We

assumed a circular orbit (e = 0), and optimized for the fit param-
eters: the transit epoch T'p, the orbital period P, the transit dura-
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of 1.43 of this fit indicates that the errors are likely underesti-
mated by about 20%. Fig. [d] shows the phase-folded photometric
lightcurve of MASCARA-4 b with the best-fit transit model.

4.2. Radial velocity analysis and planet mass

For the RV analysis we used the twenty-seven FIDEOS spec-
tra. Since the projected equatorial rotation velocity of the star
is very high, rotational broadening is the dominant component
in the line-profiles, resulting in substantial uncertainties on the
RV measurements. The individual RV points were phase folded
using the best-fit values from photometry, and individual data
points taken in sequence on the same night were binned, result-
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Table 2: Parameters and best-fit values derived from the MASCARA and bRing joint photometric data. It is important to note that
the reduced chi-square indicates the errors are likely underestimated by 20%.

Parameter Symbol Units MASCARA

Reduced chi-square P% - 1.43
Epoch Tp BJD  2458505.817 +0.003

Period P days 2.82406 + 0.00003

Duration T4 days 0.165 = 0.004
Planet-to-star ratio  Rp/R. - O.OSOfg:gg‘z1
Impact parameter b - 04+03
Eccentricity e - 0 (fixed)

-0.4 =0.2 0.0 0.2 0.4
Phase

Fig. 4: The photometric lightcurve of MASCARA-4 b, using the
best-fit parameters listed in Table[2] The grey points indicate in-
dividual data, and the black dots are binned the same as in Fig.
El The red line shows the photometric model.
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Fig. 5: Radial velocity data of MASCARA-4 taken with the
FIDEOS spectrograph on the ESO 1m telescope. A marginal si-
nusoidal variation is detected at 30- with an amplitude of 310+90
ms~L. Assuming a stellar mass of 1.75 = 0.05 Mg, this corre-
sponds to a planet mass of 3.1 + 0.9My,,, well within the plane-
tary regime.

ing in seven RV measurements with uncertainties of ~200 m s~!

(see Fig.[5).

A circular orbital solution, with RV amplitude and system
velocity as free parameters, was fit to the data. This results for-
mally in a detection of a sinusoidal variation with an amplitude
of 310 + 90 ms~'. Assuming a stellar mass of 1.75 + 0.05 Mg
(see §4.4), this corresponds to a planet mass of 3.1 £ 0.9 My,
well within the planetary regime.

4.3. Doppler-shadow analysis

In order to successfully validate the planetary nature of
MASCARA-4 b, a spectroscopic time series during a transit was
taken with CHIRON. This observation allows us to confirm that
a planet-sized dark object transits the bright, fast spinning star.

In addition, the projected spin-orbit angle of the system is de-
termined. For our analysis, Cross Correlation Functions (CCF)
were constructed from the reduced CHIRON spectra using the
same Kurucz spectral template as used for the radial velocity
analysis. In our analysis, we used all 41 orders blueward of 6950
A, except orders 7, 8, 28, 29, 34, 37, 38 to avoid the Balmer se-
ries and telluric contaminations. The CCF for each observation
was constructed by summing the CCF of each individual order,
which were subsequently all scaled to the same level.

In order to extract the Rossiter-McLaughlin information
from the data, we followed the “Reloaded” method
2016; Bourrier et al|2017] 2018}, Wyttenbach et al.|[2017). We
first determined the average stellar CCF by taking the mean
of the out-of-transit CCFs, corresponding to the last ten ob-
servations. Then, we normalised each CCF by the BLS photo-
metric fit, and subsequently computed the difference between
the out-of-transit CCF and each observation. The final residual
CCFs are obtained by removing the constant offset. The Doppler
shadow of the planetary sized object, coined as MASCARA-4/,b
is clearly seen in the data (Fig. [). Note that the ingress of the
transit was just missed. A Gaussian model was fitted to the resid-
ual CCFs to determine the radial velocity of the Doppler shadow
feature at each epoch during the transit, while the stellar systemic
velocity of vy = —18.2 £ 0.2 km s~! was removed from each
measurement. Finally, 34 out of the 50 observations in transit had
a sufficient velocity precision in order to be used to constrain the
Rossiter-McLaughlin effect and to obtain A, the projected spin-
orbit angle. To model the residual CCF velocities, we computed
the brightness-weighted average rotational velocity behind the
planet during each exposure as a function of the transit param-
eter, the spin-orbit angle, and the stellar velocity field which is
given, when assuming a rigid body rotation, by the vsini
let al|2016). As no high-precision photometric light curve was
available, the impact parameter was poorly determined. Thus,
instead of fitting a model for A and vsini, we decided to fix the
value of vsini to its spectroscopic measurement of 46.5+1 kms™!
and to fit for the impact parameter and A. Practically, we allowed
the measured vsini to vary within its 30~ uncertainty. As the im-
pact parameter and A are both correlated with the vsini, the al-
lowed range in vsini gives us the 1o uncertainty on the impact
parameter and A, while their best values are fitted with a )(2 min-
imisation. The resulting fit is shown as a white dotted line in Fig.
[6l We find an impact parameter of 0.34 + 0.03 and a spin-orbit
angle || of 247.5f%:§°. Such an obliquity is set as retrograde,
but is at the edge of being classified as polar (We use the stan-
dards present in [Addison et al| (2013)), with a retrograde orbit
being classified as having an obliquity of 112.5°< |1] < 247.5
°, and a polar orbit being classified as having an obliquity of
67.5°< |4] < 112.5 °). This makes MASCARA-4 b the brightest
known system with a hot Jupiter in a retrograde orbit. A visual-
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Fig. 6: Left: Doppler-shadow measurements on MASCARA-4 b during transit as derived from observations taken with the CHIRON
spectrograph on the SMARTS 1.5m telescope. These consist of sixty mean stellar line profiles from which the average out-of-transit
profile is subtracted, showing the movement of the dark planet in front of the fast-rotating star. The black horizontal lines denote
t3 (dashed, the time when the orbiting object starts to egress) and t4 (solid, when the orbiting object is no longer transiting) of
the transit. The dashed vertical black line represents the systemic velocity of the star, which is set to Okms~!. The two vertical
white dashed lines indicate the extent of the velocity broadened stellar line profile with a vsini of 46.5kms~!. The white dotted line
represents the best-fit model, corresponding to an impact parameter of 0.34 + 0.03, and |4| of 247.5ﬂ:§. Right: Visualization of the

orientation of the planet orbit with respect to the fast spinning star.

ization of the projected orientation of the orbit is shown in the
right panel of Fig.[d

4.4. Stellar Parameters

HD 85628 is a relatively unstudied V=8.19 star in the Carina
constellation (ESA|[1997), with its only previous reference in
SIMBAD being from spectral classification in the Michigan
Spectral Survey (A3V; [Houk & Cowley|[1975). The star’s Gaia
DR?2 trigonometric parallax (w = 5.8297 +0.0318 mas) implies
a distance of d = 171.54 +£0.94 pc. HD 85628’s astrometric and
photometric observables are summarized in Table [3] The stars
optical and near-IR colors are consistent with a A7V
Depagne|2010), and confirmed via comparison of the observed
colors (e.g. Bp — Rp = 0.2548, B—-V =0.20, V — Ks = 0.45)
to those of main sequence dwarfs in the table by
From the Stilism 3D reddening maps of the solar

vicinity by [Capitanio et al.|(2017)), we estimate that a star at HD
85628’s position would have reddening E(B—V) = 0.020 + 0.018

mag, which for the standard reddening law [Fiorucci & Munari|
(2003) translates to an extinction of Ay = 0.063 +0.056 mag.
We discount the large extinction and reddening values quoted
in the Gaia DR2 catalog (Gaia Collaboration et al.|2018) (Ag

= 0.5012;92% mag, E(Bp — Rp) = 0.2580°09 mag), which

would unphysically require the star to really be a ~AOV starﬂ

3 See updated table at: http://www.pas.rochester.edu/~emamajek/
EEM_dwarf UBVIJHK_colors_TefF.txt.

4 Unusually high reddenings and extinctions from Apsis-Priam ap-
pear to be a feature of the Gaia DR2 catalog. The well-characterized
stars with SIMBAD entires with DR2 parallaxes that place them within
10 pc have a median extinction of Ag =~ 0.24 mag (mean 0.34, standard
deviation 0.39 mag) in the Gaia DR2. These stars should all comfort-
ably lie within the Local Bubble with near-zero extinction (Reis et al.

2ot
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We further constrain the stellar parameters for HD 85628
using the Virtual Observatory SED Analyzer (VOSAE and
fitting the He profile of the star’s CHIRON spectrum. We fit HD
85628’s spectral energy distribution using published photometry
from Tycho (BrVr; [ESA] , APASS (BV; [Henden et al]
, Gaia DR2 (B,R,G; |Gaia Collaboration et al.| 2018),
DENIS (JK; Epchtein et al.|[1994), 2MASS (JHKj; |Skrutskie

4] 2006), and WISE (W IW21W3W4; Wiight e al| 2010,
and fit Kurucz ATLAS9Y stellar atmosphere models

Kurucz|2003). Given that the star is clearly main sequence and
relatively young (<1 Gyr), we constrain the surface gravity to
be within +0.5 dex of logg = 4.0 and metallicity within +0.5
dex of solar, and include the extinction and lo uncertainty
presented previously as a constraint, but allow the effective
temperature to float. We find the best fit parameters to be for a
Kurucz model with T,zs, = 7844737, K, logg = 4.0 and solar
metallicity. We also fit the shape of the Ha line from the average
high-resolution CHIRON spectra with a grid of Kurucz spectra
(as used above). While we fail to meaningfully constrain its
metallicity and surface gravity in this way, the spectral line
shape is consistent with a temperature of 7700 + 300 K. Based
on these independent analyses, we adopt Teg =~ 7800 + 200 K.
We note that this is somewhat cooler than expected given the
A3V classification by [Houk & Cowley| (1975)), since typical
A3V stars have Ter =~ 8550K (Pecaut & Mamajekl 2013),
however we can not reconcile such a hot temperature given the
available data. The best fit luminosity to SED fit using VOSA,
and adopting the distance based on the Gaia DR2 trigonometric
parallax, is L = 12.23 £ 0.0655 L, or log(L/Ly) =~ 1.087 +£0.023
dex. For the adopted effective temperature, this implies that HD
85628 has a radius of 1.92+0.11 Roﬂ

> VOSA 6.0: http://svo2.cab.inta-csic.es/theory/vosa/
¢ Adopting IAU 2015 nominal solar values L, = 3.828x10%° W and
Ry = 695700 km.
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Fig. 7: Spectral energy distribution for HD 85628 generated using VOSA. Photometry from Tycho, Gaia DR2, APASS, DENIS,
2MASS, and WISE are plotted (references in §4.4). Overlain is a synthetic stellar spectrum from Castelli & Kurucz| (2003) for Teg
= 7750 K with logg = 3.5, solar metallicity, Ay = 0.07, and corresponding to bolometric luminosity 12.23 +0.655 L (adopting the
distance implied by the inverse of the Gaia DR2 trigonometric parallax).

The duration of the transit provides an estimate of the av-
erage density of the host star, assuming a circular orbit and
providing that the impact parameter is well known. The lat-
ter is very well constrained (b=0.34 + 0.03) by the Doppler
shadow measurements, with the T4 transit duration measured
to be 0.165 + 0.004 days. This implies that if the impact pa-
rameter would have been 0, the transit duration would have been
Teenter/ V1 — b2 = 0.175+0.005 days, corresponding to the planet
travelling over a distance of 2(R,+R),) = 2.16+0.006R.. By feed-
ing this into Kepler’s third law, we obtain a mean stellar density
of 0.41 +0.04 g cm™ (0.29 +0.03 p).

Interpolating the solar metallicity evolutionary tracks and
isochrones of [Bertelli et al.| (2009) using our adopted effective
temperature and luminosity, one predicts a mass of 1.75 M,
age of 0.82 Gyr, and surface gravity logg = 4.11. We use the
online PARAM 1.1 interfaceﬂ to provide Bayesian estimates of
stellar parameters based on the HR diagram position for HD
85628. Using the evolutionary tracks of |Girardi et al.| (2000),
and adopting Ay = 0.07 and metallicity within +0.1 dex of
solar, PARAM predicts an isochronal age of 0.7+0.2 Gyr,
mass 1.753+0.044 M, logg = 4.09+0.05. Given the empirical
mass-luminosity relationship for well-measured main sequence
stars by [Eker et al.| (2015)), our adopted L for HD 85628 would
predict a mass of 1.78 +0.11 M. Based on these estimates, we
adopt a mass of 1.75+0.05 M, logg ~ 4.1, and age 0.8 Gyr.
The predicted density (0.252 +0.045p,) compares well to that
predicted by the transit and Kepler’s third law (0.29 + 0.03p)

4.4.1. Stellar Companion HD 85628 B

The Gaia DR2 catalog shows that the star HD 85628 (Gaia DR2
5245968236116294016) has a companion, which we designate
HD 85628 B (Gaia DR2 5245968236111767424), previously
unreported in the Washington Double Star Catalog (Mason et al.
2001). The companion’s G-band magnitude (14.0490 = 0.0047)
is 5.875 mag fainter than that of HD 85628, and it lies
4336.21 £0.06 mas away at position angle 224°.938 (ICRS,
epoch 2015.5), corresponding to a projected separation of ~736
AU. The pair clearly demonstrate common proper motion and
parallax as seen in Table 3] The proper motion of B with respect
to A is Ay, Aus = -0.20+0.09, +2.15 +0.08 mas yr~!, which

7 http://stev.oapd.inaf.it/cgi-bin/param_1.0

at the weighted mean distance (170.0 £ 0.7 pc) corresponds to a
tangential (projected orbital motion) velocity of B with respect
to A of 1.74 +0.09 kms~!.

HD 85628 B’s Gaia DR2 B, and R, photometry are likely
corrupted given the large value of E(BR/RP) [2.325], which far
exceeds the threshold for reliable photometry for stars of similar
By,-R,, color determined by [Evans et al.| (2013). Besides Gaia
DRI1 and DR2, the only pre-Gaia catalog that has an entry for
HD 85628 B is USNO-B1.0 (Monet et al.|2003) (USNO B1.0-
0238-0154014). We have limited color data and no spectral data
for HD 85628 B, however from its inferred absolute magnitude
Mg ~ 7.9, it would compare well to low-mass solar neighbors
like n Cas B (K7V: Mg =7.89) or HD 79210 (MOV; Mg = 7.96).
We predict HD 85628 B to be a ~K8V star with mass ~0.6 M.

For component masses of 1.75 My and 0.6 M, and fidu-
cially setting the observed separation 736 AU as a first estimate
of the semi-major axis and assuming e = 0, one would predict
an orbital period of ~13000 years and relative orbital motion
of 1.68 kms~'. This is remarkably similar to the observed
difference in tangential motion (1.74 +0.09 kms~') observed
for A and B using the Gaia DR2 astrometry. This calculation
also further strengthens the argument that the two stars are likely
to be a bound pair.

5. Discussion and Conclusion

The parameters describing the MASCARA-4 b/bRing-1b sys-
tem are shown in Table 4] We find that MASCARA-4 b/bRing-
1 b orbits its host star with a period of 2.82406 + 0.00003 days at
a distance of 0.047 + 0.004 AU. It has a radius of 1~53t8:8471 Ryyp
with amass of 3.1+£0.9 My,;,. The planet equilibrium temperature
is 2100 + 100 K, assuming a Bond albedo of zero.

The planet is in a retrograde orbit, |4 =247.5*]-3°, around
its host, a hot (T =7800 + 200 K), early-type (A3V) star. It
is the brightest system known to date with a planet in a retro-
grade orbit (112.5°< |1] < 247.5 °, following [Addison et al.
(2013))), and currently one of only fifteen known retrograde sys-
tems (Southworth|[2011). This is contrasted with 18 exoplanets
in known polar orbits (67.5°< |1 < 112.5 °), with 219 currently
known exoplanets with derived obliquities. As found in earlier
work (Albrecht et al.|2012; |Schlaufman|2010; Winn et al.[2010),
hot Jupiters orbiting early type stars have a significantly higher
probability to be in a polar or retrograde orbit. Currently, 0.081%
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Table 3: Stellar Parameters

Parameter Unit HD 85628 A HD 85628 B References

a(ICRS)! - 147.58006673040 147.57796550484  GaiaDR2

S(ICRS)! - -66.11392534234  -66.11477795490 GaiaDR2

Parallax @ mas 5.8297 +£0.0318 5.9508 £0.0366  GaiaDR2

Spec. Type - A3V L2 Houk & Cowley| (1975)
Dist. pc 171.54 £0.94 168.04 +1.03 1/@ (GaiaDR2)
Proper Motion a i,  mas/yr 6.051 +£0.055 5.856 +£0.066 GaiaDR2

Proper Motion 6 s mas/yr  -15.398 +0.051 -13.252+£0.060  GaiaDR2

G mag 8.1740 14.0490 GaiaDR2

B, mag 8.2832 13.6699 GaiaDR2

R, mag 8.0285 12.8495 GaiaDR2

Br mag 8.442 +0.009 (ESA|[1997)

Vr mag 8.222+0.010 (ESA|1997)

\% mag 8.19+0.01 (ESA|1997)

B-V mag 0.200+0.013 (ESA|1997)

J mag 7.837 +£0.021 (Skrutskie et al.|2006)
H mag 7.785 +£0.053 (Skrutskie et al.[2006)
K mag 7.750 £0.023 (Skrutskie et al.|2006)
W1 mag 7.646 +£0.024 (Cutri & et al.[2012)°
w2 mag 7.690 +0.020 (Cutri & et al.[2012)3
w3 mag 7.706 +0.016 (Cutri & et al.[2012)3
w4 mag 7.619+0.074 (Cutri & et al.[2012)3

Notes:
! Position epoch is 2015.5 (Gaia DR2).

2 Absolute G magnitude consistent with K7-M0 dwarf, but no spectral information available.
3 For further information on WISE photometry (Cutri & et al.|(2012), see [Wright et al.|(2010).

Table 4: Parameters describing the MASCARA-4 b/bRing-1b system. Due to the reduced chi-square on the photometric fit param-
eters, the errors on the planet parameters are likely underestimated by ~ 20%.

Parameter Symbol  Units Value
Stellar Parameters

Effective temperature Tes K 7800 + 200
Luminosity L Lo 12.23 £0.655
Systemic Velocity Yy km/sec -18.2+0.2
Projected rotation speed vsini  km/sec 46.5 £ 1
Surface Gravity log g - 4.1
Metallicity [Fe/H] - ~0
Stellar Mass M, M, 1.75 £ 0.05
Stellar Radius R, Rs 1.92 +0.11
Age T Gyr ~0.8
Planet Parameters

Planet radius Rp Ryup 1.53f8:81
Planet mass Mp \Y 3.1+09
Equilibrium temperature® Teq K 2100 + 100
System Parameters

Epoch Tp BID  2458505.817 = 0.003
Period P days 2.82406 + 0.00003
Semi-major axis a AU 0.047 = 0.004
Eccentricity e - 0 (fixed)
Projected Obliquity 1] ° 247511

Notes: “ Assuming a Bond albedo of 0.

of planets orbiting stars with T,z < 6300K are found in such
orbits, while this is 39.6% for planets those orbiting stars with
Ter > 6300K. It is unclear how such misalignment could re-
sult from early planet-disk interactions, and it is more likely that
this is caused by Kozai-Lidov oscillations with a more distant
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companion. Indeed, we find HD 85628 to have a late-type com-
panion (likely a ~K8 dwarf), currently at a projected distance of
~736 AU. It is yet unclear why hot Jupiters orbiting early type
stars are more likely to be misaligned. It is possible that their for-
mation mechanism is different from current models. However, it
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Fig. 8: All currently known exoplanets with measured projected obliquities. as taken from, the TEPCat catalogue (Southworth
2011). MASCARA-4b is shown as a blue star. It further emphasizes the trend that those planets orbiting hot stars have a larger
probability to be in a mis-aligned orbit. The grey shaded regions denote what is considered to be a retrograde planet, with projected

obliquity 112.5°< || < 247.5°.

has also been suggested that the fact that outer layers of lower
mass stars are convective, which shortens the time scale of or-
bital re-alignment (Winn et al.|2010), erasing the evidence of the
Kozai-Lidov effect.

The Doppler shadow measurement only determined the pro-
jected spin-orbit angle, while the real spin-orbit angle is degen-
erate with the stellar inclination. The vsini of the host star is rel-
atively low (46.5 + 1 kms™!) for its spectral type, implying a low
inclination, making its true de-projected orbit either more retro-
grade, or more polar — depending on the sign of the inclination
angle.

The brightness of the host star, combined with the short or-
bital period and high planet temperature, make MASCARA-4b
an excellent candidate for follow-up atmospheric studies, remi-
niscent of WASP-33 b (Collier Cameron et al.[2010). The hottest
gas giant planets are found to have unique atmospheric features.
The hottest of all, KELT-9 b (Gaudi et al.|2017}|Yan & Henning
2018), exhibits an optical transmission spectrum rich of metallic
atoms and ions such as Iron and Titanium (Hoeijmakers et al.
2018)), while it shows strong Ha absorption originating from a
halo of escaping hydrogen gas. A planet like WASP-33 b shows
a thermal dayside spectrum dominated by TiO emission lines, in-
dicative of a strong thermal inversion (Nugroho et al.[2017). We
will require detailed atmospheric observations of a significant
sample of the hottest Jupiters to understand how these features
depend on the planet and possible host star properties, and to
understand the underlying physical and chemical mechanisms.
In any case, these systems will be the most easy to study with
current instruments, and with future observatories such as the
James Webb Space Telescope and the ground-based extremely
large telescopes.

The NASA TESS satellite is covering this target in Sector 9,
which may constrain the secondary eclipse and phase curve of

the planet, and thus its dayside temperature and global circula-
tion.
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