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ABSTRACT

We present the discovery of KELT-21b, a hot Jupiter transiting the V' = 10.5 A8V star HD 332124. The planet has an orbital
period of P = 3.6127647 £ 0.0000033 days and a radius of 1.5861‘8:838 Rj. We set an upper limit on the planetary mass
of Mp < 3.91 Mj at 30 confidence. We confirmed the planetary nature of the transiting companion using this mass limit
and Doppler tomographic observations to verify that the companion transits HD 332124. These data also demonstrate that the
planetary orbit is well-aligned with the stellar spin, with a sky-projected spin-orbit misalignment of A\ = —5.6ﬂ: g". The star has
Tog = 759875: K, M, = 1.45810029 M, R, = 1.638 4 0.034 Ry, and vsin I, = 146 km s~ the highest projected rotation
velocity of any star known to host a transiting hot Jupiter. The star also appears to be somewhat metal-poor and a-enhanced, with
[Fe/H] = —0.40575-032 and [a/Fe]= 0.145 + 0.053; these abundances are unusual, but not extraordinary, for a young star with
thin-disk kinematics like KELT-21. High-resolution imaging observations revealed the presence of a pair of stellar companions
to KELT-21, located at a separation of 1”2 and with a combined contrast of AKg = 6.39 &+ 0.06 with respect to the primary.
Although these companions are most likely physically associated with KELT-21, we cannot confirm this with our current data. If
associated, the candidate companions KELT-21 B and C would each have masses of ~ 0.12 M, a projected mutual separation
of ~ 20 AU, and a projected separation of ~ 500 AU from KELT-21. KELT-21b may be one of only a handful of known transiting

planets in hierarchical triple stellar systems.

Keywords: planets and satellites: detection — planets and satellites: gaseous planets — stars: individual (HD
332124) — techniques: photometric — techniques: radial velocities — methods: observational
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1. INTRODUCTION

Most of the currently known exoplanets orbit relatively
cool, low-mass (FGKM) stars, with Tog < 6500 K. The rea-
son for this is likely observational bias rather than an actual
paucity of planets around hotter stars: traditionally, precise
radial velocity observations have been the dominant method
to find exoplanets, and, more recently, confirm transiting
giant planets. Hot stars, however, typically rotate rapidly.
Above the Kraft break (Kraft 1967), at Tog ~ 6250 K, stars
no longer have the thick surface convective zones necessary
to maintain a strong magnetic dynamo which can efficiently
transport angular momentum to the outgoing stellar wind.
More massive stars therefore tend to retain their initial rapid
rotation throughout their main sequence lifetimes. Typical
vsin I, values are in excess of 100 km s—! for the entire B9-
F2 spectral type range (Royer et al. 2007). The rotational
broadening of these stars’ lines and the paucity of absorption
lines from their hot atmospheres makes it difficult or impos-
sible to measure the stellar reflex motion due to even giant
planets. For this reason, stars hotter than mid-F have typi-
cally been ignored by planet surveys. Planets around these
stars were too difficult to find with radial velocities or con-
firm as transiting planets, and massive stars are too rare to
cause a significant number of microlensing events.

There are, however, other ways to discover planets around
early-type stars. Direct imaging observations are largely in-
sensitive to the stellar properties. Indeed, early-type stars are
more amenable to direct imaging observations than are solar-
type stars because they are on average younger and their
planets therefore hotter and brighter. Many of the known
directly-imaged planets are around such stars (e.g., Marois
et al. 2008, 2010; Lagrange et al. 2010).

Planets can also be found around these stars by observ-
ing them after they have left the main sequence. As they
evolve the stars cool and expand, slowing their rotation
and increasing the number of spectral lines, thus becom-
ing amenable to precise radial velocity observations. Ra-
dial velocity surveys have discovered a large number of gi-
ant planets around intermediate-mass subgiant and giant stars
(e.g., Johnson et al. 2011; Reffert et al. 2015), which sug-
gest that the frequency of giant planets around A stars may
be higher than that around FGK stars. The issue of whether
these “retired A stars” are actually intermediate-mass stars,
or rather lower-mass interlopers, is, however, controversial
(e.g., Lloyd 2011; Schlaufman & Winn 2013; Johnson et al.
2013; Stello et al. 2017).

Despite the success of direct imaging and radial velocity
surveys, there are still limitations to these methods as far
as probing the overall planetary populations of A and early
F stars. Principally, neither method can probe the close-
in, short-period population of planets, similar to those that
Kepler has discovered around lower-mass stars. The angu-

lar separations between these planets and their host stars are
much too small to be resolved with current or future direct
imaging facilities, and such short-period planets will have
been engulfed and destroyed as the stellar radii expand dur-
ing the evolution off of the main sequence.

Although early-type stars have typically been ignored by
transit surveys, efforts to discover planets around these stars
have been increasingly successful. The first transiting planet
to be discovered around a hot, rapidly rotating star was
WASP-33b (Collier Cameron et al. 2010). It was confirmed
using a combination of Doppler tomography (where the per-
turbation to the rotationally broadened stellar line profile
during the transit due to the Rossiter-McLaughlin effect is
spectroscopically resolved, showing that the planet candidate
orbits the target star and is not a background eclipsing bi-
nary), and low-precision radial velocity observations (show-
ing that the transiting object has a mass below the substel-
lar limit). Since then, a growing number of transiting hot
Jupiters around rapidly rotating A and early F stars have been
discovered and (in most cases) confirmed using Doppler to-
mography, such as CoRoT-11b (Gandolfi et al. 2010, 2012),
Kepler-13Ab (Szabdé et al. 2011; Johnson et al. 2014), HAT-
P-57b (Hartman et al. 2015), MASCARA-1b (Talens et al.
2017a), and XO-6b (Crouzet et al. 2017).

The Kilodegree Extremely Little Telescope (KELT; Pepper
et al. 2003, 2007, 2012) project has been particularly effec-
tive in finding hot Jupiters around A and early F stars. In-
deed, more than half of the KELT planets discovered to date
orbit stars above the Kraft break (Siverd et al. 2012; Pepper
et al. 2013; Collins et al. 2014; Bieryla et al. 2015; Stevens
et al. 2017; Zhou et al. 2016b; McLeod et al. 2017; Temple
et al. 2017; Gaudi et al. 2017; Lund et al. 2017; Siverd et al.
2017), or, in the case of KELT-11, was above the Kraft break
when it was on the main sequence (Pepper et al. 2017). As
discussed in Lund et al. (2017), this is partially by design and
Malmquist bias, and partially by accident. As KELT was de-
signed to target brighter stars (8 < V' < 11) than other tran-
sit surveys, hot, bright stars are overrepresented in its sample
due to the larger volume probed. Additionally, many of the
transiting hot Jupiters around cooler stars in this magnitude
range had already been discovered by the time KELT had ob-
tained a sufficient quantity of data to find planets. Together,
these two forces drove us towards the discovery of planets
around hot stars.

Another region of parameter space that has not been fully
explored is hot Jupiter occurrence as a function of stellar
multiplicity. While there are a large number of known hot
Jupiters in binary stellar systems—indeed, Ngo et al. (2016)
found a higher occurrence rate of stellar binary companions
for hot Jupiter hosts than for field stars—only a handful of hot
Jupiters are known in higher-order stellar systems. Four tran-
siting hot Jupiters are known in hierarchical triple systems:
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KELT-4 (Eastman et al. 2016), HAT-P-8, WASP-12 (Bechter
et al. 2014), and Kepler-13 (Santerne et al. 2012), and none
in higher-order multiples. In the first three of these the hot
Jupiter orbits the primary star, the mass ratios between the
primary and secondary/tertiary stars are large, and the com-
panions were resolved with direct imaging. In Kepler-13,
the primary and secondary stars are of a similar mass, while
the tertiary star is much less massive, and the tertiary was
discovered through radial velocity observations of the sec-
ondary (Santerne et al. 2012; Johnson et al. 2014). Transit
survey follow-up is typically biased against the latter type of
system; visual binaries are often excluded from survey tar-
get lists, and the presence of multiple lines in a spectrum
(especially if some of them are moving) is typically taken
as reason to conclude that a planet candidate is a false pos-
itive, even if such a system could in fact host a planet (see
Siverd et al. 2017, for a recent case of a confirmed planet
discovered in a binary stellar system with two sets of lines
in the spectra). Planets in hierarchical triple systems are also
of interest because their dynamics are richer than those of
hot Jupiters in stellar binaries (e.g., Hamers 2017; Fang et al.
2017); certain configurations could enhance the efficiency of
hot Jupiter formation by high-eccentricity (Kozai-Lidov) mi-
gration (Hamers 2017). Such extreme systems help us test
the limits of planet formation and migration.

Here we present the discovery of a new transiting hot
Jupiter, KELT-21b, confirmed using Doppler tomography.
KELT-21 is not only the most rapidly rotating star known to
host a transiting giant planet (with vsin I, = 146 km s—1),
but also is likely one of the few planet host stars known to be
part of a hierarchical triple system.

2. DISCOVERY AND FOLLOW-UP OBSERVATIONS
2.1. Discovery

The star HD 332124 was observed by the KELT-North
telescope in KELT North Field 11 (KN11; center coordinates
RA=19"27"0030, Dec=+31°39'562 J2000.0). This is the
same field that also yielded our other two most rapidly ro-
tating planet hosts, KELT-9b (Gaudi et al. 2017) and KELT-
20b/MASCARA-2b (Lund et al. 2017; Talens et al. 2017b),
as well as KELT-8b (Fulton et al. 2015). In the analy-
sis of 6783 observations of HD 332124 obtained between
2007 May 29 and 2014 Nov 25 UT, we identified a can-
didate transit signal with a period of 3.612782 days and a
depth of ~ 1%; the target was given the KELT candidate
ID of KC11C039077. Our data reduction and analysis and
candidate selection procedures are described in Siverd et al.
(2012). We show the KELT photometry of KELT-21 in
Fig. 1, and list the literature parameters of the system in Ta-
ble 1.

2.2. Photometric Follow-up from KELT-FUN

Table 1. System Properties of KELT-21

Other identifiers HD 332124
TYC 2676-1274-1
2MASS J20191200+3234517

TIC 203189770
Parameter Description Value Ref.
QJ2000 - - Right Ascension (RA)..  20719™123004 1
632000 - -v---- Declination (Dec). ..... +32°34/517/77 1
Br........... Tycho Bt mag. ....... 10.76 £ 0.04 1
1 P Tycho Vo mag......... 10.48 £ 0.04 1
Joooo 2MASS J mag......... 10.149 £ 0.022
H............ 2MASS H mag. ....... 10.121 4 0.021
Kg.ooooooont. 2MASS Kg mag....... 10.090 + 0.014
WI........... WISEl mag............ 10.064 + 0.022 3
W2. . ... WISE2 mag............ 10.106 + 0.021 3
W3 ..ol WISE3 mag............ 10.252 £ 0.069 3
W4 .. ... WISE4mag............ > 9.158 3
Hhau «vvenenenn Gaia DR1 proper motion ~ 1.933 £ 0.791 4
in RA (mas yr—1)
7% Gaia DR1 proper motion  -1.317 £ 0.804 4
in DEC (mas yrfl)
RV* ... ... Systemic radial  ..... —13.0£ 1.0 §2.3
velocity (km s~ 1)
vsinly....... Stellar rotational 146.03 £ 0.48 §4.2
velocity (km s—1)
Spec. Type ....  Spectral Type.......... A8V §4.2
Age........... Age (Gyr)..oovvvnenn 1.6 +0.1 83.3
[ Distance (pc).......... 415 £ 49 4
Im............. Parallax (mas) ........ 2.41 +0.28 4
Ay .o Visual extinction (mag) O.OOJ_F?)'_S?) 83.1
Ut .. Space motion (km s~ 1) 9.2+1.9 §3.4
Voo Space motion (km s~ 1) —-05+£1.1 83.4
W Space motion (km s~ 1) 89+1.9 §3.4

NOTES: * RV is defined on the IAU system.

U is positive in the direction of the Galactic Center. References are: 'Hgg
et al. (2000), 2Cutri et al. (2003), 3Cutri & et al. (2014),*Gaia
Collaboration et al. (2016) Gaia DRI (http://gea.esac.esa.int/archive/),
corrected for the position-dependent systematic offset found by Stassun &
Torres (2016).
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Figure 1. Discovery light curve for KELT-21b based on 6783 observations
from the KELT-North telescope. The data have been phase-folded on the
preliminary value for the period, 3.612782 days. The black points depict the
data, while the red points are the data binned on a 5-minute time scale.

After identification of the candidate transit signal in the
KELT-North photometry, we obtained follow-up transit pho-
tometry of this target using the KELT Follow-Up Network
(KFUN; Collins et al. in prep). The purpose of these obser-
vations was to first confirm the existence of a transit event for
this star, and then check that the transit shape was consistent
with that of a planet and that the transit was achromatic. We
describe the facilities and observations obtained briefly in the
following sections; KELT-21 passed all of these tests, and so
we then pursued spectroscopic observations to confirm the
planetary nature of the candidate (§2.3). We scheduled ob-
servations using a modified version of the TAPIR observation
planning software (Jensen 2013), and all observations were
reduced using the Astrolmage] package' (Collins & Kielkopf
2013; Collins et al. 2017).

We observed portions of seven transits of KELT-21b be-
tween 2014 Aug 7 and 2017 May 29 UT; two of these were
observed simultaneously in two different filters, for a total of
nine transit light curves. Details of these are listed in Table 2,
and the data are shown in Fig. 2.

2.2.1. Salerno University Observatory

We observed the transit of 2014 Aug 28 at the Salerno
University Observatory, located in Fisciano, Italy. At the
time of the observations it hosted a Celestron C14 telescope
(0.35 m aperture) on a German equatorial mount, with an
SBIG ST2000XM CCD and standard Bessell filters; the ob-
servations were conducted in the I band. The field of view
was 11°x14” with a plate scale of 0”59 pix—!.

2.2.2. Roberto Zambelli’s Observatory

We observed the ingress of the transit of 2014 Oct 25 at
Zambelli’s Robotic Observatory (ZRO) in Sarzana, Italy. We
used a Meade 12” (0.3048 m) /10 telescope with a focal re-
ducer giving a final value of {/6.3. The images were captured
using an SBIG ST8SXME CCD. The CCD has 1530 x 1020
pixels and a 23."52 x 15.”68 field of view, giving a plate scale

! http://www.astro.louisville.edu/software/astroimagej/

of 0792 pix~*. The observations were obtained in the V' band
with an exposure length of 200 seconds. Strong winds halted
the observations about an hour before mid-transit.

2.2.3. Canela’s Robotic Observatory

We observed a transit of KELT-21b on 2016 Jul 18 from
Canela’s Robotic Observatory (CROW) in Portalegre, Por-
tugal. Located at an altitude of 600 m, the observatory is
equipped with a Meade SCT 30 cm telescope with £/5.56 and
an SBIG ST-10XME CCD camera with a KAF3200ME de-
tector, giving a plate scale of 082 pix~!. We observed with
a Johnson V filter manufactured by Custom Scientific.

2.2.4. Kutztown University Observatory

We observed KELT-21 from the Kutztown University Ob-
servatory (KUO) for seven consecutive hours on 2016 Aug
24 in alternating V' and [ filters, covering the full ~ 4-hour
transit of KELT-21b and an additional 3 hours of pre-ingress
and post-egress baseline. A total of 332 images were col-
lected (166 in each band) with exposure times of 60 s each.
We used KUO’s 0.6 m f/8 Ritchey-Chrétien optical telescope
and an SBIG STXL-6303E CCD camera. The detector’s ar-
ray of 3072 x 2048 9 um pixels provides a 19.’5 x 13./0 field
of view, and with 2 x 2 binning, the effective plate scale is
0”76 pix—!. The CCD was kept at an operating temperature
of —25° C. KUO is located on the campus of Kutztown Uni-
versity in Kutztown, Pennsylvania, USA.

2.2.5. Westminster College Observatory

We observed a full transit of KELT-21b from the West-
minster College Observatory (WCO), Pennsylvania, USA, on
2016 Aug 24 UT in the r’ filter. The observations employed
a0.35m f/11 Celestron C14 Schmidt-Cassegrain telescope
and an SBIG STL-6303E CCD camera with a ~ 3k x 2k
array of 9 um pixels, yielding a 24’ x 16’ field of view and
1”744 pix~! plate scale at 3 x 3 pixel binning.

2.2.6. University of Louisville Manner Telescope

We observed a full transit of KELT-21b using the Uni-
versity of Louisville Manner Telescope (ULMT) located at
the Mt. Lemmon summit of Steward Observatory, Arizona,
USA, on 2017 May 29 UT. Exposures were taken in alter-
nating ¢ and ¢ filters yielding pseudo-simultaneous observa-
tions in the two bands. The observations employed a 0.6
m f/8 RC Optical Systems Ritchey-Chrétien telescope and
an SBIG STX-16803 CCD camera with a 4kx4k array of
9 um pixels, yielding a 26/6 x 266 field of view and 0”39
pix ! plate scale. These photometric observations were ob-
tained simultaneously with the spectroscopic observations
with LBT/PEPSI and TRES described below.

2.3. Spectroscopic Follow-up



Table 2. Photometric follow-up observations of KELT-21b

Observatory Location Aperture Plate scale Date Filter Exposure Detrending parameters®
(m) (” pix~1) (UT) Time (s)
SUO Fisciano Salerno, Italy 0.3556 0.59 2014 Aug28 [ 60 Airmass
ZRO Sarzana, Italy 0.3048 0.92 2014 Oct25 V 200 Airmass
CROW Portalegre, Portugal ~ 0.3048 0.82 2016 Jul 18V 120 Airmass, Meridian Flip
KUO PA, USA 0.6096 0.76 2016 Aug24 V 60 Airmass
KUO PA, USA 0.6096 0.76 2016 Aug24 [ 60 Airmass
WCO PA, USA 0.35 1.44 2016 Aug24 1’ 15 Airmass
ULMT AZ, USA 0.6096 0.39 2017May29 ¢ 50 Airmass
ULMT AZ, USA 0.6096 0.39 2017 May 29 4’ 100 Airmass

NOTES: “Photometric parameters allowed to vary in global fits and described in the text. Abbreviations: SUO: Salerno University Observatory; ZRO:
Zambelli’s Robotic Observatory; CROW: Canela’s Robotic Observatory; KUO: Kutztown Observatory, Kutztown University; WCO: Westminster College

Observatory; ULMT: University of Louisville-Manner Telescope.

As the photometric follow-up campaign confirmed the ex-
istence of transits for KELT-21 and showed that the tran-
sits were both achromatic and with a shape appropriate for
a transiting planet, we began spectroscopic follow-up obser-
vations. These consisted of three steps: first, reconnaissance
spectroscopy to measure the stellar parameters; second, low-
precision radial velocity (RV) observations to exclude large
radial velocity variations that would have indicated that the
transiting object was an M dwarf or a brown dwarf; and, fi-
nally, Doppler tomographic observations to confirm that the
transiting object transits the star KELT-21. In the following
sections we describe these observations.

2.3.1. TRES Spectra

We obtained 20 spectra of KELT-21 with the Tillinghast
Reflector Echelle Spectrograph (TRES; e.g., Fiirész 2008),
on the 1.5 m telescope at Fred Lawrence Whipple Observa-
tory, Mt. Hopkins, Arizona, USA. TRES is a fibre fed échelle
spectrograph with a spectral coverage of 3900-9100 A over
51 échelle orders, with a spectral resolving power of R =
44, 000. The spectra are recorded by a 2048 x 4608 CCD. We
obtained 11 of the observations to constrain the mass of the
planet, over the full range of out-of-transit phases, although
we excluded two of these which happened to be obtained in-
transit from the analysis. We also obtained nine spectra dur-
ing the transit on 2017 May 29 UT to measure the Doppler
tomographic signal of the transiting planet. These latter data
are described further in §4.1. Most of the observations had
an exposure time of 1800 seconds, but a few had lengths of
as short as 240 seconds or as long as 3000 seconds. The best
TRES spectra have a per-pixel signal-to-noise ratio of ~ 65
near 5200 A.

We reduced these data using version 2.55 of the TRES
pipeline, a custom pipeline written in IDL by L. Buchhave.
We analyzed the TRES spectra using two different methods,
one in order to measure the absolute radial velocity of KELT-

21, and another in order to measure the relative RVs of the
star to constrain the planetary mass.

In order to determine the absolute velocity of KELT-21, we
used only the six strongest out-of-transit TRES spectra. We
cross-correlated these with a rotating model template spec-
trum with parameters similar to that of KELT-21 (see §§3.2
and 4.2). The weighted average and standard deviation de-
rived from these six spectra (following Buchhave et al. 2010;
Quinn et al. 2012) is —12.4+1.0 km s~! on the TRES native
system; converting to the IAU velocity system, this gives an
absolute RV of —13.0 = 1.0 km s~! for KELT-21.

The relative radial velocities were obtained by fitting the
line broadening profiles of each spectrum. The line broad-
ening profiles are derived via a least-squared deconvolution
approach, as per Donati et al. (1997), against a non-rotating
synthetic template derived using the SPECTRUM? code with
the ATLAS9 atmosphere models (Castelli & Kurucz 2004),
over the wavelength range of 3900-6250 A. The broaden-
ing kernel is fitted with a function accounting for rotation,
macroturbulence, and instrumental broadening, and shifted
in velocity to match the observation. The uncertainties were
determined from the order-to-order velocity scatter, divided
by the square root of the number of orders used.

‘We show these data in Fig. 3, and list the RV measurements
in Table 3.

2.3.2. TS23 Spectra

We obtained 12 spectra of KELT-21 covering a wide range
of orbital phases using the 2.7 m Harlan J. Smith Telescope
at McDonald Observatory, Texas, USA, and its Robert G.
Tull coudé spectrograph (Tull et al. 1995). We conducted
these observations between 2016 Oct 25 and 2017 Jun 19
UT. Observing conditions ranged from clear to thin or scat-

2 http://www1.appstate.edu/dept/physics/spectrum/spectrum.html
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Figure 2. (Top) Transit light curves of KELT-21b from the KELT
Follow-Up Network. The red line represents the best fit model from
the global fit in that photometric band. Each light curve is offset
vertically by an arbitrary amount for clarity. (Bottom) All follow-up
transits combined into one light curve (grey) and a 5 minute binned
light curve (black). The red line is the combined and binned models
for each transit. We emphasize that the combined light curve is only
for display purposes; the individual transit light curves were used in
our analysis.

tered clouds, with seeing typically between 170 and 1”5 but
occasionally as poor as 270.

We used the spectrograph in its TS23 configuration, with
a 172x 82 slit providing a resolving power of R = 60,000
and coverage from 3570 Ato 10200 A; the spectral coverage
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Figure 3. (Top) The TS23 (black) and TRES (blue) RV measure-
ments of KELT-21 with the best-fit model shown in red. The sys-
temic radial velocity has been subtracted from each dataset. The
residuals to the fit are shown below. (Bottom) The RV measure-
ments phase-folded to the global fit-determined ephemeris. The pre-
dicted radial velocity Rossiter-McLaughlin signal is shown at 0.25
phase. The residuals are shown below.

0

is complete below 5691 A. A 2048 x 2048 Tektronix CCD
captures 58 spectral orders. Exposure times ranged from 120
to 1200 seconds, giving per-pixel signal-to-noise ratios as
high as 120 (more typically ~ 60) near 5500 A. We reduced
the spectra using standard IRAF tasks, and measured relative
radial velocities from the spectra using the same methodol-
ogy as we used for the TRES data. The resulting measure-
ments are shown in Fig. 3 and tabulated in Table 3.

2.3.3. PEPSI Spectra

We obtained high-resolution spectra of KELT-21 with
R = A\/AX = 120,000 with the Potsdam Echelle Polari-
metric and Spectroscopic Instrument (PEPSI; Strassmeier
et al. 2015) spectrograph at the 2x8.4 m Large Binocular
Telescope (LBT) on Mt. Graham, Arizona, USA. PEPSI
is a fiber-fed white-pupil échelle spectrograph with two
arms (blue and red optimized). We employed two of the
six cross dispersers (CDII and CDIV), which covered the
wavelength ranges 4265-4800A and 5441-6278 A simul-
taneously. The instrument is stabilized in a pressure- and
temperature-controlled chamber and is fed by three pairs of
octagonal fibers per LBT unit telescope (for overall perfor-
mance characterization we refer to Strassmeier et al. 2017).
For the present observations, we used the 200 um core fibers
and the five-slice image slicer to achieve the spectral reso-
lution of 120,000. The spectra are sampled with 4.2 pixels
per resolution element. The fiber core projection on the
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sky is 175. The spectrum is recorded by two 10.3kx10.3k
STA1600LN CCDs with 9 pm pixels.

The observations occurred on 2017 May 29 UT and lasted
for 4 hours, concluding when we had to close for sunrise.
We set the integration time to 1200 s. CCD read-out and
overhead sums to 90 s and enabled a sequence of 13 back-
to-back spectra. The target altitude was very low at the be-
ginning of the observing sequence with an airmass of ~ 2.1.
The sky was clear and seeing at the start of the sequence was
170 but deteriorated to 173 at the end of the sequence. Peak
signal-to-noise ratios were 140 and 100 per pixel in CDIV
and CD I, respectively.

Data reduction was done with the software package
SDS4PEPSI (“Spectroscopic Data Systems for PEPSI”),
based on Ilyin (2000) and described in more detail in Strass-
meier et al. (2017). It relies on adaptive selection of parame-
ters by using statistical inference and robust estimators. The
standard reduction steps include bias overscan detection and
subtraction, scattered light extraction from the inter-order
space and subtraction, definition of échelle orders, optimal
extraction of spectral orders, wavelength calibration, and a
self-consistent continuum fit to the full 2D image of extracted
orders. Our Doppler tomographic analysis of these spectra is
described in §4.1.

2.4. High Contrast AO Imaging

We obtained adaptive optics (AO) images of KELT-21 on
2017 June 12 UT using the NIRC2 instrument on Keck II,
Maunakea, Hawaii, USA. The observing conditions were ex-
cellent. KELT-21 was observed at an airmass of sec z = 1.07
with seeing estimated to be ~0/3. The narrow camera mode
was used to provide a plate scale of 9.942 + 0.05 mas pix L.
A three-point dither pattern was implemented to avoid the
noisy quadrant of the NIRC2 detector. A total of thirty
frames were recorded using position angle mode in the K
band; the sequence resulted in a total integration time of
thirty seconds. No off-axis sources were identified in raw
frames, so we did not obtain images in complementary fil-
ters. Later inspection of processed frames, however, revealed
two faint companions to the south of KELT-21 (top panel of
Fig. 4).

Standard AO imaging reduction methods were used to flat-
field the images, correct for bad pixels, and subtract the sky
background (Crepp et al. 2012). Upon noticing the com-
panions from the NIRC2 automated pipeline, we performed
several experiments to confirm their nature, including study-
ing how the signal-to-noise ratio improved with increasing
number of processed frames from different detector quad-
rants. We also carefully assessed image registration internal
to the pipeline to ensure that virtual copies of the primary star
or other effects were not creating multiple off-axis signals.
Finally, a contrast curve was generated to serve as a self-

Table 3. Radial Velocities of KELT-21

BIDTpB RV ORV Phase Instrument
(kms™!) (kms™')
2456902.88217 -8.88 1.31 020 TRES
2457642.705151 -9.87 0.50  0.98 TRES
2457642735427 -8.96 094  0.99 TRES
2457902.80358" -9.67 0.71 098 TRES
2457902.826147 -8.61 .36 0.99 TRES
2457902.848971 -10.26 228 099 TRES
2457902.871147 -10.80 1.00  1.00 TRES
2457902.89397" -11.51 0.62  0.00 TRES
2457902.916187 -11.03 0.62 0.0l TRES
2457902.938461 -12.27 091  0.02 TRES
2457902.96073" -11.17 0.61  0.02 TRES
2457903.94587 -11.25 0.75 030 TRES
2457905.81193 -11.11 075 0.8l TRES
2457910.86090 -10.84 0.58 0.21 TRES
2457913.82452 -10.52 053  0.03 TRES
2457914.86709 -9.77 0.53 032 TRES
2457915.95596 -11.01 0.50  0.62 TRES
2457916.89286 -10.86 0.50 0.88 TRES
2457917.95251 -11.23 121 0.17 TRES
2457919.91707 -10.92 052  0.72 TRES
2457686.57439 -9.75 1.62  0.13 TS23
2457686.71975 -10.86 093  0.17 TS23
2457687.58795 -9.83 0.81 041 TS23
2457732.56483 -9.48 1.60  0.86 TS23
2457734.59627 -10.45 0.68 042 TS23
2457735.58946 -10.71 123 0.69 TS23
2457736.57659 -15.99 1.96 097 TS23
2457919.93596 -10.01 278  0.72 TS23
2457920.92942 -10.71 148  1.00 TS23
2457921.91076 -10.59 1.27 027 TS23
2457922.93250 -9.49 1.89 055 TS23
2457923.91227 -10.44 1.86  0.82 TS23

NOTES: See Table 5 for the RV zero point values. We have assumed a
minimum uncertainty of 0.5 km s~ on the radial velocities measurements.
T: denotes that the observation takes place during transit and was excluded
from our RV analysis (although the spectra from BJD 2457902 were used
in our Doppler tomographic analysis: §4.1).
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consistency check for the detected companions’ flux levels
and limit the existence of other sources near KELT-21 (bot-
tom panel of Fig 4). In order to construct the contrast curve,
we divide the image into a grid with a cell size set to the
FWHM of the PSF, and calculate the RMS over each 3 x 3 set
of cells. The contrast curve denotes the S0 median-combined
RMS value azimuthally averaged over the 3 x 3 cells centered
at a given radial separation from KELT-21. The companions
are more than a magnitude above the contrast curve, indi-
cating that their detection is secure, and we do not detect
any other sources of comparable or greater brightness near
KELT-21.

Although well-separated from the primary star by just over
an arcsecond, the two sources themselves have compara-
ble flux and are only marginally spatially resolved. Utiliz-
ing brute-force modeling of the companions as a combined
source using aperture photometry, we find a combined mag-
nitude difference of AK; = 6.39 &+ 0.06 compared to the
primary star. We then employed Markov Chain Monte Carlo
(MCMC) methods to compute the relative brightness and as-
trometric positions of the closely separated binary pair. To
disentangle the contribution of each source, we use the tech-
nique described in Bechter et al. (2014) to self-consistently
fit the AO data. Specifically, we model the core and halo
of each source using a modified Moffat function that in-
cludes nuisance parameters such as the residual sky back-
ground pedestal. After numerically identifying the multi-
dimensional parameter space global minimum, we ran 1 mil-
lion iterations to generate posterior distributions that quantify
the relative position and brightness of the putative compan-
ions and their uncertainties. Results are shown in Table 4.
We will consider the candidate companions in more detail in
85.2.

3. HOST STAR CHARACTERIZATION
3.1. SED Analysis

We followed the approach of previous KELT discoveries
and fitted the broadband spectral energy distribution (SED)
of KELT-21 using a Kurucz (1992) atmosphere model. We
adopted the broadband fluxes from the available all-sky pho-
tometric catalogs, in particular By and Vp from Tycho-2,
JH Kg from 2MASS, and WISE1-3 from AIIWISE. We also
adopted the Gaia DRI parallax, 7 = 2.41 + 0.28 mas, cor-
rected for the systematic offset determined by Stassun & Tor-
res (2016). These data are listed in Table 1. The free parame-
ters of the fit were T,g and the extinction, Ay, limited by the
maximum line-of-sight Ay from the Schlegel et al. (1998)
dust maps. Since log g, and [Fe/H] are of secondary impor-
tance to the SED, we assumed a main-sequence log g, = 4
and solar metallicity. We neglected the presence of the can-
didate companions discussed in §2.4 as they are much fainter

N KELT-21
NIRC2, K =
2017-06-12 UT
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Figure 4. Top: Keck NIRC2 AO image of the KELT-21 system, showing
the primary star and the two faint companions B and C. Middle: zoom-in on
the companions B and C. Bottom: contrast curve for these observations.
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Table 4. Properties of the Likely Companions KELT-21 B and C

Parameter Description (Units) Value
KELT-21 B

PAB Separation (mas) 1261 £ 12
PAsg Position Angle (°, east of north) 185.3 0.1
AK Contrast (mag) 7.00 £ 0.06
G1,AB Projected Separation (AU) 523 £ 62
Mg Estimated Mass ( M) 0.1379:%2
KELT-21 C

PAC Separation (mas) 1214 + 14
PAac Position Angle (°, east of north) 186.6 & 0.1
AK, Contrast (mag) 7.30 £ 0.06
al,Ac Projected Separation (AU) 504 £+ 60
Mc Estimated Mass ( M) 0.11 £0.01
KELT-21 BC

PBC Separation (mas) 55 £ 16
PAgc Position Angle (°, east of north) 324 4+ 10
AK, Contrast (mag) 0.30 +0.08
al1,BC Projected Separation (AU) 2294+ 7.1

Note: all parameters are quoted at the epoch of the observations, 2017 Jun
12 UT. Subscripts AB, AC, and BC refer to mutual parameters between
stars A (the planet host star KELT-21) and B, A and C, and B and C,
respectively. The physical parameters of KELT-21 B and C are calculated
assuming that they are physically associated with KELT-21; see §5.2. The
quoted uncertainties on these parameters are calculated given the formal
uncertainties on the parameters of KELT-21 and the photometric
measurements but neglect sources of systematics such as uncertainties in
stellar isochrones.

than KELT-21 (combined AKg = 6.39+0.06) and so should
have a negligible effect on the SED.

The best-fit SED, has X12, = 4.2 for 5 degrees of freedom.
The best-fit parameters are Tog = 80001320° K and Ay =
0.007033. Integrating the SED gives an extinction-corrected
bolometric flux at Earth of Fi,o; = 1.617075 x 10° ergs s—*

cm™2.

3.2. Spectroscopic Analysis

We determined the properties of KELT-21 using The
Payne, a newly developed approach for determining stellar
parameters from simultaneously fitting the observed spec-
trum and spectral energy distribution self-consistently with
ab initio models. The basic framework of The Payne algo-
rithm is given in Ting et al. (2016) and Rix et al. (2016), and
full details of the code will be given in Cargile et al. (in prep).

Using The Payne, we model five of the individual TRES
spectra of KELT-21. In the inference, we fit a wavelength re-
gion of ~200 A around the Mg 1 (Mg b) triplet at ~5200 A,
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Figure 5. Spectral energy distribution of KELT-21. The purple line shows
the best-fit model from The Payne and 50 random draws from the posteriors
(only visible as a finite width to the line), and the black points show the
literature photometry used. The error bars on each point represent the width
of each photometric band.

and all available photometry from the Tycho-2, 2MASS, and
AIIWISE catalogs (Table 1); we did not use the AUWISE W4
band as there is only a limit available in W 4. For each TRES
spectrum, we infer the most probable Teg, log g., [Fe/H],
[a/Fe], radial velocity, intrinsic stellar broadening, instru-
mental broadening profile, stellar radius, distance, and ex-
tinction in the V band (Ay). We apply priors on the known
instrumental profile for the TRES instrument (R = 44, 000),
the Gaia DRI parallax distance (IT = 2.41 £ 0.28 mas), and
the surface gravity inferred from the planetary transit model
(log g.=4.16+£0.1; see §4.2).

In order to determine the overall best-fit stellar parameters
for KELT-21, we take the median and standard deviation of
the results from the modeling of the five individual spectra.
We note that the standard deviation of the five TRES spectra
is very similar to the measurement errors on the most proba-
ble fit for the individual spectra, suggesting that it is a good
representation of the formal measurement uncertainties from
The Payne. We show the best-fit SED in Fig. 5.

Our analysis with The Payne produced stellar param-
eters of Tes=7587 + 82 K, [Fe/H]=—0.410 £+ 0.032,
[a/Fe]=0.145 + 0.053, and vsin I,= 144.3 + 1.2 km s~ 1.
The uncertainties on our metallicity and «-enhancement
measurements are small, which is somewhat surprising given
the difficulty of spectral analysis for hot, rapidly rotating stars
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Figure 6. A section of one TRES spectrum of KELT-21, showing the data
in black, the best-fit model from The Payne (with [Fe/H]=—0.41040.032,
[a/Fe]=0.145 4+ 0.053) in red, and a model with the same stellar parameters
except [Fe/H]=0.0, [/Fe]=0.0 in blue. It is visually apparent that the low-
metallicity, a-enhanced model is a better fit to the data—the solar-metallicity
model generally overpredicts the line depths—and so we conclude that the
low metallicity of KELT-21 is robust despite the rapid stellar rotation.

like KELT-21. Nonetheless, we argue the sub-solar metal-
licity is robust. In Fig. 6 we show part of one of our TRES
spectra, along with the best-fit model and a model with solar
metallicity. The solar-metallicity model consistently over-
predicts the depths of the spectral lines. Additionally, solu-
tions with [Fe/H]=0, [a/Fe]=0 have posterior probabilities
of ~ 1078 — 10710 (as do solutions with either [Fe/H]=0
or [a/Fe]=0 individually) in most of our fits with The Payne.
We thus conclude that KELT-21 is indeed metal-poor, which
is unusual for relatively young (< 2 Gyr), hot stars; we ex-
plore the implications of this measurement in more detail
in §5.3. Additionally, the Tog value found here is 1.60 dis-
crepant from that found in our SED analysis in §3.1. This
is likely due to the fact that our SED-only analysis assumed
[Fe/H]= 0, which is not the case; our analysis with The
Payne provides an equally good fit to the literature photom-
etry, and so we proceed using these stellar parameters. The
Payne value of v sin I,.is mostly consistent (1.3¢ difference)
with that measured independently from the PEPSI spectra
(6§4.2).

A Teg of 7587 K corresponds to a spectral type of A8,
per the T.g-spectral type calibration of Pecaut & Mamajek
(2013), while the surface gravity value of log g.=4.17315-01¢
from the global fit (§4.2) indicates that KELT-21 is on the
main sequence. We therefore find a spectral type of A8V for
KELT-21; this is one of only a handful of A stars known to
host a transiting planet.

3.3. Evolutionary Analysis

In Fig. 7 we show KELT-21 in the T.g-log g.plane, i.e., the
Kiel diagram, along with a Yonsei-Yale (YY; Demarque et al.
2004) evolutionary track for the mass and [Fe/H] of KELT-
21. The evolutionary track implies an age of ~ 1.6 £0.1 Gyr
for KELT-21. KELT-21 will start evolving off the main se-
quence within the next few hundred million years, and within
~ 1 Gyr it will begin ascending the red giant branch.

3.0
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3.6}

log g [cgs]

40F
42p 2*®
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Figure 7. The location of KELT-21 in the Kiel diagram. The best-fit
Teg and log g. from the global model fit is shown as the red point,
while the gray swath shows a Yonsei-Yale evolutionary track for a
star with the best-fit values of M, and [Fe/H]; the locations on the
best-fit model corresponding to several values of the stellar age are
shown as the blue points, with ages quoted in Gyr.

3.4. UVW Space Motion and Galactic Location

In order to put the KELT-21 system into a broader Galactic
context, we calculated its three-dimensional Galactic space
motion (U, V, W). We obtained the proper motion and par-
allax of KELT-21 from Gaia DR1 (Gaia Collaboration et al.
2016), and corrected the parallax for systematic biases per
the formulation of Stassun & Torres (2016). We also used
the absolute radial velocity of the system on the IAU scale
as determined from our TRES spectra (§2.3.1). All of these
parameters are listed in Table 1.

We calculated the Galactic space motion using the IDL
routine GAL_UVW>, which is based upon the methodology of
Johnson & Soderblom (1987), and we used the value of the
Solar velocity with respect to the local standard of rest found
by Coskunoglu et al. (2011). We find that KELT-21 has a
space motion of (U,V,W)=(9.2+1.9, —0.5£1.1,8.9£1.9)
km s—1; we use the coordinate system such that the Galactic
center is in the direction of positive U. Using the criteria of
Bensby et al. (2003), this corresponds to a 99.4% probability
that KELT-21 is a member of the Milky Way’s thin disk. This
is expected given the relatively high mass, and therefore rel-
atively low age, of KELT-21. We note that the Bensby et al.
(2003) criteria are not strictly applicable to KELT-21, as they
were derived for the solar neighborhood and KELT-21 is lo-
cated at a distance of 0.4 kpc. KELT-21 is located close to
the solar circle, however (as [ = 71.4814°, b = —1.9865°),
suggesting that the Bensby et al. (2003) criteria are likely not

3 https://idlastro.gsfc.nasa.gov/ftp/pro/astro/gal_uvw.pro
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unreasonable. Indeed, our integration of the orbit of KELT-
21 (§5.3) confirms its thin-disk kinematics.

Given that KELT-21 is located very close to the Galac-
tic plane, significant extinction and reddening might be ex-
pected. The Pan-STARRS 1 dust map* (Green et al. 2015)
predicts a reddening of E(B — V) = 0.0970 03 at the dis-
tance and position of KELT-21, although this is close enough
that there are not enough stars for the dust map to be fully
reliable. Using a standard value of Ry = 3.1, this corre-
sponds to an expected extinction of Ay = 0.2870 0, which
is consistent to within 1o with the value of Ay = 0.0070 52
found in our SED analysis (§3.1). The PEPSI spectra also
show significant interstellar absorption with a complex ve-
locity structure in the Na I D lines, as is expected for a star in
this direction and distance.

4. PLANET CHARACTERIZATION
4.1. Doppler tomographic characterization

We analyzed the PEPSI and in-transit TRES data using
Doppler tomographic methodology. When a planet transits
a rotating star, the obscured regions of the stellar disk do not
contribute to the formation of the rotationally-broadened stel-
lar absorption line profile. The subtracted light results in a
perturbation to the line profile at velocities corresponding to
the radial velocities of the obscured surface elements. This
is known as the Rossiter-McLaughlin effect (Rossiter 1924;
McLaughlin 1924). For slowly-rotating stars, this is typi-
cally interpreted as an anomalous radial velocity shift during
the transit due to the changing line centroids (e.g., Triaud
et al. 2010). For sufficiently rapid rotation and/or sufficiently
high spectral resolution, however, we can spectroscopically
resolve the rotationally-broadened line profile and the line
profile perturbation. This is Doppler tomography (e.g., Col-
lier Cameron et al. 2010; Johnson et al. 2014). Detection of
the line profile perturbation confirms that the planet candi-
date does indeed transit the target rapidly rotating star. Fur-
thermore, the motion of the line profile perturbation across
the line profile during the transit is diagnostic of the spin-
orbit misalignment A\, which is the angle between the stellar
spin and planetary orbital angular momentum vectors pro-
jected onto the plane of the sky.

Our procedure to extract the time series line profiles from
the PEPSI data is essentially the same as used by Johnson
et al. (2014, 2015, 2017). In short, we use least squares de-
convolution (Donati et al. 1997) to extract the average line
profile from each spectrum. We use a line mask with initial
guesses for the line depths taken from a Vienna Atomic Line
Database (VALD; Ryabchikova et al. 2015) stellar model
with the stellar parameters of KELT-21; best-fit line depths

4 http://argonaut.skymaps.info/

are then found using the stacked PEPSI spectra before the
final line profiles are extracted.

One modification from earlier methodology is necessary
because of the narrower bandwidth of PEPSI with respect to
the spectrographs used by Johnson et al. (2014, 2015, 2017).
A significant fraction of the PEPSI blue arm spectrum is oc-
cupied by the H~ line and its wings. Rather than entirely
excluding this region of the spectrum, as was done in the
vicinity of strong lines by Johnson et al. (2014, 2015, 2017),
we instead subtract off a model of the Hv line profile from
Kurucz (1979)°. The PEPSI red arm spectrum has very few
lines strong enough to use for the Doppler tomographic anal-
ysis; we only utilize a few lines blueward of 5680 A, while
the Na I D lines are not usable as they suffer from strong in-
terstellar contamination. We show the extracted time series
line profile residuals, displaying the planetary transit, in the
top left panel of Fig. 8.

For the TRES Doppler tomographic observations, we cal-
culate a line broadening kernel from each transit spectrum as
per the least-squares deconvolution process described in Sec-
tion 2.3.1. To detect the tomographic shadow of the transiting
planet, we subtract the out-of-transit broadening kernel from
the in-transit kernels (Collier Cameron et al. 2010; Zhou et al.
2016a). The residuals, showing the transit signal, are shown
in the upper right panel of Fig 8.

By inspection it is apparent that the planetary orbit is pro-
grade and well-aligned, as the line profile perturbation moves
from the blueshifted to the redshifted limb during the course
of the transit, and spans nearly the full velocity range of
+wvsin .. Our global fit (§4.2) confirms this qualitative as-
sessment: we obtain A = —5.6i}'_§0. The implications of
this measurement are discussed in §5.1 and §5.2.3.

4.2. EXOFAST Global Fit

To measure the system parameters for KELT-21, we si-
multaneously fit all photometric and spectroscopic (including
Doppler tomographic) data using a heavily modified version
of EXOFAST (Eastman et al. 2013). To determine the radius
and mass of KELT-21, we use the YY stellar evolutionary
tracks (Demarque et al. 2004) or the Torres empirical rela-
tions (Torres et al. 2010). We conduct two separate global
fits (Y'Y and Torres) with the eccentricity of the planet’s orbit
set to zero. We assume a circular orbit as our radial veloc-
ity measurements are unable to measure the planetary mass,
let alone provide meaningful constraints on the orbital eccen-
tricity, and hot Jupiters also typically have circular or nearly
circular orbits due to strong tidal damping. For a detailed
description of the global modeling process, see Siverd et al.
(2012). We use the SED + spectroscopic fit determined T,g
of 7587 + 82 K and [Fe/H] of —0.410 =+ 0.032 (§3.2) as

5 As tabulated at http://kurucz.harvard.edu/grids/gridm01/bm01k2.datcd
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Figure 8. The Doppler tomographic data for KELT-21. The PEPSI observations are shown in the left column, and the TRES observations in the right column.
The top row shows the data, the middle row the best-fit model of the line profile perturbation due to the transit, and the bottom row the residuals after subtraction
of the best-fit model. In all panels time increases from bottom to top, and each colorscale row shows the deviation of the line profile at that time from the average
line profile. The transit is the bright streak moving from lower left to upper right. Vertical lines mark the center of the line profile at v = 0 and the edges at
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v = Fwvsin I, a horizontal line shows the time of mid-transit, and the four small crosses depict the times of first through fourth contacts. The data have been
binned down by a factor of 4 in the velocity axis as compared to the raw data for display purposes to better show the transit; the full-resolution data were used in
the global fits. All panels showing data use the same color-scale range for better comparison; all pixels outside this range have been set to these extreme values.

a prior. From an analysis of the KELT-North light curve,
we add a prior on the period and transit center time. We
also included priors of vsin I,= 146.0 £ 0.5 km s~! and
a width of a Gaussian non-rotating line profile of 5.2 + 0.8
km s~! derived from a preliminary fit to the PEPSI line pro-
files (§4.1) using the line profile model described in Johnson
et al. (2014).

After the global fit (both YY and Torres) we measure an
independent ephemeris from a linear fit of the determined
transit center times for each follow up light curve. We then
reran both fits using this new 7. and Period and their uncer-
tainties as priors to obtain the final results. We do not include
the KELT-North light curve in any of the global fits due to
difficult-to-quantify blending. We also place a prior on R, of
1.53+0.43 R using the Gaia parallax (See Table 1) and the
measured bolometric flux from our SED analysis (§3.1). We
adopt the YY fit for the discussion of the KELT-21 system.
See Tables 5 and 6 for the results of both global fits.

We neglected any contribution of the candidate compan-
ions described in §2.4 to the photometric data or the spec-
tra. Based upon the AKg contrast values from the AO data
and assuming physical association of the companions with
KELT-21 (see §5.2), we estimate flux ratios between the ex-
oplanet host star and the combined light of the companions
of 1.5 x 10~% in the V band and 3.3 x 10~* in the I band.
Not accounting for this flux would cause a systematic under-
estimate in the transit depth much less than the uncertainty

due to photometric noise, and so we can safely neglect this
contaminating flux. We also note that this implies that the
companions are too faint to cause the transit signal if one of
them were to be an eclipsing binary (a possibility which is
also excluded by our detection of the Doppler tomographic
transit signal).

4.3. Transit Timing Variation Analysis

Using the fiducial global model determined transit center
times (see Table 7), we searched for transit timing varia-
tions in the KELT-21 system. We ensure that all follow-up
lightcurves are using BIDtpp time stamps (Eastman et al.
2010). Additionally, all follow-up members synchronize
their telescope control computers to a standard clock prior
to observing. This is typically done periodically through-
out an observing night. We perform a linear fit to the deter-
mined transit mid times, obtaining a linear ephemeris of Ty
=2457382.640727 £ 0.00041 (BJDrpp) and P =3.6127628
+ 0.0000038 days, with x2 = 27.2 and 6 degrees of freedom.
Although several of the data points lie more than 1o from
the zero O — C' line, two of the greatest outliers are the ob-
servations from SUO (large scatter) and ZRO (ingress only)
which we would expect to have lower timing precision. Fur-
thermore, the WCO observations are of the same transit as
that observed by KUO, which show no deviations from the
linear ephemeris. These deviations are likely due to the sys-
tematics inherent to ground-based transit timing observations
(Carter & Winn 2009). We thus find no conclusive evidence
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Table 5. Median values and 68% confidence interval for the physical and orbital parameters of the KELT-21 system

Parameter Description (Units) Adopted Value Value
(YY circular) (Torres circular)

Stellar Parameters
Moo Mass (ME) «eevneennanaiiiaiiannns 1.45870-9%9 1.52619-970
Ru oo Radits (R©) . vovevenaneeenanininnns 1.638 + 0.034 1.663 % 0.041
Ly i, Luminosity (L@) -....ovveeenann.s. 8.0310-23 8.281058
Poeeeeneaiia DEnSity (C8S) .+ cvveeerrneenaenenss 0.4681992% 0.46879:92%
108 G v v Surface gravity (Cg8) .. .................. 417379018 4.180 £ 0.016
A Effective temperature (K)................ 7598f§}k 76001@}1
[Fe/H].......ooenes Metallicity ............................ —0.405795-052 —0.405 + 0.032
vsinly. .o, Rotational velocity (kms™ 1) ........... 146.03 + 0.48 146.03J:g'_§3
A Spin-orbit alignment (degrees) ........... 75.6t}'_g 75.6'_*' i'_;
NRVelW........... Non-rotating line width (km sThy. ... 5.17 +0.48 5.09 +0.74

Planet Parameters
P Period (days) .. ........oeeveeneenean... 3.6127647 + 0.0000033 3.6127647 + 0.0000033
Qe Semi-major axis (AU).................... 0.05224%0-0003° 0.0530410-000%0
Mp .o Mass (M) . oueeneeeenaieaianens. (< 3.91) (< 4.07)
Rp.ooiiiiii, Radius (Ry)...ooveeeeeiianennnn 1.586100%9 1.610 £ 0.045
PP oo Density (CZS) .« eevrnneerninaeennns (< 1.24) (< 1.23)
10 gP . vevvinaennnnn. Surface gravity ........ooiiiiiiiiiii. (< 3.59) (< 3.59)
Togeenenananaannnn Equilibrium temperature (K)............. 2051739 2051 + 29
Ot Safronov numMber .............oeoeuin.. 0.004819-025 0.005019-02¢
(FY oo, Incident flux (10%erg s~ lem™2)....... 4.0140.23 4.0279:2%

T oo Time of inferior conjunction (BJDTpg )..
Koo RV semi-amplitude (m/s)................
Mpsini............. Minimum mass ( My).............oo....
Mp/My ..ccooo.... MasS Tatio .. ..o
U e RM linear limb darkening

YMcDonald ««-«ovve- kms ™

+0.00041
2457295.9343410-00041 2457295.93435 + 0.00042

(< 399.6) (< 406.3)
(< 3.91) (< 4.07)
(< 0.0025) (< 0.0026)
0.5413+009%8 0.5412+5 0938
—10.50 + 0.36 —10.5119-57
-10.72751% —10.71 £ 0.18

Linear Ephemeris from Follow-up Transits

Proans coeeeeeeeanen. Period (days)

Linear ephemeris from transits (BIDTpp ) 2457382.640727 4 0.00041

3.6127628 + 0.0000038

NOTES

30 limits are reported for KELT-21b’s mass and parameters dependent on the planetary mass, and are shown in red. The gamma velocity reported here uses an
arbitrary zero point for the multi-order relative velocities. Uncertainties are based strictly on formal uncertaintes on the input data and do not take into account
systematic effects. The quoted stellar parameters are for the planet host star KELT-21.

for any astrophysical TTVs in our data and adopt this as the
best ephemeris for predicting future transit times.

4.4. Tidal Evolution and Insolation History

Using the POET code (Penev et al. 2014), we followed the
past and future tidal orbital evolution of the KELT-21 system
under the constant phase lag (constant tidal quality factor) as-
sumption. We incorporated the evolution of the stellar radius
and luminosity, and followed the transfer of angular momen-
tum from the star to the orbit. Note that in this case, the mini-
mum equatorial velocity of the star (i.e., v sin I,.) implies that
the star is spinning super-synchronously; given the stellar ra-

dius and v sin I, found in §4.2, P, < 0.57 days, compared
to P = 3.61 days for the planet. Thus tidal dissipation causes
the planet to move outward and the star to spin down. Calcu-
lations were performed with three different assumptions for
the modified tidal quality factor of KELT-21: Q' = 105-03,
107, and 10® to demonstrate the range of plausible evolu-
tions. The value of @, = 10%°3 was chosen as any smaller
value of )/, would require the planet to be inside the star at an
age of 200 Myr. While tidal quality factors > 107 are plausi-
ble, especially for “hot” stars like KELT-21, the orbital evo-
lution on the main sequence is already small for Q. = 107,
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Table 6. Median values and 68% confidence intervals for the physical and orbital parameters for the KELT-21 System

Parameter Description (Units)

Adopted Value
(YY circular)

Value

(Torres circular)

Primary Transit

15

NOTES

Rp/Ru...... Radius of the planet in stellar radii....  0.0995219-00071 0.0995119-00070
a/Re......... Semi-major axis in stellar radii . . ... .. 64864:8:%?2’ 6.86f3'&3
B Inclination (degrees) ................ 86.46J:g‘gi 86.46t8:gi
boviiiiiii. Impact parameter................... O.423f8‘_8§3 0.4231“3'_823
S Transit depth ....................... 0.00990 = 0.00014 0.00990 =+ 0.00014
TFWHM - .- FWHM duration (days).............. 0.15242710-00062 0.15241710-00062
T Ingress/egress duration (days). . 0.01864 =+ 0.00076 0.0186319-00076
Tia.eeennnn. Total duration (days) ................ 0.1710610 09093 0.17104750005%
Pr........... A priori non-grazing transit probability 0.131370-0052 0.1313 % 0.0023
PrG......... A priori transit probability ... 0.160319-6028 0.1603 =+ 0.0029
UL oo Linear Limb-darkening . ........... 0.148610-612 0.1487+9-0L%
UDT eveenannns Quadratic Limb-darkening......... 0.3067f8:8?29 0.3065fg'.3?€2’8
U1Sloang--- - - Linear Limb-darkening............ O.3475f3:ggig 0.34724:81332‘3
UsSloang----- Quadratic Limb-darkening. ... 0.3442786012 0.344475:0013
UlSloani----- Linear Limb-darkening............. 0.166219613 . 0.166373012
U2SToani -« - Quadratic Limb-darkening 0431234:2:8130 O.3122f3:8?29
ULSloans----- Linear Limb-darkening............ 0.22774:8'8(1)%5 0.22774:3:856
USToans .- Quadratic Limb-darkening.. .. ... ... 0.3370103-5079 0.336979-9079
ULV ceeeennns Linear Limb-darkening............ 0.200179:911 0.290079-011
UV wernnnn Quadratic Limb-darkening........... 0.336510005% 0.336575-5053
Secondary Eclipse
Ts oo Predicted time of eclipse (BIDTpp ). 2457294.1279670 09091 2457294.12796 £ 0.00042

Uncertainties are based strictly on formal uncertaintes on the input data and do not take into account systematic effects.

Table 7. Transit times from KELT-21b Photometric Observations.

Epoch Tc OTe O-C O-C  Telescope
(BJDrpB ) (s) (s) (o1)
-134  2456898.527802 169 -233.74 -1.38 SUO
-118  2456956.337374 91 22994  2.50 ZRO
57 2457588.567597 67  -52.87 -0.79 CROW
67 2457624.696694 69 74.02  1.07 KUO
67 2457624.695694 72 -1238 -0.17 KUO
67 2457624.693194 60 -228.38 -3.80 WCO
144 2457902.879452 67 7571  1.13  ULMT
144 2457902.879181 45 5230 1.16 ULMT

Epochs are given in orbital periods relative to the value of the inferior
conjunction time from the global fit.

and differences in orbital evolution for Q. = 107 and 108 are

thus minimal.

We show the evolution of the semi-major axis of KELT-
21b in the top panel Fig. 10, and of the stellar insolation

aLg oo i
T 2 ;
E OO0 weo e e E
O -2- E
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Figure 9. The transit time residuals for KELT-21b using the inferior
conjunction time from the global fit to define the epoch. The data
are listed in Table 7.

received by KELT-21b in the bottom panel. The changes
in semi-major axis and insolation are small for Q’ > 107.
For Q". = 10593 the evolution is more rapid and KELT-21b
would have needed to begin its life at the stellar surface, and
so the actual value of Q’, is likely to be larger than 10°%-03,
Since we used the 30 upper mass limit of 3.91 Mj for these
calculations, the value of Q)’, could be smaller if the planetary
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Figure 10. Predicted evolution of the semi-major axis of (top) and stellar
insolation experienced by (bottom) KELT-21b under the influence of stellar
tides. Teal, magenta, and dark yellow lines depict the evolution assuming a
stellar tidal quality factor of Q’, = 10%-93, 107 and 108, respectively.

mass is smaller, and the orbital evolution would be smaller
for lower planetary mass at fixed @Q’,. Regardless of the value
of Q' larger changes will begin occurring in a few hundred
million years, when KELT-21 begins evolving off of the main
sequence.

5. DISCUSSION
5.1. Spin-Orbit Misalignment

With our Doppler tomographic observations we measured
the spin-orbit misalignment, \, obtaining A\ = —5.67}7°.
This, however, is not the true obliquity of the planetary orbit,
but rather this value projected onto the plane of the sky. The
full three-dimensional spin-orbit misalignment v is a more
physically meaningful quantity than A, but its calculation re-
quires knowledge of not only A and the planetary orbital in-
clination 7, but also the inclination of the stellar rotation axis
I.. The first two of these are straightforward to measure; the

latter is not, and we cannot measure this quantity for KELT-
21 using our existing data.

We can, however, set limits upon ¢ by making reasonable
assumptions to limit I, as we did in Siverd et al. (2017)
and Lund et al. (2017). We follow Iorio (2011) by assum-
ing that KELT-21 must be rotating at less than the break-
up velocity, which must limit 7, since the equatorial ve-
locity is veq = vsin I./sinI,. Doing so with our best-fit
values for the system parameters, we obtain a break-up ve-
locity of Veqmax = 232.5 & 3.3 km s~1, stellar inclina-
tion of 38.2° < I, < 141.8°, and true orbital obliquity of
3.7° < 1 < 55.9°, the latter two ranges at 1o confidence.
While KELT-21b certainly has a prograde orbit, we cannot
exclude the possibility that it is significantly misaligned with
respect to the stellar rotation despite the alignment along the
line of sight.

In Fig. 11 we show the spin-orbit misalignments of all hot
Jupiters for which this has been measured, along with KELT-
21b. KELT-21 is well above the Kraft break, where hot
Jupiters tend to have a wide range of misalignments (Winn
et al. 2010). Although its well-aligned orbit is somewhat un-
usual in this context, some other hot Jupiters around hot stars
are also aligned, such as KELT-7b (Zhou et al. 2016a) and
KELT-20b/MASCARA-2b (Lund et al. 2017; Talens et al.
2017b). Even for an isotropic distribution of misalignments,
some systems should be aligned by chance. Indeed, it is per-
haps unsurprising that KELT-21, as the most rapidly rotating
hot Jupiter host star known to date (bottom panel of Fig. 11),
possesses an apparently well-aligned planet. In order for an
aligned planet to transit, its host star must have I, ~ 90°, and
so on average the v sin I, values for aligned planets should be
higher than those for misaligned planets (e.g., Schlaufman
2010; Winn et al. 2017).

The aligned orbit of KELT-21b suggests that it could have
migrated to its current position through its protoplanetary
disk, and that a dynamically hot migration mechanism, like
planet-planet scattering (e.g., Lin et al. 1996) or the Kozai-
Lidov mechanism (e.g., Fabrycky & Tremaine 2007; Naoz
et al. 2012), is not required to explain KELT-21b. The value
of [Fe/H]= —0.40575-032 that we have found is also inter-
esting in the context of planet migration. Dawson & Murray-
Clay (2013) found that hot and warm Jupiters orbiting lower-
metallicity ([Fe/H]< 0) stars typically have lower orbital ec-
centricities than those around higher-metallicity stars, and at-
tributed this to disk migration for lower-metallicity stars and
planet-planet scattering for higher-metallicity stars, which
due to the planet-metallicity correlation (e.g., Fischer &
Valenti 2005) should form more giant planets. Planet-planet
scattering should result in misaligned orbits, while disk mi-
gration should produce aligned orbits. That KELT-21, with
[Fe/H]< 0, has an aligned planet, could fit into this picture.
On the other hand, the presence of possible stellar compan-
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ions (§2.4) suggests that the Kozai-Lidov mechanism could
still be responsible for the migration of KELT-21b; we dis-
cuss this possibility in more detail in §5.2.3.

5.2. KELT-21 as a Hierarchical Triple System
5.2.1. Are the Companions Bound?

Candidate stellar companions discovered through high-
resolution imaging are typically confirmed to be bound to
the primary star through detection of common proper motion
(e.g., Ngo et al. 2016). Alternately, if only a single epoch of
photometry is available, multi-color photometry can be used
to check that the secondary is consistent with being at the
same distance as the primary (e.g., Evans et al. 2016). Fi-
nally, spectra can be used to determine whether the compan-
ion shares the systemic velocity of the primary (e.g., Siverd
etal. 2017). We, however, have only a single epoch of single-
color photometry of the candidate companions found in §2.4,
and the candidate companions are too faint to be detected in
our spectra. We cannot apply any of these methods to con-
firm or assess whether the companions are bound.

Instead, we follow a similar methodology to Oberst et al.
(2017), who used source counts from 2MASS to argue that
the probability of a chance alignment between KELT-16 with
a star at least as bright as their candidate companion was
small. The companions to KELT-21, however, are more than
two magnitudes fainter in Kg than the companion to KELT-
16, and are below the 2MASS completeness limit. We there-
fore used the same method as Oberst et al. (2017), but using
star counts from a Galactic model rather than from actual
data.

We generated Galactic models for the KELT-21 field using
the v1.6 of the TRILEGAL code® (Girardi et al. 2005) and
with the Besancon code’ (Robin et al. 2003). We generated a
model for a one square degree field centered on the location
of KELT-21 (I = 71.4814°, b = —1.9865°). For TRILE-
GAL we used the extinction from the Schlafly & Finkbeiner
(2011) reddening maps at this location®; for the Besancon
model we used the dust map of Marshall et al. (2006). We
assumed a binary fraction of 0.33 and flat mass ratio distri-
bution between 0.2 and 1.0, after Raghavan et al. (2010), and
otherwise used the default TRILEGAL and Besancon param-
eters. We neglect the contribution of background galaxies as
their source density is much smaller than that of stars near the
Galactic plane. The source density of galaxies with K < 17
is O(10%) deg=? (e.g., Smith et al. 2009), while both TRILE-
GAL and Besangon predict a stellar source density of O(10°)
deg~2 in the same magnitude range. We counted the number
of model sources brighter than the combined Kg magnitude

6 http://stev.oapd.inaf.it/cgi-bin/trilegal 1.6
7 http://model2016.0bs-besancon. fr/
8 https://irsa.ipac.caltech.edu/applications/DUST/

of the companions (Ks = 16.47), and approximated the
probability of a chance superposition as this total times the
fraction of the 1 square degree model area that is less than
1”72 from KELT-21 (this being the separation of the actual
companions). This resulted in a probability of 3.8% (TRILE-
GAL) or 5.0% (Besancon) of a chance superposition. This
suggests that the companions are likely to be bound, but the
chance that they are background sources is too high to claim
physical association with any certainty.

We can, however, further leverage the binary nature of the
companion. First, we can assess the probability that the can-
didate companions are bound to each other using similar
methodology. Here the probability of a chance superposi-
tion of an object brighter than Kg = 17.38 within 55 mas of
the brighter candidate companion is 0.013% (TRILEGAL)
or 0.019% (Besancon). We conclude that the companions
are very likely to be bound to each other.

We can now assess the probability of the chance superposi-
tion of a bound binary close to KELT-21. To do so, we use the
same TRILEGAL model as earlier, which accounts for the
presence of binaries but does not contain any information on
the separation of the binaries. For each binary in the TRILE-
GAL model, we drew a random orbital period from the log-
normal distribution found by Raghavan et al. (2010) to ap-
proximate their results (mean of log P = 5.03, standard devi-
ation o1, p = 2.28), converted this to semi-major axis using
Kepler’s Third Law and the masses of the components from
TRILEGAL, and computed a projected separation using the
simplifying assumption of circular orbits and drawing a ran-
dom orbital phase. We then calculated the magnitude differ-
ence A K g between the components using the 1 sochrones
code (Morton 2015), assuming the age, masses, and metal-
licity of the system from TRILEGAL. We then assessed the
total number of binary systems with projected separations
larger than our resolution limit of A/ D =45 mas, and smaller
than the separation between KELT-21 and the candidate com-
panions, and with a magnitude difference between the com-
ponents smaller than that between the observed candidate
companions. The Besancon model does not automatically in-
clude binaries, and so we randomly assigned binary compan-
ions to 33% of the model stars with a mass ratio drawn from
a flat distribution over the interval 0.2 < ¢ < 1 and then
otherwise followed the same methodology as for TRILE-
GAL. This indicates a probability of 0.035% (TRILEGAL)
or 0.091% (Besancon) of the chance superposition of a back-
ground visual binary with KELT-21. We note that the choice
of outer limit for this calculation has only a minimal effect
on this result; 99% of the binaries with appropriate contrast
ratios have separations of less than 0'5.

We thus conclude that the candidate companions are very
likely to be bound to KELT-21, and for the remainder of this
paper we assume that they are bound and refer to them as
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Figure 11. Top: distribution of the spin-orbit misalignments of hot Jupiters from
host stars with T,g < 6250 K are shown in blue, those with Teg > 6250 K in
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the literature as a function of Tog, after Winn et al. (2010). Planets with
red, and those with uncertainties of > 20° on their reported values of A

in gray. A vertical dashed line denotes the approximate location of the Kraft break at 6250 K. Large cyan circles highlight planets discovered by the KELT

survey, and KELT-21b is shown by the large dark red star; uncertainties on its parai

meters are smaller than the plot symbol size. HAT-P-57 is shown with the

two sets of error bars without an associated plot point, denoting the two degenerate solutions found by Hartman et al. (2015). Bottom: v sin I values for these

stars. The steady increase in average rotational velocity above the Kraft break is app:
Rossiter-McLaughlin Catalogue®.

3http://www.astro.keele.ac.uk/jkt/tepcat/

bhttp://www.astro.keele.ac.uk/jkt/tepcat/
KELT-21B and KELT-21C. Future high-resolution imaging
observations to confirm common proper motion of the com-
panions will likely be difficult. The proper motion of KELT-
21 is small (total proper motion of 2.34 +0.80 mas yr~—!; Ta-
ble 1), and, indeed, is non-zero at only 2.90 in TGAS (Gaia
Collaboration et al. 2016). As is expected for a system close
to the direction of Galactic rotation (I = 71°), the space mo-
tion of KELT-21 is primarily in the radial direction, resulting
in small proper motion.

5.2.2. Properties of the Companions

Assuming that the companions are indeed physically
bound to KELT-21, we can estimate their physical properties.
In order to estimate the masses of the companions, we used
the isochrones package (Morton 2015) to calculate the
expected A Kg values between a primary with the properties

arent. We assembled the literature sample using John Southworth’s TEPCat

of KELT-21 and the companions as a function of companion
mass, which we compared to the observed values. This re-
sulted in estimated companion masses of Mp = 0.1370 03
Mg and Mo = 0.11 £0.01 Mg. The quoted uncertainties
on these masses are derived purely from the uncertainties
on the parameters of KELT-21 and on the photometric mea-
surements, and neglect any systematic uncertainties from the
isochrones or other sources. Using the M, -spectral type rela-
tions of Pecaut & Mamajek (2013), these would correspond
to spectral types of M5.5V and M6V for KELT-21 B and C,
respectively.

Assuming a ~ aj (which is true on average: Heacox &
Gathright 1994), the orbital periods of the B-C and A-BC bi-
naries should be ~ 200 and ~ 9000 years, respectively. If the
orbits were to be circular and face-on, this would correspond
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to an astrometric motion of A and BC due to their mutual
orbit of ~ 120 and ~ 750 uas yr—!, respectively, while the
astrometric motion of B and C about each other would be
~ 800 pas yr—'. Gaia should be able to achieve a proper
motion precision of ~ 3 — 8 pas yr—! on KELT-21°, and so
should be able to easily detect its orbital motion in the A-BC
binary. Components B and C should have G-band magni-
tudes of ~ 19.2 (using the relation between G, V, and I
magnitudes from Jordi et al. 2010), and Gaia should be able
to achieve a parallax precision of 130 pas and a proper mo-
tion precision of ~ 70 uas yr~!, sufficient to both confirm
that B and C are located at the same distance as KELT-21,
and to detect the mutual orbital motion of the B-C and A-BC
binaries. While the companions are undetected in the Gaia
DRI1 source catalog, this is not unexpected given the large
flux difference and the incompleteness of this catalog within
4” of bright sources (Arenou et al. 2017). Given the low
proper motion of KELT-21, it is likely that Gaia will confirm
or refute the association of KELT-21 B and C with A before
common proper motion confirmation is possible.

5.2.3. Implications of the Companions

KELT-21b is likely one of the few known examples of a hot
Jupiter in a hierarchical triple stellar system. Approximately
10% of field systems with AFGK primaries are stellar triple
systems (Raghavan et al. 2010; De Rosa et al. 2014). While
theoretically it has been proposed that certain configurations
of hierarchical triple systems should boost the efficiency of
hot Jupiter formation (Hamers 2017), it is difficult to assess
the occurrence rate of hot Jupiters in stellar triple systems
due to observational biases against equal-mass triples and
heterogenous imaging observations across the full sample of
known hot Jupiters; doing so is beyond the scope of this pa-
per.

For binary companions to exoplanet host stars, we can
evaluate whether the companion is capable of causing Kozai-
Lidov oscillations by equating the Kozai-Lidov and general
relativistic precession timescales (e.g., Ngo et al. 2016). Ap-
proximating KELT-21 BC as a single object with the sum of
their masses, they would be capable of causing Kozai-Lidov
oscillations of a giant planet with a semi-major axis of greater
than ~ 2.1 AU if the A-BC mutual orbit is circular; this limit
decreases as the eccentricity of this orbit increases (e.g., to
~ 1.9 AU for e = 0.5).

The dynamics of Kozai-Lidov oscillations due to a binary
stellar companion, however, are more complicated than that
due to a single companion (Hamers 2017; Fang et al. 2017).
Hamers (2017) found in their simulations that in hierarchi-
cal triple systems with a structure similar to that of KELT-21
(i.e., a primary with a planet and a pair of binary compan-

9 https://www.cosmos.esa.int/web/gaia/science-performance

ions, with ag_¢ << aa_pc, which they referred to as a
“2+2” configuration), hot Jupiters tended to be formed only
ifap_c <102 AU, and 20 AU < aa_pco < 103 AU. The
period distribution of the resulting hot Jupiters in their mod-
els peaked around 3 days. Finally, Hamers (2017) found that
Kozai-Lidov oscillations are enhanced if the Kozai-Lidov
time scales for the planetary orbit, and the binary orbit of
the companions, is similar; quantitatively, this occurs when
Rata ~ (ap-c/ap)*?[(M.A+Mp)/(Mp + Mc)PP/? ~
O(1). For the KELT-21 system, if the planet formed at 5
(15) AU, the system would initially have had Royo ~ 150
(30). Hamers (2017) found that hot Jupiters tend to form in
systems with 0.01 < Rayo < 100. The KELT-21 system is
broadly consistent with all of these criteria, suggesting that
it is plausible that the companions drove the migration of the
planet by four-body Kozai-Lidov oscillations.

Nonetheless, the well-aligned orbit of KELT-21 is some-
what at odds with the Kozai-Lidov migration scenario. Hot
Jupiters formed by this mechanism should frequently reside
on highly-inclined orbits (cf. Fig. 9 of Hamers 2017). On the
other hand, we found in §5.1 that KELT-21b has ¢ < 54.7°,
which is reasonable given the distribution of 1) (there denoted
60.) found by Hamers (2017).

We note in conclusion that, given the many migration
mechanisms that have been proposed to create hot Jupiters,
it is always difficult or impossible to ascribe the formation
of a specific system to a specific mechanism with any cer-
tainty. Instead, it is the distributions of parameters of a pop-
ulation (e.g., P, A, etc.), that constrains the migration mech-
anisms. KELT-21b adds to the population of known hot
Jupiters around hot stars, and thus will help to answer these
questions statistically.

5.3. Metal Content and Galactic Context

The a enhancement and relatively low metallicity found
by our spectral analysis of KELT-21 (§3.2) are unusual for
a relatively young (~ 1.6 Gyr) star. In order to better con-
textualize the low metallicity, we computed the Galactic or-
bit of KELT-21 using the galpy package'® (Bovy 2015).
Given our (U,V,W) values and using galpy’s “MWPo-
tential2014” Galactic potential, we estimate that KELT-21’s
Galactic orbit has an apoapsis of at most ~ 8.6 kpc and a pe-
riapsis of at minimum ~ 7.7 kpc. This suggests that KELT-
21 does not stray far from the solar circle, but its low metal-
licity could still be explained by invoking formation in the
metal-poor outer Galaxy or Galactic bar followed by radial
mixing due to the Milky Way’s spiral arms (e.g., Sellwood
& Binney 2002). See Fig. 12 for a depiction of KELT-21’s
Galactic orbit. KELT-21 does not attain a height above the
Galactic midplane of more than ~ 300 pc, indicating that it

10 http://github.com/jobovy/galpy
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is kinematically a member of the thin disk and substantiat-
ing our calculation that it has a high probability of being a
member of the thin disk (§3.4). Its [a/Fe] value, however, is
more similar to thick disk than thin disk stars at its [Fe/H] (cf.
Bovy et al. 2016; Silva Aguirre et al. 2017), although it does
lie in between the thin and thick disk chemical sequences.

In order to assess how unusual KELT-21 is for a relatively
young field star, we utilized the APOKASC sample of stars
with abundances, masses, and ages (Pinsonneault et al. in
prep., an update to the Pinsonneault et al. 2014, sample).
These stars have asteroseismic parameters measured from
Kepler photometry (Borucki et al. 2010), masses inferred
from asteroseismic scaling relations (Kjeldsen & Bedding
1995) with theoretical corrections (Serenelli et al. 2017) and
empirical calibrations to cluster data. They also have spec-
troscopic metallicities, temperatures, and abundances from
Data Release 14 (Abolfathi et al. 2017) of the APOGEE-2
survey (Majewski et al. 2017; Holtzman et al. 2015) of the
Sloan Digital Sky Survey IV (Blanton et al. 2017) on the
Sloan Digital Sky Survey telescope (Gunn et al. 2006). For
our comparison, we assessed the values of [Fe/H] and [a/Fe]
for two subsamples: giants with masses of 1.75 M, < M, <
2.25 M, which should have formed at around the same time
as KELT-21, and stars with ages of less than 1.7 Gyr and Gaia
parallaxes from which we could compute Galactic kinemat-
ics, again using galpy (Bovy 2015). For the latter sam-
ple we selected stars with Galactic periapses > 6.6 kpc, and
apoapses < 10.0 kpc, in order to produce a sample with sim-
ilar kinematics to KELT-21. For both samples we excluded
stars with [C/N]> —0.4 in order to exclude stars which are
likely merger products or have experienced significant mass
gain due to binary interactions, and are therefore likely older
than would be assumed given their other properties (cf. 1z-
zard et al. 2018). We show the resulting [Fe/H] and [a/Fe]
values in Fig. 13. It is apparent that KELT-21’s [Fe/H] is at
the lower end of these distributions, but it is not a dramatic
outlier. We thus conclude that while KELT-21’s low metallic-
ity is unusual for a relatively young star that is kinematically
part of the thin disk, it is not inexplicably so.

KELT-21’s abundance pattern and relatively young age is
qualitatively similar to those of the class of young, a-rich gi-
ants found through the combination of Kepler/CoRoT astero-
seismology and APOGEE spectra by Martig et al. (2015) and
Chiappini et al. (2015), although KELT-21 falls at the edge
of the distribution of such stars (Fig. 13). KELT-21 could be
such a star observed while it is still on the main sequence.
Such stars found by Chiappini et al. (2015) were primarily
in the inner Galactic disk, and they invoked formation at the
end of the Galactic bar; while this is inconsistent with KELT-
21’s current circular orbit and location near the solar circle,
as mentioned earlier it could still have formed in the inner
Galaxy and experienced radial mixing to move it to its cur-

rent location, although this would have needed to be rapid in
order to move the star several kpc within the 1.6 Gyr since
it formed. The planet orbiting KELT-21 also seems to be at
odds with the other proposed explanation for young a-rich
stars, namely, that they are blue stragglers formed from stel-
lar mergers (Jofré et al. 2016; Yong et al. 2016). Such a col-
lision would have destroyed any short-period planet already
around one of the stars; KELT-21b would have needed to ei-
ther form from material thrown off in the collision, or have
survived the collision at larger semi-major axis and only mi-
grated after the collision. Young a-rich stars also tend to be
kinematically members of the thick disk, while KELT-21 is
not, and so the association of KELT-21 with this class is not
clear.

KELT-21’s low metallicity is also unusual for a hot Jupiter
host. Giant planets are much more common around more
metal-rich stars; this is the well-known planet-metallicity
correlation (e.g., Fischer & Valenti 2005). Only a handful of
hot Jupiters are known to orbit stars more metal-poor than
KELT-21, the current record-holder being WASP-98, with
[Fe/H]=-0.60 (Hellier et al. 2014). KELT-21b is thus useful
for probing the properties of giant planets at low metallic-
ity. Additionally, planet-host stars at low metallicity tend to
be significantly a-enhanced (e.g., Adibekyan et al. 2012). It
is thought that this is because stars with higher [a/Fe] have
more metals available to form solids (and therefore planets)
at fixed [Fe/H]. KELT-21’s a-enhancement is in between the
values typical for the thick and thin disk populations, which
is not inconsistent with this trend.

5.4. Prospects for Characterization

Although KELT-21 is, at V' = 10.5, one of the fainter tran-
siting planet hosts found by KELT, it is nonetheless brighter
than many transiting planet hosts (cf. the Kepler sample),
and so prospects for further characterization are good. In
Fig. 14 we show KELT-21 in context of the population of
known transiting planets, in terms of host star optical magni-
tude and Tog. Only a few stars hotter than KELT-21 host tran-
siting hot Jupiters, and due to its relatively long-period orbit
compared to these planets (3.6 days) KELT-21b is relatively
cool (zero-albedo equilibrium temperature of T, = 2051
K), potentially offering interesting prospects for atmospheric
characterization via transmission spectroscopy.

KELT-21 is also relatively bright in the infrared (J =
10.15, Kg = 10.09; Table 1), suggesting that KELT-21b
may also be a good target for secondary eclipse observations
in the infrared. Either alone or in concert with transmission
spectroscopy during the transit, this will help to constrain the
atmospheric properties of KELT-21b.

Due to the high v sin I, of KELT-21, we have been unable
to measure the mass of KELT-21b, only to set a 30 upper
limit of Mp < 3.91 Mj. Future observations might be able
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to measure the mass; however, the rapid rotation of KELT-
21 will make this very difficult. Another possible avenue to
measure the mass and probe the atmosphere of KELT-21b
is through the detection of the orbital phase curve (e.g., Sh-
porer et al. 2011). We estimate that, in the TESS bandpass,
KELT-21 should have an orbital phase curve amplitude of
~ 65 ppm. KELT-21 (TIC 203189770) has a TESS-bandpass
magnitude of 10.33, which should result in a per-point photo-
metric precision of ~ 240 ppm (using the noise-7T" magnitude
relationship presented in Stassun et al. 2017), and will be on
TESS silicon for up to 54.8 days in TESS Year 2 (as KELT-21
is in the northern ecliptic hemisphere). This precision and du-
ration of data, folded over the orbital period of the planet and
binned, results in a precision of ~ 60 ppm, suggesting that
the phase curve of KELT-21b should be detectable by TESS.
Due to the high equilibrium temperature, the TESS-bandpass
phase curve should be dominated by thermal emission from
the planet (amplitude ~ 35 ppm), which would be even more
prominent in the infrared; this may also be detectable with
Spitzer.

6. SUMMARY AND CONCLUSION

We have presented the discovery of KELT-21b, a hot
Jupiter on a 3.6-day orbit transiting the rapidly rotating A8V
star HD 332124. With vsin I,=146 km s~!, KELT-21 is the
most rapidly rotating star to host a confirmed transiting planet
to date, and KELT-21b is one of only a handful of known
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Figure 14. KELT-21 in context with other known planets for the purpose
of atmospheric investigations. The symbol color corresponds to the plan-
etary zero-albedo equilibrium temperature, while the symbol size is pro-
portional to the transit depth (Rp/Rx«)2. Planets discovered by KELT are
marked with large cyan circles. KELT-21 is hotter and brighter than most
transiting exoplanet hosts, and prospects for observations to characterize
the atmosphere are good. The optical magnitude on the horizontal axis is
the K'p magnitude for Kepler planets and V' magnitude for most other ob-
jects. We show known transiting planets taken from the NASA Exoplanet
Archive®, plus KELT-19Ab (Siverd et al. 2017), KELT-20b/MASCARA-2b
(Lund et al. 2017; Talens et al. 2017b), and MASCARA-1b (Talens et al.
2017a). The location of KELT-21b is marked.

https://exoplanetarchive.ipac.caltech.edu/
bhttps://exoplanetarchive.ipac.caltech.edu/

transiting planets around an A star. Its host star is also rela-
tively bright, suggesting good prospects for follow-up obser-
vations to further characterize the planet.

Our high-resolution imaging observations revealed the
presence of a close pair of faint stars at a separation of 172
from the planet host star. Although we cannot confirm using
our current data whether they are physically associated with
the KELT-21 system, we have argued statistically that they
are unlikely to be background sources. If they are indeed
physically associated with KELT-21, KELT-21 B and C are
a pair of mid-M dwarfs with a mutual separation of ~ 20
AU, lying ~ 500 AU from KELT-21. They occupy the part
of parameter space where they could have caused the migra-
tion of KELT-21b through the Kozai-Lidov mechanism (e.g.,
Hamers 2017), although the well-aligned orbit of KELT-21b
is not entirely consistent with such an origin.

Unusually for a star of its relatively high mass and thus rel-
atively young age, KELT-21 appears to have a somewhat low
metallicity ([Fe/H]=—0.405"0532) and an o enhancement
([a/Fe]=0.145 £ 0.053). While this metallicity is unusual for
a relatively young (~ 1.6 Gyr) star with thin-disk kinemat-
ics, it is not inexplicably so, and the [a/Fe] is more typical

of thick-disk stars at this [Fe/H]. KELT-21b is also among
the lowest-metallicity stars known to host a hot Jupiter, and
is thus particularly interesting in the context of planet forma-
tion theory.
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