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ABSTRACT

Context. HD 135344 AB is a young visual binary system that is best known for the protoplanetary disk around the secondary star. The circumstellar
environment of the AO-type primary star, on the other hand, is already been depleted. HD 135344 A is therefore an ideal target to explore for
recently formed giant planets without the obscuring effect of dust.

Aims. We search for and characterize substellar companions at HD 135344 A down to separations of about 10 au.

Methods. We observed HD 135344 A with VLT/SPHERE in the H23 and K12 bands, and obtained YJ and YJH spectroscopy. In addition, we
carried out VLTI/GRAVITY observations for further astrometric and spectroscopic confirmation of a detected companion.

Results. We discovered a close-in, young giant planet, HD 135344 Ab, with a mass of about 10 M;. The multi-epoch astrometry confirms the
bound nature, both by common parallax and common proper motion, thereby firmly ruling out the scenario of a non-stationary background star.
The planet’s orbit has a semi-major axis of approximately 15-20au and its photometry is consistent with a mid L-type object. The inferred
atmospheric and bulk parameters further confirm the young and planetary nature of the companion.

Conclusions. HD 135344 Ab is one of the youngest directly imaged planets that has fully formed and orbits on solar system scales. It will be
valuable target for studying the early evolution and atmosphere of a giant planet that could have formed in the vicinity of the snowline.

Key words. Stars: individual: HD 135344 A, Planets and satellites: detection — Planets and satellites: gaseous planets — Techniques: high angular
resolution

1. Introduction

HD 135344 AB is a visual binary system that is located in Upper
Centaurus Lupus (UCL) region of the Sco-Cen OB association.
The secondary F4-type star, HD 135344 B, has been studied for
several decades because of its prominent IR excess. During more
recent years, the protoplanetary disk has been spatially resolved,
revealing a central cavity (Brown et al. 2009; Garufi et al. 2013),
spiral arms (Muto et al. 2012), and variable shadowing by the
inner disk (Stolker et al. 2017). Such disk features may point to
planet-disk interactions, but the suspected planets have remained
hidden (e.g., Maire et al. 2017; Cugno et al. 2024).

While planet formation appears to be ongoing at
HD 135344 B, the circumstellar environment of the AO-
type primary star, HD 135344 A, is already largely depleted
given the absence of strong IR excess in the spectral energy
distribution (SED). HD 135344 A and B are proper-motion

binary partners (Mason et al. 2001) with an angular separation
of 21”72 (=2800 au), so their circumstellar disks have likely
evolved independently, depending on the eccentricity of the
orbits. We note that the secondary star has been incorrectly
referred to as HD 135344 in some cases, although the issue had
already been pointed out by Coulson & Walther (1995).

The two stars in the HD 135344 AB binary system are ex-
pected to be coeval. The pre-main-sequence age of the secondary
star can therefore be adopted as the age of the main-sequence pri-
mary star. Garufi et al. (2018) inferred an age of 1 1.93:; Myr for
HD 135344 B by using stellar evolutionary tracks and the Gaia
parallax. Apart from its age, giant planets on wide orbits are
most commonly detected around intermediate-mass stars (e.g.,
Nielsen et al. 2019; Vigan et al. 2021). The youth, spectral type,
and dust depleted environment make HD 135344 A therefore an
excellent target to search for young giant planets.
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Table 1: Observation details.

UT date® Instrument Mode DIT/NDIT/NEXP?  Airmass Seeing® To? ¢
(arcsec) (ms) (deg)
2019 May 09 SPHERE IRDIFS 48/3/16 1.02-1.03 0.78+0.09 2.7+0.3 438
2019 Jul 06 SPHERE IRDIFS 48/3/16 1.02-1.03 0.66+0.10 53+0.6 433
2021 Jul 16 SPHERE IRDIFS 4/32/25 1.02-1.05 0.64+0.11 33+0.5 783
2022 May 04 SPHERE IRDIFS_EXT 4/32/24 1.02-1.05 0.84+0.18 45+1.0 784
2022 Jul 19 GRAVITY ON-AXIS 100/4/8 1.03-1.13 1.26+0.19 1.8+0.2 46.0
2023 May 08  GRAVITY ON-AXIS 100/4/7 1.03-1.13 0.95+0.09 3.6+0.5 352
2023 Jul 01 GRAVITY ON-AXIS 100/4/4 1.08-1.17 0.79+£0.12 6452 122

Notes. @ UT date at the start of the observations. ’ Detector integration time, number of integrations per exposure, and number of exposures.
The listed values of the SPHERE observations are from IRDIS. > Sample mean and standard deviation of the DIMM seeing and coherence time.

(© Rotation by the parallactic angle.

In this work, we report on high-contrast imaging observa-
tions to explore for the first time the circumstellar environment
of HD 135344 A. We discovered a young giant planet that we
confirmed through a detailed astrometric and spectral analysis.
The evidence for the bound and planetary nature accumulates
along the presented observations and results. For simplicity, we
will refer to the discovered source as HD 135344 Ab from here
on.

2. Observations and data reduction
2.1. VLT/SPHERE high-contrast imaging

HD 135344 A was observed with VLT/SPHERE (Beuzit et al.
2019) on the nights of the 8th of May 2019, 5th of July 2019,
16th of July 2021, and 3rd of May 2022. The first observations
were carried out with the IRDIFS mode, to benefit from the high-
est angular resolution. We used the IRDIS dual-band camera
with the the H23 filters (Dohlen et al. 2008; Vigan et al. 2010)
and we obtained a low-resolution YJ spectrum (R ~ 50) with
IFS (Claudi et al. 2008). The first observation, that led to the
discovery, did not fully meet the requested conditions (hence
it was repeated in July), but the quality was sufficient to get a
robust detection. We then repeated the observation in 2021, to
confirm the source at the same wavelength. In 2022, we used
the IRDIFS_EXT mode, to obtain K12 dual-band imaging and a
low-resolution YJH spectrum (R =~ 30).

Integration times and observing conditions are listed in Ta-
ble 1. We used deep exposures with a detector integration time
(DIT) of 48 and 64 seconds for the simultaneous IRDIS and IFS
measurements, respectively, in 2019. After the detection of the
source at a small separation, we decided to change the observ-
ing strategy. Specifically, we used a DIT of 4 and 6 seconds for
IRDIS and IFS, respectively, to sample the speckle variation on
a faster timescale, which is beneficial for the post-processing.
We also left the satellite spots on throughout the observations, to
enable a more accurate centering and flux calibration.

The IRDIS and IFS data were reduced with vlt-sphere
(Vigan 2020)", which provides a Python wrapper for the EsoRex
recipes. It also applies a recalibration of the IFS wavelength
solution and it centers the coronagraphic frames based on the
satellite spots. The post-processing of the IRDIS data was done
with PynPoint?, applying full-frame principal component anal-

! https://github.com/avigan/SPHERE
2 https://github.com/PynPoint/PynPoint
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ysis (PCA) for the subtraction of the stellar halo and speck-
les (Amara & Quanz 2012; Stolker et al. 2019). For the astro-
metric and photometric measurement, we followed the proce-
dure outlined in Stolker et al. (2020), which corrects for self-
subtraction and includes the systematic uncertainty in the error
budget. The extracted fluxes have been corrected for the coron-
agraph throughput, which ranged from 97% to 93% as the sepa-
ration of the planet decreased.

The post-processing of the IFS data was done with TRAP?,
which is in particular a more powerful detection and calibra-
tion technique for sources at small separation since system-
atics are modeled in the temporal instead of spatial domain
(Samland et al. 2021). We have analyzed the YJ and YJH spec-
tra from 2021 and 2022, respectively, because these datasets
were obtained with the continuous satellite spots. Similar to the
IRDIS data, the amplitudes of the spots were used for identifying
low quality frames and their temporal variation was accounted
for in the spectral extraction. The wavelength-averaged S/N of
the discovered source is 2.9 and 1.5 for the YJ and YJH spectra,
respectively. The higher S/N of the YJ spectrum might be due to
the better seeing conditions.

Contrasts were converted to magnitudes and fluxes by us-
ing a synthetic stellar spectrum and a flux-calibrated spec-
trum of Vega (Bohlin et al. 2014). Table A.1 in Appendix A
lists the inferred stellar parameters and the synthetic magni-
tudes of HD 135344 A in the IRDIS filters that were computed
from the posterior distributions. The synthetic IFS spectrum of
HD 135344 A was extracted by sampling random spectra from
the posterior, smoothing those to R = 30, and rebinning to the
wavelength solution of the instrument.

2.2. VLTI/GRAVITY dual-field interferometry

The system was also observed with the four Unit Telescopes
(UTs) of VLTI/GRAVITY on the nights of the 19th of July 2022,
8th of May 2023, and 1st of July 2023 (see Table 1). GRAV-
ITY provides exquisite astrometric precision for directly imaged
planets and medium-resolution (R ~ 500) K-band spectroscopy
(GRAVITY Collaboration et al. 2017). We used the dual-field
on-axis mode with the fringe-tracking fiber centered on the star
and the science fiber alternating between the star and planet. This
strategy enables referencing and accurate calibration of the in-
terferometric visibilities (GRAVITY Collaboration et al. 2020;

3 https://github.com/m-samland/trap
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Fig. 1: Detections of HD 135344 Ab with VLT/SPHERE. For
IRDIS, the images show the residuals from the PSF subtraction
for one of the dual-band filters. For IFS, the images show the
detection maps for one of the wavelength channels. The planet
is seen in westward direction (i.e., towards the right). The color
scale is linear and normalized to the brightest pixel in each im-
age. The dotted circles indicate the separation from the central
star in integer multiples of A/D. The night of the observation is
given in each panel.

Lacour et al. 2020). For the third observation (2023 Jul), we ben-
efitted from the recently commissioned faint mode, which turns
off the metrology lasers during the science exposures, yielding a
higher S/N detection of faint companions (Widmann et al. 2022).

Standard data reduction procedures were applied with the
run_gravi_reduce script* that calls the EsoRex recipes. We
then used the exoGravity? pipeline for phase referencing, sub-
tracting the stellar component from the visibilities, and extract-
ing the astrometry and spectrum (GRAVITY Collaboration et al.
2019, 2020; Nowak et al. 2020). After calibrating the full
datasets, we excluded the baselines of UT3 from the 2023 May
data, because of an issue with the metrology. The spectra of the
discovered source have a wavelength-averaged S/N of 1.1, 2.6,
and 5.0 (in chronological order). We only include the GRAVITY
spectrum from 2023 July in the analysis, since a covariance-

4 https://www.eso.org/sci/facilities/paranal/
instruments/gravity/tools.html
> https://gitlab.obspm. fr/mnowak/exogravity.git

weighted combination with the other two spectra did not im-
prove the S/N, in particular because of stronger systematics in
those two spectra. Similar to the IFS flux calibration, we used
a synthetic spectrum to convert the contrast spectrum to fluxes,
while taking into account the uncertainties on the stellar spec-
trum.

3. Results
3.1. Direct detection of a young giant planet

The residuals of the PSF subtraction from the imaging observa-
tions with SPHERE are shown in Fig. 1. We detected in 2019
an off-axis point source, HD 135344 Ab, in westward direction
from the star, at an approximate separation of 41/D in H23. In
2021, the source was again detected, but at a somewhat smaller
separation, and in 2022 also with the K12 filters. The PSF shape
is typical for a post-processed point source. The negative lobes
are due to the inherent self-subtraction effect by angular dif-
ferential imaging (ADI). The source clearly stands out against
the fainter speckle field in the background and is detected with
S/N = 10 in all IRDIS imaging data. We did not detect extended
emission in the data, so the circumstellar environment appears
indeed depleted in small dust. There is also a feature seen in the
IRDIS image from 2019 May in eastward direction, at a sepa-
ration of 2.51/D from the star. It appears noisier compared to
HD 135344 Ab and does more quickly self-subtract with an in-
creasing number of components. Two months later, it was not
detected so it is likely a speckle residual, since neither a back-
ground star nor a planet could have moved sufficiently to be hid-
den behind the coronagraph.

The SPHERE data were not fully conclusive with confirm-
ing that the discovered source was bound to HD 135344 A, hence
we decided to follow up with the GRAVITY instrument. Fig-
ure 2 shows the detection maps of the GRAVITY observations.
There is a clear detection of the planet in all datasets. We adopted
the feature with the highest Ay? as the position of the planet,
at which also the contrast spectrum was extracted. The pattern
and elongated shapes in the detection maps depend on the cover-
age of the (u, v)-plane (i.e., UT baselines and field rotation). For
the observation in 2022, the pointing of the fiber was 13.5 mas
south from the actual location of the planet, resulting in a fiber
coupling efficiency of 0.89. For the other two observations, the
fiber position was (almost) spot-on with the planet due to the
improved orbital constrained.

3.2. Relative astrometry: planet or background star?

HD 135344 AB is located in the Sco-Cen OB association, which
is close to the direction of the Galactic center. Typically, there are
multiple, if not many, background sources in the 12" x 12" field
of view of the IRDIS camera. Indeed, apart from the inner source
identified in Sect. 3.1, we detected four additional sources. We
extracted their astrometry by fitting a 2D Gaussian model di-
rectly to the sources in the derotated frames.

The astrometric measurements of HD 135344 Ab are listed
in Table 2 and shown in Fig. 3 together with the suspected back-
ground sources. In this figure, the astrometry is displayed rel-
ative to the first epoch, showing that the planet moves mostly
in eastward direction, whereas the background sources move
in northeast direction. The direction of the background sources
matches with the stationary track, but it shows that the proper
motions of the background sources are not negligible. This is
also seen in the sample of Gaia sources, from which we adopted
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Fig. 2: Detections of HD 135344 AB with VLTI/GRAVITY. The color scale of the detection maps shows A)(z = Xnoplanet = Xplanet-
The intersection of the axes is at the center of the fiber, which has a field of view of ~60 mas. For each observations the feature with
the highest likelihood is encircled, which corresponds to the planet position. The planet position was 13 mas north from the fiber
center during the first observation. The night of the observations are shown at the top of each panel.

Table 2: Astrometry of HD 135344 Ab.

UT date” MIJD Instrument ARA? ADec¢ ¢
(mas) (mas)

2019 May 09 58612.2 SPHERE/IRDIS —-161.6 +2.7 31.6+1.3 -0.33
2019 Jul 06 58670.0 SPHERE/IRDIS -162.0+2.0 282+1.3 -0.17
2021 Jul 16 59412.0 SPHERE/IRDIS 1448 +19 36.1+1.2 -0.22
2022 May 04 59703.2 SPHERE/IRDIS -1423+52 358+20 -0.58
2022 Jul 19 59779.06 GRAVITY -13821+0.15  36.34 +0.17 -0.58
2023 May 08 60072.15 GRAVITY —130.41 + 0.20 37.00 = 0.28 -0.95
2023 Jul 01 60126.98 GRAVITY -129.07 £ 0.13 37.36 +0.08 -0.97

Notes. @ UT date at the start of the observations. ¢ Coordinates, RA and Dec, relative to the star HD 135344 A. Y The Pearson correlation
coeflicient, p, quantifies the correlation between the uncertainties of ARA and ADec.

the proper motions to create a sample of non-stationary back-
ground stars.

From this comparison, we can conclude that the relative as-
trometry of the IRDIS background sources is approximately con-
sistent with the population of Gaia sources. Here, we did not take
into account differences in parallax, which we expect to be the
reason that the IRDIS background sources do not match exactly
with the bulk of the Gaia sources. There might also be system-
atics in the astrometry, such as the true north uncertainty, which
has a larger impact on sources far from the on-axis science tar-
get.

The planet appears to move distinctly from the background
sources, although somewhat in the same direction, which seemed
initially suspicious. For the bulk of the Gaia sources, their sim-
ulated positions differ by more than 100 mas from the position
of the planet with the last epoch. There are however a few out-
liers in the sample that have proper motions with a magnitude
and direction similar to HD 135344 A, yielding a probability of
~0.1% that the putative planet is instead a background star with
an unusually high proper motion. Considering and ruling out
such a peculiar proper motion scenario is important, as shown
by Nielsen et al. (2017) for the case of HD 131399 A.

Article number, page 4

3.3. Ruling out a non-stationary background star

The analysis in Sect. 3.2 shows that the astrometric measure-
ments are difficult to explain with a background star. In this
section, we will statistically explore the scenario of a back-
ground (or foreground) object, by fitting the relative astrometry
of HD 135344 Ab with a non-stationary background model. We
used backtracks® (Balmer et al. 2025) to determine the coor-
dinates, proper motion, and parallax, that best describe the as-
trometry as a background object. It uses dynamic nested sam-
pling with the dynesty package for estimating the parame-
ter posteriors (Speagle 2020). At the start, the Gaia catalog
is queried for the parallaxes and proper motions of sources
within a 0.2 deg window centered on HD 135344 A, which are
used as normal distributed priors with the Bayesian inference:
WGaia = 0.4+0.8 mas, MRA,Gaia = —5.1+5.6 mas yl‘_1 » UDec,Gaia =
—3.8 + 4.2 mas yr~'. We note that a similar sample was used for
the proper motions applied in Fig. 3.

Figure 4 shows a random selection of posterior background
tracks in comparison with the astrometry. The tracks are close
to linear because the inferred parallax, @ = 7.5 + 0.1 mas, of
the modeled background source is consistent with the parallax
of HD 135344 Ab, @w. = 7.41 £0.04 mas. This result is in partic-
ular driven by the linear displacement of the GRAVITY astrom-
etry that were obtained about two months apart. Specifically, the

® https://github.com/wbalmer/backtracks
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Fig. 3: Astrometric measurements relative to the first epoch
(2019 May 08). The crosses are the positions of HD 135344 Ab,
which is moving in eastward direction. The colored circles are
the positions of the suspected background sources in the IRDIS
field of view, which are connected with dotted lines between
epochs. The dashed line is the track for a stationary background
source, with the gray circles and squares indicating the three
SPHERE and three GRAVITY epochs, respectively, after the ini-
tial detection. The small dots are a sample of Gaia sources within
0.1 deg from HD 135344 A (see main text for details). Colors in-
dicate a specific epoch, for example, all markers with an orange
color correspond to the 16th of July 2021.

high-precision measurements rule out a helix shape by a helio-
centric parallax of a background star. As far as we know, this is
the first confirmation of a directly imaged planet by a common
parallax.

The retrieved proper motion, ura = —9.0 + 0.1 and pupe. =
—22.9 + 0.1 mas yr~!, further confirms that the object is comov-
ing with HD 135344 A. While uga is consistent with the prior
distribution from Gaia, which can also be noticed in Fig. 3,
Upec On the other hand is a 4.50 outlier with respect to the
Gaia sources. Therefore, the analysis shows that the object is
most consistent with the proper motion of HD 135344 A. The
difference is attributed to the orbital motion, which is approxi-
mately linear is eastward direction. The background fit utilized
the proper motion parameter to mimic the orbital movement,
hence the difference with in particular the RA component of
the star’s proper motion, ura. = —18.74 + 0.05 mas yr~!' and
Upec.» = —24.01+0.04 mas yr~! (Gaia Collaboration et al. 2023).

To further quantify the significance, we list in Table 3 the
Bayesian evidence (i.e., the marginalized likelihood), In Z, for
three cases of the background fit. For the stationary model, we
fixed the parallax and proper motion to zero. The parameter es-
timation informed by the Gaia priors is the fit that we described
earlier in this section. For comparison, loosening the priors to
uniform distributions, increases In Z because the measurements
did not match with the bulk of the Gaia sample. Instead, as a
teaser for the next section, the Bayes factor of the model compar-
ison between orbit and background fit is at least Aln Z = 30.0,

40:_..........................E
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25 w: Uniform [0, 2] mas ]
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Fig. 4: Background fit of the relative astrometry. The important
take-away is that the tracks are close to linear because the best-fit
off-axis source has a common parallax with HD 135344 A, while
the proper motion parameter mimics the approximate linear or-
bital movement. The figure shows 200 randomly drawn back-
ground tracks from the posterior. The track calculated from the
median parameters is shown as gray solid line. The astrometric
measurements are shown with colored markers and their respec-
tive epochs of the best-fit model are shown with gray markers.
For comparison, the blue dashed line shows the best-fit model
when using a parallax prior that forces the source to the back-
ground (>500 pc).

Table 3: Bayesian evidence

Model InZ

Keplerian orbit -34.6 +0.1
Background: uniform priors —-64.6£0.2
Background: Gaia priors -81.9+0.2

Background: stationary —272642.7 £ 0.1

so altogether we conclude that there is strong evidence that the
source is co-moving with and orbiting around HD 135344 A.

3.4. Orbital analysis

The discovered planet shows clear orbital movement, pos-
sibly even with a slight curvature, so we carried out a fit
with orbitize!? (Bluntetal. 2020) to infer its orbital ele-
ments. The posterior distributions were sampled with the nested
sampling algorithm from MultiNest (Feroz & Hobson 2008;
Buchner et al. 2014), while marginalizing over the parallax and
system mass (see Table A.1). We used 2000 live points and re-
stricted the priors on the argument of periastron, w, and longi-
tude of the ascending node, Q, to one of the two solutions.

Figure 5 shows the posterior orbits and the credible re-
gions are provide in Table 5. We retrieved a semi-major axis of
a ~ 17 au, corresponding to a period of P = 45*!! yr. The ec-
centricity is hardly constrained and is negatively correlated with
the inclination, which is a common outcome of fitting astrome-
try that covers a small fraction of the orbit (Ferrer-Chévez et al.
2021). This can also be seen in Fig. 5: circular orbits are symmet-
ric with respect to the star whereas eccentric orbits have a smaller
periastron. The orientation of the orbit on the sky is set by the in-
clination, i = 74 deg, and the longitude of the ascending node,
Q ~ 95 deg. Since we only fit relative astrometry, there is a sec-
ond solution for Q and w with a =180 deg difference. Finally, the
disk of HD 135344 B is seen close to face-on (igisk = 20 deg; e.g.
Pérez et al. 2014), so the orbit of HD 135344 Ab is not coplanar
with that the disk of the secondary star.

7 https://github.com/sblunt/orbitize
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Fig. 5: Orbit fit of the relative astrometry. The bottom panel
shows the full orbits and the top panel a zoom to the observa-
tion epochs. Both panels show the same 200 orbit samples that
are randomly drawn from the posterior. The orbit with the high-
est likelihood is shown as gray solid line and the residuals of the
best fit are normalized by the data uncertainties. The astrometric
measurements are shown with colored markers, and their respec-
tive epochs of the best-fit model are shown with gray markers
and connected with dotted lines. The planet is moving in coun-
terclockwise direction.

3.5. Photometric analysis

The contrast measurements and calibrated photometry are listed
in Table 4, both as magnitudes and fluxes. The dual-band imag-
ing with SPHERE in the H23 and K12 bands enabled pho-
tometric characterization of the planet, for which we adopted
the magnitudes from 2021 and 2022, because these data were
obtained with a dedicated strategy for optimized accuracy of
the flux calibration (see Sect. 2.1). Figure 6 shows a color—
magnitude diagram that was created with the species® toolkit
(see Stolker et al. 2020 for details). In the figure, HD 135344 Ab
is compared with late-type field objects, other directly im-
aged companions, and synthetic photometry from models. The
isochrones, that were used for the calculation of the synthetic
fluxes, were interpolated from the AMES-Cond and AMES-
Dusty grids. These are evolutionary models with a cloudless
and cloudy atmospheres, respectively, as boundary condition for
the interior structure (Chabrier et al. 2000; Allard et al. 2001;
Baraffe et al. 2003).

The absolute flux and color of HD 13534 Ab are consistent
with the field objects that have a mid L spectral type. The photo-
spheric temperature of L-type giant planets and brown dwarfs
allows for the condensation of refractory species, hence their
dusty atmospheres cause a red photometric appearance com-
pared to cloudless atmospheres. The atmospheric reddening by
clouds is typically stronger for young objects because their lower
surface gravity (e.g., HIP 65426 b; Chauvin et al. 2017). The
H2-K1 color of HD 135344Ab is not unusually red and con-
sistent with the field objects, although in particular similar with
the reddest objects of that sample. At an age of 12 Myr (i.e.,
the pre-main-sequence age of HD 135344 B), the H2 luminosity
of HD 135344 Ab is consistent with a planetary-mass object of

8 https://github.com/tomasstolker/species
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Fig. 6: Color-magnitude diagram of My, versus H2 — K1. The
field objects are color-coded by M, L, and T spectral types (see
discrete colorbar), and the directly imaged companions are la-
beled individually. HD 135344 Ab is highlighted with a pink
cross. The blue and orange lines show the synthetic colors com-
puted from the AMES-Cond and AMES-Dusty evolutionary
tracks at an age of 12 Myr. Blackbody emission is shown for
an object with a radius of 1 Ry (black dashed line).

~10 M;. We will provide a statistical inference of the planet’s
mass in Sect. 3.7.

3.6. Atmospheric modeling

The spectral appearance and inferred atmospheric parameters
provide further insight into the nature of HD 135344 Ab. We
compiled the near-infrared SED in Fig. 7 by combining the
SPHERE and GRAVITY data. We used the Bayesian frame-
work of the species toolkit (Stolker et al. 2020) to fit the data
with an atmospheric model, specifically, by interpolating a grid
of synthetic spectra from Sonora Diamondback (Morley et al.
2024). This is a radiative-convective equilibrium model that ac-
counts for the condensation of refractory species into cloud
particles. The vertical density profile of the cloud deck is pa-
rameterized by the sedimentation efficiency, fi.q. The model
uses chemical equilibrium, which is a reasonable assumption
in the temperature regime of HD 135344 Ab where CO will be
the dominant carbon-bearing species. The parameter estimation
was done with the nested sampling algorithm from MultiNest
(Feroz & Hobson 2008; Buchner et al. 2014), using 2000 live
point and accounting for the spectral covariances.

The photometry and spectra are compared with the best-fit
model spectrum in Fig. 7, which has a goodness-of-fit statistic of
X% = 1.3. The IFS spectra are of low S/N (see Sect. 2.1) but the
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Table 4: Photometry of HD 135344 Ab.

UT date Filter Contrast App. magnitude Flux
(mag) (mag) (Wm™ gm™)
—16
2019 May 09 IRDIS H2 10.17 £0.10 17.76 £ 0.11 1.02 £0.10 x 10
IRDIS H3 10.05 +£0.12 17.63 £0.12 9.66 + 1.07 x 1077
-16
2019 Tul 06 IRDIS H2 9.95+0.11 17.54 £0.11 1.24 £0.13 x 10
IRDIS H3  9.83 £0.08 17.41 £0.08 1.18 £ 0.09 x 1071°
-16
2021 Tul 16 IRDIS H2 10.01 £0.13 17.60 £ 0.14 1.17 £ 0.15x 10
IRDIS H3  9.79 £ 0.09 17.37 £ 0.09 1.23+£0.10 x 10716
-17
2022 May 04 IRDIS K1 9.30+0.10 16.87 £ 0.10 8.49+0.81 x 10
IRDIS K2  8.89+0.13 16.45+0.13 9.65+1.16 x 10717
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Fig. 7: Near-infrared spectral energy distribution of HD 135344
Diamondback and the gray lines are 30 random samples from the
and GRAVITY spectra are shown with circular markers, with the

Ab. The black line is the best-fit model spectrum from Sonora
posterior distribution, both shown at R = 500. The SPHERE/IFS
latter downsampled for clarity. The SPHERE/IRDIS photometry

are shown with square markers. Their horizontal error bars indicate the FWHM of the filter profiles. The bottom panel shows the
residuals of the best-fit model, calculated at the resolution and wavelength sampling of the data.

broad H,O absorption feature between the J and H bands is vis-
ible in the YJH spectrum. Also the GRAVITY spectrum shows
slopes in the pseudo-continuum that are expected to be caused
by H,O opacities. Tentatively, there could be a detection of the
CO bandheads in the K band, but the GRAVITY spectrum also
shows correlated noise appearing with a frequency and ampli-
tude that could mimic the CO bands. Indeed, the initial residuals
showed that the systematics were not fully accounted for by the
covariances, so we fitted an uncertainty inflation for the GRAV-
ITY spectrum, which yielded a 10 + 2% increase relative to the
model fluxes. From the photometry, the H3 flux of the first epoch
is in particular discrepant with the best-fit model, possibly due
to the poorer observing conditions and not having the continuous
satellite spots for the calibration (see Sect. 2.1).

The inferred parameters are listed in Table 5. The temper-
ature, Tox =~ 1510 K, is consistent with an mid L-type object,
as empirically estimated from the H2 brightness in Fig. 6. The
surface gravity, log g, and metallicity, [M/H], are challenging
to constrain from the low-resolution spectra since it requires a
highly accurate calibration, while the parameters can be easily
biased otherwise. We therefore adopted the constraint from the
evolution fit, log g = 4.1 + 0.1 (see Sect. 3.7), as normal prior
for the atmospheric fit. The likelihood of the metallicity peaked
at the super-solar edge of the model grid, but the data are also
consistent with solar abundances. The low sedimentation param-
eter clearly favors a dusty atmosphere while we can rule out an
atmosphere with strongly settled clouds. Rerunning the fit with a
fixed sedimentation parameter of fi.q = 8 yielded a Bayes factor
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Table 5: Planet parameters of HD 135344 Ab.

Parameter Value Units
Orbit fit

a 165738 au
e O.ngé

i 73.6'38 deg
Qe 94.9*3% deg
w” 8.2*%, deg
t 6540572026 MID
Atmosphere fit

Tet 1510*32 K
logg 4.14+506 dex
[M/H] 20.0 dex
Soed <l.5

Ry 1.601’8:8; Ry
Ay <0.5 mag
Evolution fit°

Age 12%3 Myr
M, 10.0*}5 M;
Tegr 1585*52 K
log g 41701 dex
R, 1.45+0.9¢ Ry

Notes. The listed values are the median, and the 16th and 84th per-
centiles from the posterior distributions, only accounting for statistical
uncertainties. Lower and upper limits are provided as the 16th and 84th
percentile, respectively. “?) The table includes one solution for w and Q,
but there is a second solution with an offset of 180 deg.  The age and
planet mass were free parameters, whereas T.q, R, and log g have been
interpolated from the evolutionary grid based on the posterior samples.

of AlnZ = 43 relative to the model in which f,.q was a free
parameter.

From the T.g and R posterior, we computed the bolomet-
ric luminosity, log L/L, = —3.9 £ 0.1. We note that the sta-
tistical uncertainty on the luminosity was only ~0.01 dex, so
we reran the spectral fit using four other cloudy models: Exo-
REM (Charnay et al. 2018), petitCODE (Molliere et al. 2015),
DRIFT-PHOENIX (Helling et al. 2008), BT-Settl (Allard et al.
2012), AMES-Dusty (Allard et al. 2001). The deviation on the
retrieved luminosity, Alog L/Ls = 0.1 dex, was adopted as ap-
proximate systematic uncertainty. In the next section, we will
use the luminosity to quantify the mass of the planet.

3.7. Bulk parameters and evolutionary constraints

In Sect. 3.5, we showed that the H-band luminosity of
HD 135344 Ab is consistent with a dusty, mid L-type object with
an approximate mass of 10 Mj. We will now quantify the mass
and other bulk parameters using an evolutionary model. To do
s0, we use again the species toolkit (Stolker et al. 2020), this
time fitting the bolometric luminosity, log L/Ly, = =3.9 = 0.1,
that we inferred from the atmospheric modeling (see Sect. 3.6),
with a grid of evolutionary tracks which is interpolated as func-
tion of mass and age. The age of the system is applied as asym-
metric normal prior by adopting the pre-main sequence age of

HD 135344 B, 11.93:; Myr (Garufi et al. 2018). Similar to the
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Fig. 8: Cooling tracks and isochrones inferred from the planet’s
luminosity. The colored lines are 50 random samples from the
posterior distribution, showing the cooling tracks and isochrones
in the top and bottom panel, respectively, and the best-fit model
as dashed line in each panel. The crosses are the luminosity of
HD 135344 Ab, log L/Ly = —3.9 + 0.1, and the horizontal error
bars indicate the prior age and posterior mass in the top and bot-
tom panel, respectively.

spectral fit, a main limitation here are non-linear variations in
the model grid, which could lead to inaccuracies and under-
estimated uncertainties. For the fit, we used the ATMO model
(Phillips et al. 2020) because the cooling tracks seemed reason-
ably spaced to be interpolated. The parameter estimation was
done with MultiNest (Feroz & Hobson 2008; Buchner et al.
2014) and using 1000 live points.

The mass and evolutionary constraints are presented in
Fig. 8, showing both the isochrones and cooling tracks that best
describe the luminosity and age of HD 135344 Ab. We inferred
a mass of M ~ 10 Mj and the age is consistent with the prior
but slightly more constrained (see Table 5). After the fit, we in-
terpolated the evolutionary grid once more for each mass-age
sample, in order to extract the related temperature, Teg =~ 1585,
surface gravity, log g ~ 4.1, and radius, R = 1.5. Table 5 shows
that the inferred bulk parameters are, within the considered cred-
ible regions, consistent with the parameter values estimated with
the spectral modeling in Sect. 3.6, suggesting that the results are
robust given that there were two different, although correlated,
approaches used. The exception is the radius which differs by
20 between the atmospheric and evolution fit.

4. Discussion and conclusions

We have reported on the direct discovery of a young giant planet
at the AOV type star HD 135344 A. The planet was detected
through high-contrast imaging and interferometric observations.
Careful astrometric analysis of seven datasets, with a total base-
line of four years, shows that the object is co-moving with the
central star, confirmed both by a common parallax and com-
mon proper motion. The inferred atmospheric and bulk parame-
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ters point to a planetary nature, with a model-dependent mass of
M =~ 10 Mj. The planet position changed by ~30 mas and shows
a slight curvature, yielding a constraint on the orbit’s semi-major
axis of approximately 15-20 au.

Adopting the pre-main-sequence age of ~12 Myr from the
secondary star, HD 135344 Ab might be the youngest directly
imaged planet that has fully formed and orbits on solar system
scales. Figure 9 shows a comparison with the ages and semi-
major axes of other close-in directly imaged planets. Young di-
rectly imaged planets at small separations (100 au) have only
been detected orbiting at intermediate mass stars. The planets in
Fig. 9 are all orbiting A- and F-type stars, so the discovery of
HD 135344 Ab at an AO type star follows that trend. This con-
trasts young planetary-mass objects on wide orbits (100 au),
which are typically found at late type stars (e.g., Bowler et al.
2014). Given the relatively small orbit of HD 135344 Ab, this
planetary-mass companion is expected to have formed in a pro-
toplanetary disk, instead of being the low-mass tail of binary star
formation. In fact, the current planet location might be in the
vicinity of the approximate snowline location for the spectral
type of the host star (see Fig. 9), although the planet may have
migrated during its formation phase.

Apart from the age constraint from HD 135344 B, there is
a recent work by Ratzenbock et al. (2023), who used a clus-
tering algorithm to map the star formation history of Sco-Cen.
HD 135344 AB was associated with the ¢ Lup group in UCL,
for which an isochrone age of =10 and ~17 Myr was deter-
mined with two evolutionary models. An age of 10 Myr would
match best with the pre-main-sequence age of HD 135344 B. Ar-
guably, it would also be more consistent with the high IR ex-
cess of the secondary star. Maintaining a dust-rich disk up to
17 Myr would be (even more) puzzling. If the system were to
be =17 Myr then the planet mass would still be in the planetary
regime, M, ~ 12 Mj, but close to the deuterium-burning limit.

In contrast to the secondary star, the circumstellar environ-
ment of HD 135344 A is already depleted, given the minor IR
excess (see Appendix A). This is also consistent with a non-
detection of a disk in scattered light in the SPHERE imagery.
The origin of the different disk evolution timescales of the pri-
mary and secondary star is not known, but could be related
to a more efficient photoevaporation by the stronger radiation
field of HD 135344 A. Indeed, disk lifetimes are known to in-
crease towards later spectral types (e.g., Luhman 2022). Dur-
ing the early evolution of the system, the primary star was
likely a Herbig Ae star with a protoplanetary disk in which
HD 135344 Ab would have carved a wide gap during its forma-
tion. Dust- and gas-depleted cavities and gaps are quite com-
mon at Herbig Ae stars (e.g., van der Marel & Mulders 2021).
Such resolved substructures are signposts for forming planets,
but only a few gap-carving planets have been detected (e.g.,
PDS 70 b/c; Keppler et al. 2018; Haffert et al. 2019). The discov-
ery of close-in, directly imaged planets such as HD 135344 Ab
shows that Jovian planets might indeed be responsible for some
of the large cavities. Possibly they are more difficult to detect
during formation as the dust has not yet been dispersed, since
even cavities are not fully cleared from small dust.

HD 135344 Ab will be an appealing target for spectral char-
acterization with the next generation of large ground-based tele-
scope facilities (e.g., Brandl et al. 2010), given its small angu-
lar and physical separation with the star. The quality of the
current measurements was sufficient to identify H,O absorp-
tion in the low-resolution spectra and to infer the bulk param-
eters. Spectral inference of molecular abundances will be more
challenging given the planet’s brightness, but might be feasible
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Fig. 9: Age versus semi-major axis of directly imaged plan-
ets. We selected young companions with planetary masses (ex-
cept HD206893B), M < 13 Mj, planet-to-star mass ratios
of g < %, and orbits smaller than ~100 au. The locations
of the giant planets in the solar system are indicated with
vertically dashed lines and the gray areas are, from left to
right, separated by the approximate locations of the H,O and
CO; icelines of an AO type star (Obergetal. 2011). Semi-
major axes have been retrieved from whereistheplanet when
available (Wang et al. 2021a), and from Wang et al. (2021b),
Hinkley et al. (2023), Currie et al. (2023), and De Rosa et al.
(2023) otherwise. The ages have been adopted from Pecaut et al.
(2012), Bell et al. (2015), Macintosh et al. (2015), Chauvin et al.
(2017), Miiller et al. (2018), Garufi et al. (2018), Zuckerman
(2019), Miret-Roig et al. (2020), Brandtetal. (2021), and
Hinkley et al. (2023). Systematic uncertainties on the ages (e.g.
due to uncertain cluster membership) are not reflected by the er-
ror bars.

with KPIC, the fiber-fed high-resolution infrared spectrograph
at Keck (Wang et al. 2024), or with the enhanced sensitivity of
the recent upgrade to GRAVITY + (Gravity+ Collaboration et al.
2022). Extending the SED from NIR to MIR wavelengths will
increase the accuracy on the bolometric luminosity and other
bulk parameters, and so will the extraction and calibration at
short NIR wavelengths. Specifically, the fluxes at the blue end
(4 < 1.1 um) of the IFS spectrum are systematically higher than
the model spectra in Fig. 7. We suspect that this is a bias in the
spectral extraction, possibly due to the lower planet contrast, en-
hanced speckle noise, and/or reduced instrument transmission at
the shortest wavelengths. Similar contaminating systematics are
also seen at the short wavelengths in the IFS spectra of other
faint planets (e.g. Samland et al. 2017). The effect did however
not impact the parameter estimation given the S/N of the spectra.
Since the inferred luminosity is consistent with a planet mass of
M =~ 10 My, but the R,, from the spectral fit is a bit too large given
the mass and age constraint, this could imply that the T and R,
inferred from the SED are somewhat under- and over-estimated,
respectively.

The orbital analysis yielded first constraints on the elements,
given that the astrometry covers about 9% of the orbital period,
P =~ 45 yr. The semi-major axis has a precision of ~2-3 au, but is
correlated with the poorly constrained eccentricity, and therefore
also with the inclination. The posterior favors low to intermedi-
ate eccentricities, while face-on orbits with high eccentricities
are ruled out, but this is to be confirmed with astrometric moni-
toring. The projected motion will be somewhat linear during the
coming years, while the curvature will increase again towards

Article number, page 9

490

500

510



520

530

540

550

560

570

A&A proofs: manuscript no. output

periastron, which is in the year 2038.5 + 4.4. Since the planet
orbit has an high inclination, we can conclude that the orbit is
misaligned with the protoplanetary disk of the secondary star in
the HD 135344 AB binary system, as it is seen close to face-on
(igisk = 20 deg; e.g. Pérez et al. 2014). This is also not surpris-
ing given the large projected separation between the two stars
(=2800 au), so their circumstellar environments are expected to
have evolved independently.

The star was not observed by Hipparcos so a proper motion
anomaly cannot be determined. It will be interesting to analyze
the astrometric measurements from Gaia DR4. Although the or-
bital period of HD 135344 Ab is ~45 years, whereas the base-
line of DR4 is 5.5 years, an acceleration of the star’s proper mo-
tion might be detectable. Including the absolute astrometry in
the orbit fit will place a first constraint on the dynamical mass,
which will be valuable given the early evolutionary stage of the
planet and its possible formation in a protoplanetary disk. Fur-
thermore, combined analysis of the absolute and relative astrom-
etry could place constraints on the multiplicity of the planetary
system, since close-in directly imaged planets are often found in
pairs or more (e.g. at 8 Pic, HR 8799, HD 206893, PDS 70).

The detection of HD 135344 Ab at only 3-44/D demon-
strates the powerful high-contrast and high-resolution capabil-
ities of the SPHERE and GRAVITY instrument. This study also
highlights the importance of high-precision astrometric mea-
surements to fully disentangle orbital from background mo-
tion in a region of non-stationary background stars. However,
there was a good portion of luck involved with the discovery of
HD 135344 Ab, since we caught the planet at a favorable separa-
tion along its inclined orbit. The coming 10 to 20 years, the an-
gular separation with its star is decreasing down to ~10-35 mas,
so the planet would not have been discovered with SPHERE for
a large fraction of its orbit.

Finally, direct imaging surveys have established that gi-
ant planets are rare at separations 220 au (Nielsen et al. 2019;
Vigan et al. 2021). The detection rate is however expected to
increase towards shorter separations, where radial velocity sur-
veys have revealed a turnover point in the occurrence rates
(Fernandes et al. 2019; Fulton et al. 2021). Gaia DR4 may re-
veal hints of similar close-in giant planets in star forming
regions, guiding direct imaging searches and post-processing
algorithms (e.g., Currie et al. 2023; Winterhalder et al. 2024).
HD 135344 Ab might be part of a population of giant planets that
could have formed in the vicinity of the snowline, which have re-
mained challenging to detect since most surveys and observing
strategies have not been optimized for such small separations.
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Appendix A: Stellar parameters

In this appendix, we analyze the spectral energy distribution
(SED) of HD 135344 A. This is important for the calibration of
the contrast measurements and, given the age of the system, to
identify potential IR excess by circumstellar dust. Similar to fit
of the near-infrared planet SED in Sect. 3.6, we used species
(Stolker et al. 2020) to model the stellar SED and retrieve the at-
mospheric parameters, in this case using the BT-NextGen model
spectra (Allard et al. 2012). The parameter posteriors were then
used for computing synthetic photometry and spectra of the star,
in order to convert the contrast to flux. The main stellar parame-
ters are listed in Table A.

The parameter estimation is based on the low-resolution
Gaia XP spectrum, and Gaia G and Grys, TYCHO BV, and
2MASS JHK; photometry. We fitted an error bar inflation for
the XP spectrum to account for the systematics that were seen
as low-frequency oscillations in the spectrum. Similarly, we in-
flated the uncertainty of Grys flux. The best-fit model spectrum
has a goodness-of-fit of Y2 = 0.94 and is compared with the
data in Fig. A.1. The WISE fluxes were not included in the fit
since the residuals revealed excess emission starting at WISE
W3 (19 = 12 um) or perhaps already at W2 (1y ~ 4.6 um).
The WISE photometry is however flagged as possibly contam-
inated by a diffraction spike of the secondary star, which has a
high IR excess. Also, the initial WISE magnitudes are ~0.2 and
~2.0 mag fainter in W3 and W4, respectively, compared to the
ALLWISE release (Wright et al. 2010). Extracting robust pho-
tometry might be difficult since the two stars are hardly resolved
at W4. So, while there seems to be evidence for IR excess, the
magnitude is yet to determined. A more detailed analysis of the
potential circumstellar disk will be deferred to a followup work.

The retrieved stellar parameters are provided in Table A.
The error bars only represent the statistical uncertainties esti-
mated with the Bayesian inference, so these might be under-
estimated as model-dependent systematics are not considered.
The effective temperature, Tex ~ 9540 K, is consistent with
an AQV type star as evolutionary tracks predict about 9500 K
for a stellar mass of M, = 2.2 M, (see Fig. A.2). The poste-
rior of the metallicity peaks towards zero, which is the lower
boundary of the model grid, so favoring solar abundances. The
visual extinction, Ay =~ 0.2, is consistent with the value de-
rived for HD 135344 B, Ay = 0.23 + 0.06, by Fairlamb et al.
(2015). The radius, R, = 1.5 Rg, is smaller than model pre-
dictions, R, = 1.8 Ry. The radius acts as a flux scaling of the
model spectrum, together with the normal prior for the paral-
lax. The Gaia astrometric solution has a RUWE of 0.95 and the
astrometric excess noise is 0.21 mas, so the parallax measure-
ment seems sufficiently accurate to not bias the inferred stellar
radius. From T and R., we computed a bolometric luminosity
of logL./Ly = 1.22 £ 0.01. The luminosity is low for an AOV
type star (see Fig. A.2), as a result of the small stellar radius.

Article number, page 12

= 3l?%xii\$4WW[\fw //W[ﬁ\ W“ﬂﬂ/\\fx\:
0' NN . . A A ]
10-10F — 1 T T — ]
—— Ter=9540K, Rx. = 1.5 R, Ay =0.2
q
g 10712 4 Gaiaxp 4
g # Tycho B,V
T in_14| & GaiaG,Grys
r% 10 & 2MASS JHK,
& WISE W1,W2,W3,W4

10—16 PR | L L PR S R | N
§ S5 T AT ' Tt T g
Lr: O;—.—'.".l'—.b.—.—n—.o...b"——.————I———l———————.— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -;
g —5E R L A 3

P |
1.0 10.0

Wavelength (um)

Fig. A.1: Spectral energy distribution of HD 135344 A. The
black line is the best-fit model spectrum and the colored markers
are the photometric fluxes with horizontal error bars showing the
full width at half maximum of the filters. The top panel shows
the filter profiles and the bottom panel the residuals relative to the
measurement uncertainties. For clarity, every 15th wavelength of
the Gaia XP spectrum is shown, whereas the full spectrum was
used in the fit.
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Fig. A.2: Stellar evolutionary tracks in comparison with the
HD 135344 AB binary system. The parameters of the primary
star have been estimated in this work, but here with inflated
uncertainties of o7, = 200 K and ooez/z, = 0.1 dex.
The parameters of the secondary star have been adopted from
Fairlamb et al. (2015) (corrected to the Gaia DR3 distance),
and the pre-main-sequence tracks are from Siess et al. (2000).
Stellar masses are given in solar masses next to the pre-
main-sequence tracks. The brown dashed line shows the zero
age main-sequence (ZAMS; Lyuciear > 0.99Ltora1), Which is at
13.7 Myr for HD 135344B (M. = 1.5 M,), and the solid line
is the early main-sequence (MS), defined as the moment when
the CNO cycle of intermediate-mass stars has reached its equi-
librium.
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Table A.1: Stellar parameters of HD 135344 A.

Parameter Value Units Reference

RA (J2016) +15 15 48.92 hms Gaia Collaboration et al. (2023)
Dec (J2016) -37 08 56.12 dms Gaia Collaboration et al. (2023)
HRA —18.74 £ 0.05 mas yr~!  Gaia Collaboration et al. (2023)
MDec -24.01 £0.04 mas yr~! Gaia Collaboration et al. (2023)
w 7.41 +£0.04 mas Gaia Collaboration et al. (2023)
TYCHO B 7.861 = 0.015 mag Hgg et al. (2000)
TYCHO V 7.775 = 0.011 mag Hgg et al. (2000)

Gaia G 7.7481+0.0028 mag Gaia Collaboration et al. (2023)
Gaia Ggp 7.7687+0.0028 mag Gaia Collaboration et al. (2023)
Gaia Ggrp 7.6794+0.0038 mag Gaia Collaboration et al. (2023)
Gaia Ggrys 7.6387+0.0051 mag Gaia Collaboration et al. (2023)
2MASS J 7.582 +0.019 mag Cutri et al. (2003)
2MASS H 7.582 +0.036 mag Cutri et al. (2003)
2MASS K 7.563 + 0.023 mag Cutri et al. (2003)
WISE W1 7.538 +0.028 mag Wright et al. (2010)
WISE W2 7.583 +0.022 mag Wright et al. (2010)
WISE W3 7.140 + 0.017 mag Wright et al. (2010)
WISE W4 4.210 £ 0.019 mag Wright et al. (2010)
SPHERE H2 7.59 +£0.03 mag This work

SPHERE H3 7.58 +£0.03 mag This work

SPHERE K1 7.57+£0.02 mag This work

SPHERE K2 7.56 +£0.02 mag This work

SpT A0V Houk (1982)

Te 9540 + 100 K This work

log g 41+0.1 dex This work

[M/H] <0.05 dex This work

R. 1.50 = 0.01 Ry This work

Ay 0.21 £0.02 mag This work

logL/Lg 1.22 + 0.01 dex This work
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