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ABSTRACT

Context. Accretion at planetary-mass companions (PMCs) suggests the presence of a protoplanetary disc in the system, likely accom-
panied by a circumplanetary disc. High-resolution spectroscopy of accreting PMCs is very difficult due to their proximity to bright
host stars. For well-separated companions, however, such spectra are feasible and they are unique windows into accretion.

Aims. We have followed up on our observations of the 40-Myr, and still accreting, circumbinary PMC Delorme 1 (AB)b. We used
high-resolution spectroscopy to characterise the accretion process further by accessing the wealth of emission lines in the near-UV.
Methods. We have used the UVES spectrograph on the ESO VLT/UT2 to obtain R, ~ 50000 spectroscopy, at 3300—4520 A, of
Delorme 1 (AB)b. After separating the emission of the companion from that of the M5 low-mass binary, we performed a detailed
emission-line analysis, which included planetary accretion shock modelling.

Results. We reaffirm ongoing accretion in Delorme 1 (AB)b and report the first detections in a (super-Jovian) protoplanet of resolved
hydrogen line emission in the near-UV (Hy, Hd, He, H8, and H9). We tentatively detect H11, H12, He 1, and Ca 1l H/K. The analysis
strongly favours a planetary accretion shock with a line-luminosity-based accretion rate of M = 2 x 1078 My yr~!. The lines are asym-
metric and are well described by sums of narrow and broad components with different velocity shifts. The overall line shapes are best
explained by a pre-shock velocity of vy = 170 + 30kms™!, implying a planetary mass of Mp = 13 + 5 M, and number densities of
ny 2 1083 cm™ or ny ~ 10" em™3. The higher density implies a small line-emitting area of ~1% relative to the planetary surface. This
favours magnetospheric accretion, a case potentially strengthened by the presence of blueshifted emission in the line profiles.
Conclusions. High-resolution spectroscopy offers the opportunity to resolve line profiles, which are crucial for studying the accre-
tion process in depth. The super-Jovian protoplanet Delorme 1 (AB)b is still accreting at ~40 Myr. Thus, Delorme 1 belongs to the
growing family of ‘Peter Pan disc’ systems with (a) protoplanetary and/or circumplanetary disc(s) far beyond the typically assumed
disc lifetimes. Further observations of this benchmark companion and its presumed disc(s) will help answer key questions about the

accretion geometry in PMCs.

Key words. planets and satellites: individual: Delorme 1 (AB)b — accretion, accretion disks — techniques: spectroscopic

1. Introduction

The process of mass accretion in young stars has been well
studied and modelled for decades. Currently, magnetospheric
accretion models best fit the observations (e.g., Hartmann et al.
2016). Matter in accretion columns is funnelled by magnetic
fields onto the stellar surface and impacts at near free-fall
velocities, releasing its kinetic energy at a shock. This leads
to observable emission in a number of lines, most strongly in
HT (e.g., Muzerolle et al. 1998; Herczeg & Hillenbrand 2008),
which is often accompanied by HeT and Call emission. The

* Based on observations collected at the European Southern Obser-
vatory under ESO programme 0108.C-0655(A).

line luminosities can be used to estimate mass accretion rates
(e.g., Rigliaco et al. 2012; Alcald et al. 2017) and to distinguish
accretion from chromospheric activity (e.g., Manara et al. 2017;
Venuti et al. 2019). Line characteristics such as width (e.g.,
Jayawardhana et al. 2003; Natta et al. 2004) and profile asym-
metries (e.g., Thanathibodee et al. 2022) can also aid in char-
acterising the accretion process. Finally, the time variability
of stellar accretion has also been studied using high-resolution
spectroscopy, for example in EX Lupi during both outbursts and
quiescence (Sicilia-Aguilar et al. 2012, 2015). EX Lupi showed
strong variability in nearly all observed emission lines, including
numerous metallic emission lines in the near-UV such as Fel,
Fe1, and TiIL
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Contrary to the stellar case, accretion in brown dwarfs or
planetary-mass companions (PMCs) has only more recently,
thanks to advancements in instrumentation and post-processing
techniques, become accessible for study (e.g., Haffert et al.
2019; Eriksson et al. 2020; Stolker et al. 2021; Currie et al.
2022; Zhou et al. 2022). The most widely studied of these are
the two protoplanets in the 5 Myr PDS 70 system (Keppler et al.
2018; Miiller et al. 2018). Atacama Large Millimeter Array
(ALMA) observations also confirmed the presence of at least
one circumplanetary disc (CPD) in the system (Christiaens et al.
2019; Isella et al. 2019; Benisty et al. 2021). Since the detec-
tion of Ha emission from both PDS 70 b and c or their
respective CPDs by Haffertet al. (2019), accretion in these
protoplanets has been characterised and modelled in a number of
works (e.g., Thanathibodee et al. 2019; Aoyama & Tkoma 2019;
Hashimoto et al. 2020; Wang et al. 2020, 2021; Uyama et al.
2021; Zhou et al. 2021). So far, emission lines other than
Ha have not been detected from either source, and obser-
vational constraints have only allowed for medium-resolution
spectroscopy (R < 5000). At this resolution, the line widths
cannot be reliably measured (e.g., Thanathibodee et al. 2019;
Eriksson et al. 2020), and line asymmetries that can further con-
strain the source of the emission (e.g., shocks onto the sur-
face of the planet or the CPD), and therefore the accretion
geometry, are smoothed out (e.g., Thanathibodee et al. 2022;
Marleau et al. 2022). In general, the observed signatures of
accretion in the planetary paradigm can be explained by a sim-
ilar magnetospheric model as in the stellar accretion paradigm
(e.g., Thanathibodee et al. 2019), but also by other models
(e.g., Aoyamaetal. 2018, 2020; Marleau et al. 2019, 2022;
Szulagyi & Ercolano 2020; Takasao et al. 2021). Determining
which one best describes the accretion process in PMCs requires
the use of high-resolution spectroscopy.

In Eriksson et al. (2020), we observed the 12—-14 M; PMC
Delorme 1 (AB)b (or 2MASS J01033563-5515561 (AB)b;
Delorme et al. 2013) with VLT/Multi-Unit Spectroscopic
Explorer (MUSE). We discovered very strong Ha emission,
as well as HB and Hel emission, indicating accretion. The
discovery was unexpected due to the ~40 Myr age of the system,
based on its Tuc-Hor membership. This makes it an unusual and
uniquely ‘old’ accreting PMC, but not unique when compared
with stellar or brown dwarf accretors of similar ages, referred
to as ‘Peter Pan disc’ systems (e.g., Boucheretal. 2016;
Silverberg et al. 2016, 2020; Murphy et al. 2018; Lee et al.
2020). Bettietal. (2022) recently detected near-infrared HI
emission (Pag, Pay, and Bry) confirming the accretion status of
Delorme 1 (AB)b. Due to being relatively nearby (47.2 + 3.1 pc;
Riedel et al. 2014) and at a ~1.8"” separation from its faint M5
binary host, Delorme 1 (AB)b is uniquely suited for follow-up
with high-resolution spectroscopy.

In this Letter we present the results (Sect. 3) of our near-
UV (33004520 A), R, = 1/AA = 50000 VLT/Ultraviolet and
Visual Echelle Spectrograph (UVES) observations (ID: 0108.C-
0655(A)) of Delorme 1 (AB)b, which offer a unique window into
an accreting protoplanet. We report the detection of a large num-
ber of emission lines, primarily from H1 (H5-H9 and H11-H12)
where H5-H8 also show line asymmetries. The implications of
these asymmetries are discussed further in Sect. 4.

2. UVES observations and data reduction

The Delorme 1 system was observed using UVES (Dekker et al.
2000), mounted on the ESO VLT/UT2 in Cerro Paranal, Chile.
Depending on the instrumental setup, UVES provides a wave-
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Fig. 1. Cut-out of frame 1 showing H7 in order 24. Left: before subtrac-
tion of the stellar lines. Middle: after subtraction. Right: residuals after
subtraction, showing the efficient extraction of the companion line.

length coverage of A ~ 3000—11000 A, split into two arms (blue
and red), with R, =~ 40000-110000. The UVES observations
were obtained using a 0.8” wide slit covering 3300-4520 A in the
blue arm at R, ~ 50000. Table A.1 provides the observing log.

Data reduction and spectral extraction were done using a cus-
tom pipeline that specialises in separating the companion spec-
trum from that of the host star, through an iterative point spread
function (PSF) fitting process (see Appendix A.l). Figure 1
shows an example of the extraction of H7 in order 24, with other
lines in Figs. A.1-A.3.

The extracted spectrum was flux-calibrated and blaze-
curvature-corrected order by order (see Appendix A.2). The
spectrum is consistent between both frames, suggesting non-
variability on very short timescales (~0.5h). These were there-
fore combined in an averaged spectrum, which is used for the
analysis presented in Sect. 3. The flux uncertainty in a given
spectral bin of the averaged spectrum was set to the standard
deviation of a three-bin-wide moving box in each frame (six bins
in total). For integrated absolute line fluxes, uncertainties from
the flux calibration and blaze curvature correction dominate.

3. Analysis and results

We have resolved, for the first time in a protoplanet, HI line
emission in the near-UV (H5-H9). For emission line character-
istics, readers can refer to Tables 1 and B.1, as well as Figs. 2
and B.1-B.6. We also report a number of tentative detections,
notably H11, H12, He 1(4471.66, 4026.34, and 3888.64 A), Can
H and K (3968.47 and 3933.66 A), as well as a number of lines
that could correspond to neutral metals (Fel, Cr1, and TiI).
Figure B.7 shows an example of the HeI A 4471.66 detection,
Table B.2 lists all tentative detections, and their characterisation
is described in Appendix B.2.

3.1. Characterising the near-UV H\ line emission

Following the steps outlined in Sect. 2, a barycentric cor-
rection was applied and calculated to —13.234kms™' using
astropy.skycoord at Cerro Paranal on 2021 October 25.
Unambiguous detections were made of HI emission lines from
HS5 (Hy, 4340.464 IOA) down to H9 (3835.397 A). We tentatively
detected H11 and H12, while H10 was not due to a low signal-to-
noise ratio (S/N). Table 1 provides integrated line fluxes (Fiine)
and luminosities (Ljine). We note that H6 might be overluminous
in this context, being brighter than HS. Similarly, there is a dis-
crepancy for the absolute fluxes of the two different orders of
H7, where it seems likely that the true flux is closer to an aver-
age of the two. On the other hand, as shown in Fig. B.1, the line
profiles of both orders agree well. Therefore, the discrepancies
in flux most likely come from differences in the order by order
flux calibration.
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Table 1. Delorme 1 (AB)b integrated fluxes, luminosities, and derived mass accretion rates for detected HI emission lines.

Stellar scaling @

Planetary scaling )

Line Fline 1Og(Lline) lOg(Lacc) IOg(M) 1Og(Lacc) IOg(M)
(107" ergem™ s7") (Lo) (Lo) (My yr™h) (Lo) (My yr™")
H53; (Hy) 113437 ~7.1+03 -52+05 —84+0.5 —44+03 ~77+03
H6 (Ho) 18.0 #3¢ ~69+0.1 47404  -80+04 —40+02 7302
H7,4 (He) 7.1 714 ~73+0.1 51+04  -83+04 42402  -74+02
H7»; (He) 1.6 110 ~7.9+03 -57+0.5 —-9.0+0.5 —47+03 ~7.9+03
H8 22 fg:g -7.8+0.2 -5.6+04 -8.8+04 -45+03 -7.7+03
H9 11703 ~81+02  -57+04  -89:04 ~46+03  -78+03
HI1 0.5 *04 ~84+04  -59+05  -92%0.5 ~46+04  -7.8+0.4
HI2 0.4 fg'g -85+04 -5.8+0.5 -9.1+0.5 -4.6+04 -7.8+04

Notes. Line subscripts denote the spectral order. Integrated fluxes are extinction-corrected. Lines H11-H12 are tentative (Appendix B.2). @ L,
derived from Ly, using the stellar scaling relations in Alcald et al. (2017). ® L, derived from Ly, using the planetary scaling relations in
Aoyama et al. (2021) for H5-HS, and in Marleau & Aoyama (2022) for H9, (a, b) = (0.83, 2.16); H11, (0.82, 2.37); and H12, (0.82, 2.47).
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Fig. 2. H7 and HS line profiles (light blue; light red: three-bin moving average). Clear asymmetries in both lines preclude single-Gaussian fits.
The fit (black line) is the sum of narrow and broad components (NC, dashed blue; BC, red), and might also show Fe13887.05 A or Cr13887.08 A
emission. The velocity zero-point is set to the rest-frame wavelength of the HI emission line.

In the stellar accretion paradigm, scaling relations have been
derived that correlate Ljj,e with an accretion luminosity (Lacc)
(Rigliaco et al. 2012; Alcala et al. 2017), according to
log(Lacc/LO) =axX log(Lline/Lo) +b (1)

where a and b correspond to the fit coefficients of the scaling
relation for a given line. Mass accretion rates M are then

Ry )‘1 LaccR, )

Rin GM* ’

where R, is the radius of the accreting object, R;, is the inner
disc radius, conventionally set to 5R, (e.g., Gullbring et al.
1998; Herczeg & Hillenbrand 2008; Alcald et al. 2017), and M
is the mass of the object. Based on the isochronal analysis

M=(1
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in Eriksson et al. (2020), we adopted Mp = 0.012 My and
Rp = 0.163 = 0.009 Ry, and used the coefficients derived by
Alcald et al. (2017) to calculate L, and M for HS-H9 and H11—
H12. The uncertainty in L,.. is dominated by the scatter in the
scaling relation, rather than the uncertainty in Ljje.

In Eriksson et al. (2020), we also noted a large discrep-
ancy between mass accretion rates estimated by the stellar scal-
ing relation and those estimated by planetary accretion models.
The work of Aoyama et al. (2021) proposed a new planetary
scaling relation, formulated in the same way as Eq. (1). It is
based on detailed non-equilibrium shock calculations with input
parameters (velocity and number density) appropriate for form-
ing planets (see details in Aoyama et al. 2018, 2020). Using
the corresponding (a, b) coefficients for H5—HS8, with H9-H12
from Marleau & Aoyama (2022), we present planetary scal-
ing estimates for L, and M in Table 1, along with the stel-
lar scaling estimates. On average, we find log(M/M;yr~")) =
—8.8 + 0.4 from the stellar scaling of Alcald et al. (2017), and
log(M/M;yr~")) = —=7.7 £ 0.3 from the planetary scaling of
Aoyama et al. (2021). Revisiting the 2018 September 18 MUSE
epoch in Eriksson et al. (2020) and using this planetary scaling
for Ha and HB, we find an average log(M/M; yr')) = —=8.5+0.1.
Closest in time to the UVES epoch is the 2021 November 20
epoch near-infrared (NIR) spectrum by Betti et al. (2022), for
which they find an average log(M/M;yr')) = =7.4 + 0.2.

3.2. Characterising line profile asymmetries

Several of the HT lines display clear asymmetries, which are
primarily redshifted and especially prominent in H7 and HS8
(Fig. 2). This suggests that the lines are composed of both
narrow (NC) and broad (BC) components, similar to what
Sicilia-Aguilar et al. (2012, 2015) found for the accreting star
EX Lupi and as is predicted by the planetary accretion shock
framework of Aoyama et al. (2021). In stellar magnetospheric
accretion, the NC originates in the post-shock region, while
the BC likely originates in the pre-shock flow (Hartmann et al.
2016). In the planetary accretion shock framework, the gas in
the immediate post-shock region is hotter (T 2 10° K) and is
still receding quickly away from the observer, down into the
planet. This results in a redshift of the BC relative to the NC,
and a broader profile width due to greater Doppler broadening.
The NC in turn originates deep below the shock at lower tem-
peratures (T ~ 10*K) and is expected to have a full width at
half maximum (FWHM) of a few tens of km s~ (Aoyama et al.
2020). To disentangle these components, all lines were analysed
through an iterative fitting procedure (see Appendix B.1), which
included both single and multiple Gaussians. Fig. 2 shows the
best fits for H7,4 and H8 (with the rest in Figs. B.1-B.6), and
Table B.1 provides the fit parameters. Section 4 discusses the
implications of these findings.

Line profiles were separately analysed within the framework
of Aoyama et al. (2020, 2021). Here, each line profile is com-
pared to a model grid with pre-shock number densities of ny =
10°-10'* cm=3 and pre-shock velocities of vy = 50-200 kms~".
Figure B.8 shows the normalised root mean square error (RMSE)
for the accretion shock model. These were created by comparing
the observed line profiles with the model as a function of (ng,vo).
The RMSE measures the quality of the fit by normalising the
deviation by the noise dispersion (o r_ ), namely,

- F model)2

1 Z(F]ine
RMSE = \/ ¥ : :

O-Fcom

3
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where Fiodel 1S the modelled line flux and N is the number of
data points. With no detected continuum, the average Fon; 1S
close to zero. The red (blue) region denotes where the model—
observation discrepancy is larger (smaller) than the noise level.

How much the grid parameters (ng,vo) can be constrained
depends on (i) the line-S/N and (ii) the sensitivity of the line pro-
file on the grid parameters. The line profile becomes wider with
increasing vy, but it hardly depends on ng, except when the line
becomes optically thick and saturated (Aoyama & Ikoma 2019).
Since the hydrogen excitation originates from collisional excita-
tion in the post-shock, the more highly excited hydrogen is less
abundant and optically thinner. Consequently, the less excited
hydrogen (e.g., source of H5 or H6) is more sensitive to ng.

This analysis and Fig. B.8 indicate a best-fit pre-shock veloc-
ity of vo = 170 + 30kms~'. For ng, two different ranges are
indicated, nyp ~ 10" cm™ and ny > 10" cm™3. At the lower
ng, the BC of the model matches only the NC of the data. At
the higher ng, the model reproduces both the NC and BC of the
data. Assuming the pre-shock velocity to be a free-fall velocity
yields an estimate of the accretor’s mass Mp from V(Z)Rp =2GMp.
This results in Mp = 13 + 5 M; (uncertainty dominated by
that on vy), which agrees well with the isochronal masses from
Delorme et al. (2013) and Eriksson et al. (2020).

From M, vy, and ng, we can estimate the filling factor fg, the
line-emitting fraction of the planetary surface area. By definition
(Aoyama & Ikoma 2019), with £ a mean molecular weight,
M = 4xR3novoufin- 4)
Equation (4) implies fi < 0.3% for ng > 103 ecm™ and fi ~
33% for ny ~ 10" cm™3.

An analysis was also done for the line flux ratios within the
same framework. The results were inconclusive for H5 and H6,
due to the large uncertainties in Fj,.. The line ratios between
H7-H9 agree with the model prediction with any model param-
eters. This is because the H7-H9 ratios hardly depend on density
or temperature (set by vy), due to the short collisional-transition
timescale between highly excited electron levels. Therefore,
unlike the lines analysed in Betti et al. (2022), we cannot put
constraints on ng or vy from line ratios of the higher-order lines.

4. Discussion

We have presented R; ~ 50000 spectroscopic observations
of Delorme 1 (AB)b from the blue arm of VLT/UVES (see
Viswanath et al., in prep. for the red arm). They provide the first
detection of resolved HI line emission in the near-UV at a pro-
toplanet. We now discuss a few points beyond the scope of the
analysis of the HT lines presented in Sect. 3.

Using the Aoyama et al. (2021) planetary scaling relations
and averaging the accretion rates across all HI lines yields an
estimate of M = 2 x 1078 My yr~! for Delorme 1 (AB)b at this
epoch (Table 1). This agrees well with the NIR-based estimate
of M = (3-4) x 108 M yr‘1 of Betti et al. (2022), who used
the same scaling relations and non-contemporaneous observa-
tions obtained within 1-5 months of the UVES epoch. Compar-
ing these two data sets with the original MUSE detection of
accretion in Eriksson et al. (2020), it is possible that accretion in
Delorme 1 (AB)b is variable by roughly an order of magnitude
on a timescale of years.

Resolved line profiles allow for an analysis beyond line fluxes
and probe possible accretion geometries. As noted in Sect. 3.2,
the accretion flow likely has a pre-shock velocity of vy =
170 + 30kms~' and slightly favours a number density of ny
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10" cm3, as the model at higher o reproduces both the observed
NC and BC. Since vy and M are constrained within ~30%, it is
meaningful to discuss the filling fraction. The estimate of f5; ~
0.3% points more towards a magnetospheric accretion geometry.
A spherical accretion geometry requires fs; ~ 1 and would be
ruled out at this ng, but not at ny ~ 10'' cm™3. The higher n is
consistent with the estimate from Betti et al. (2022).

The multi-component Gaussian fits in Table B.1 favour
NCrwnm ~ 40kms™" and BCrwum ~ 90-160km s~ (for red-
shifted BCs). The widths and radial velocity (RV) shifts agree
well with an origin at a planetary accretion shock (Sect. 3.2).
Higher-order lines (H7 and above) are also predicted to show
a stronger redshifted BC than less excited lines such as H5—
H6 (Aoyama et al. 2020), which can be seen by comparing
H7,4 (Fig. 2) with H5 (Fig. B.2), for example. For the two-
component fits, there is a potential discrepancy in the RV shifts
in Table B.1. For H5-H6, both the NC and BC are located at sim-
ilar shifts (x7-8 km s~!); whereas, for H7-H8, the NC is located
at ~3 kms~!, while the BC is shifted by ~20kms~!. One inter-
esting explanation could be that there is actually both a (slightly
narrower) redshifted BC from the post-shock and a blueshifted
BC from the pre-shock gas. The three-component fits of H7,4
and H6 in Table B.1 were obtained to explore this possibility (see
Fig. B.4 for H6). These fits, while subject to stronger degenera-
cies, provide a better overlap and indicate similar velocities for
the blueshifted components.

Blueshifted emission of this type is common in stellar mag-
netospheric accretion models where it originates in accretion fun-
nels. The heating mechanism of these funnels remains unclear, but
itis conceivable for magnetospheric accretion at planetary masses
to lead to such emission (Thanathibodee et al. 2019). This would
be a natural explanation since these blueshifted features are not
expected from (planetary) accretion shocks and thus could sug-
gest magnetospheric accretion in Delorme 1 (AB)b.

Higher-S/N spectra, or averages of contemporaneous obser-
vations, would help to reveal the true nature of these blueshifted
features and to confirm the presence of metal lines which have
only tentatively been detected (Table B.2). This would be ben-
eficial as metal transitions of similar energy can be used to
probe the local conditions of the gas, independently of hydrogen
transitions (e.g., Sicilia-Aguilar et al. 2015). Similar as for Ex
Lupi, such observations could examine the geometry of accre-
tion shock hotspots on the surface, if done within days of each
other, by looking for RV modulations.

In summary, Erikssonetal. (2020), Bettietal. (2022),
and now this work show clearly that the super-Jupiter
Delorme 1 (AB)b is still accreting despite its ‘advanced’ age
of 40Myr. This puts it at tension with the canonical esti-
mate of much shorter protoplanetary disc lifetimes. As we
have noted in Eriksson et al. (2020), this might suggest that
the Delorme 1 system hosts a long-lived ‘Peter Pan disc’.
Disc simulations attempting to obtain these unusually long-lived
discs (e.g., Coleman & Haworth 2020, 2022; Wilhelm & Zwart
2021) list a high disc mass (Mgisc/Myx > 0.25) as being key.
Haworth et al. (2020) also find that low-mass stars can more
easily support high disc masses, Myis./M, > 0.30, than solar-
type stars. Such a high disc mass also favours planet forma-
tion through gravitational instability (e.g., Mercer & Stamatellos
2020), which is a plausible scenario for Delorme 1 (AB)b given
the architecture of the system. This reinforces the need to detect
and characterise the gaseous disc(s) fuelling this accretion.
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Appendix A: UVES observations

The observing log is in Table A.l. Figures A.1- A.3 provide
visual examples of the PSF-based spectral extraction process.

The interstellar extinction correction was obtained
from the Leike & Enfllin (2019) 3D dust map, based on
Gaia Data Release 2 (DR2). Using the MADYS toolkit
(Squicciarini & Bonavita 2022), the extinction was integrated in
a column out to the position of Delorme 1 (AB)b, resulting in
Ay =0.009 + 0.003 mag. This is a negligible contribution.

Table A.1. Observing log of the VLT/UVES 2021 October 25 obser-
vation of the Delorme 1 AB system during ESO programme 0108.C-
0655(A).

Date UT time  Seeing Airmass
(MJD) (hh:mm) ()
59512.2338014  05:42 0.53 1.28
59512.2555759  06:08 0.52 1.34

Notes. (DIT, NDIT) of (1420 s, 1) for both integrations.
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Fig. A.1. Full frame 1 reduced image before (left) and after (right) sub-
traction of the stellar lines. Confirmed H1 detections are highlighted.
The contrast in the image on the right was increased by a factor of five
and hot pixels were masked for clarity.

A.1. Pipeline reduction

Figures A.1 and A.3 show the full-frame image and other PSF
extraction examples, respectively. Figure A.2 illustrates the reli-
ability of the pipeline in accounting for cosmic rays.

The PSF subtraction was carried out through a process of
iterative refining of the modelled stellar PSF. Following an initial
basic reduction, the orders were first identified from the Flats. A
column-by-column background per order was estimated based
on the farthest few pixels from the order centre defined within
a three-column radius, which was then subtracted from the data.
Due to the strength of the companion lines in the raw data, the
pixels at the companion location were masked out prior to PSF
fitting for some orders, so that the core of the stellar PSF was
accurately defined. Further, due to the bright continuum and the
resulting high noise level in the data, the stellar PSF fit was per-
formed in two iterations.

In the first iteration, a spline was fit to the So--clipped median
of every 100 pixels in each order. The pixel data used for this pur-
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Fig. A.2. As in Fig. 1, but for H8 from frame 2, showcasing the relia-
bility of the PSF-based subtraction for handling cosmic rays.

H6, order 27

H5, order 33 H7, order 23 H8, order 21

SR S e

.

Fig. A.3. Mosaic showing cut-outs from frame 1 of H5-H8. Upper pan-
els: Before subtraction of the stellar lines. Lower panels: After subtrac-
tion. Both panels show the lines at the same contrast, which is also used
for the right panel in Fig. A.1.

pose were first normalised using a windowed sum of ten pixels
around the PSF core to avoid contamination due to noise or a
companion signal. Once this first approximation of the PSF was
obtained, a PSF frame was created based on a pixel-sampled PSF
for each column. An initial 1D stellar spectrum was extracted
from the frame, as well as a synthetic frame containing just the
stellar signal computed from the PSE. A global re-normalisation
was performed on this initial spectrum, and a second iteration
of PSF fitting was then performed for each order by fitting a
weighted spline to the whole order. Here, the data were nor-
malised using the 1D spectrum from the previous step and the
weights defined by the theoretical variance computed from the
synthetic frame and the background. The resulting PSF was then
used to create the final synthetic spectrum that was subtracted
from the reduced data to get the first residual frame, containing
only the companion signal (middle panels of Fig. A.3).

The companion PSF frame was created using a spline fit (as
above) on a slit with a radius of 8.7 pixels defined around the
companion location. The 1D spectrum of the companion was
extracted using this PSF frame and a resulting companion syn-
thetic frame was then created. This was further subtracted from
the first residual frame to give a second residual frame (bottom
panels of Fig. A.3). This final residual frame has both the stellar
and the companion signal efficiently extracted from the original
data.

A.2. Flux calibration

Flux calibration was done by calibrating the stellar binary flux
using synthetic spectra obtained from the VO SED Analyser
(VOSA; Bayo et al. 2008). The best fit to the available stellar
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photometry (excluding an IR excess from WISE) was the VOSA
BT-Settl AGSS2009 model spectrum with T.g = 3000 K,
log(g) = 5, and [Fe/H] = 0. The averaged stellar spectrum (of
the two frames) was divided by the model spectrum after being
interpolated to the same wavelength grid of a given spectral
order. The correction for the blaze function curvature was then
obtained from this divided spectrum with a spline fit. Finally, the
correction was then applied on an order-by-order basis to each
frame of the companion and stellar spectrum.

Appendix B: Line modelling
B.1. Gaussian fitting of Hi emission lines

Here we detail the fitting procedure and tabulate the fitting
parameters in Table B.1. Fig. B.1 compares the H7 line pro-
files from both orders. Plots of H5 are seen in Fig. B.2, H6 in
Figs. B.3 and B.4, H7»3 in Fig. B.5, and H9 in Fig. B.6. Fit-
ting was done iteratively using astropy (Robitaille et al. 2013;
Astropy Collaboration 2018) and specutils (Earl et al. 2022)
and evaluation of a fit was primarily done by eye, but also qual-
itatively through residuals and RMSE. It is worth noting that
any Gaussian fitting, especially multiple fits, are degenerate, and
only H7 in spectral order 24 could be readily fit with a dou-
ble Gaussian without prior boundary constraints. To quantify the
reliability of the fitted parameters better, uncertainties were esti-
mated by simulating 10° spectra of the observed averaged spec-
trum, through perturbation using a random normal distribution
and the empirical uncertainties in flux. We note that HS was
detected in both spectral orders 33 and 34, and H7 in orders 23
and 24. However, H534 was badly affected by noise and only
useful for extracting a similar RV shift in the line centre as H533.
In the stellar case, the width of the emission line, particularly
Wi of Ha, is related to vy and it can therefore be connected to
an accretion rate (e.g. Natta et al. 2004). In the case of planetary
accretion shock-heated emission, the width of the line is loosely
coupled to the pre-shock vy and instead primarily determined
by the effects of Doppler broadening (Aoyama et al. 2020). As
such, we do not expect the line widths estimated in Table B.1
to correlate with the estimates of vy derived from the line profile
analysis within the planetary accretion shock framework.

B.2. Characterisation of tentatively detected emission lines

We describe the selection process for quantifying potential lines
as tentative detections and list some parameters in Table B.2.
Each order was normalised by its median flux, which excluded
the order edges (first and last 100 pixels). Low confidence detec-
tions were assigned to lines above a normalised flux of five,
if distinguished above the local noise floor. Conversely, the
medium confidence level was set to a value of ten. If a low con-
fidence line was also detected in both frames (or orders), it was
given medium confidence. If it is also visible in the reduced data
frame, the line is given a high confidence. Potential emission
lines (noted as ‘Line?’ in Table B.2) were identified using the
NIST line database'. The works of Sicilia-Aguilar et al. (2012,
2015) were also used as examples of metallic lines detected

! All in-air rest wavelengths reported in this Letter are from https:
//physics.nist.gov/PhysRefData/ASD/lines_form.html.
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Fig. B.1. Figure showing the smoothed (moving-box average of three
bins) normalised line profiles of H7 from orders 23 (blue) and order 24
(red). The Gaussian fit of order 24 of H7 (seen in Fig. 2) is indicated
by the dashed black line. The tentative detection of Ca H in order 23 is
highlighted.

during stellar accretion. Possible lines were primarily listed in
Table B.2 for positive redshifts, and no potential blueshifted or
redshifted forbidden transitions were identified to be nearby. It is
possible that more lines are present near the average noise level,
especially higher orders of HI. The tentative detection of Ca K
(3933.66 A) could not be characterised beyond the FWHM and
RV shift as it is located in a very noisy region.

We tentatively detect H 11 and H 12 with high and medium
confidence. Furthermore, H11 is weakly visible in the data
frames, but not as clearly as in Fig. B.7, while H12 cannot be
reliably seen.

The tentative Hel detections (4471.48 A: log(Liine/Lo) =
~7.7+0.2,4026.19 A: log(Liine/Lo) = —8.2+0.2 and 3888.64 A)
share a similar RV shift within a few kms~'. They also differ
slightly in FWHM, but are largely consistent within the uncer-
tainties. Several HeT lines were detected in the optical spec-
trum in Eriksson et al. (2020), but as these were completely
unresolved, no constraints could be obtained for the line pro-
files. When feasible, we have estimated the accretion rates of
tentative H and HeT lines using the stellar scaling detailed in
Sect. 3.1. We note that H 11 and H 12 estimates agree well
with equivalent estimates for the confirmed detections (Table 1).
In the stellar context, the estimates from HeI differ by roughly
an order of magnitude compared to Table 1, with an average
of log(M/M;yr™')) = —8.0 + 0.4. Finally, the NIR spectrum
from Betti et al. (2022) appears to show the detection of Hel
110830 A. With helium lines having been detected from multiple
epochs and instruments, this highlights the need for modelling of
helium lines in a planetary accretion framework.

If the detection of Ca H is accurate with log(Ljjne/Lo) =
—8.8 + 0.2, stellar scaling results in log(M/M; yr~')) = =10.0 +
0.3. This underestimates the accretion rate by more than an order
of magnitude, compared to the H1 lines. This could be related to
the uncertainty in the calibration, the quality of the line, or indi-
cate that the Ca H emission originates during different conditions
in the planetary accretion paradigm.
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Table B.1. Delorme 1 (AB)b line profile characteristics of confirmed HI emission lines.

Line Arest, air Fit @ Aobs RV FWHM FWHM Wio
(A) (A) (kms™") A) (kms™) (kms™")
H5;33 (Hy) 4340.464 d,NC 4340.56 = 0.04 7+3 0.61 = 0.06 42 + 4 80+8
d, BC 4340.59 + 0.06 9+4 1.41 £0.16 9 + 11 184 + 20
H6 (H6) 4101.734 d,NC 4101.84 +£0.02 7+3 0.54 + 0.04 30+ 3 T77+5
d, BC 4101.84 +0.02 7+3 1.30 = 0.08 95+6 178 £ 8
t, NC 4101.83 +£0.02 T+2 0.52 +0.04 38+3 66 +5
t, BC; 4102.13 +0.06 29+ 6 1.09 = 0.06 101 £ 6 149 + 11
t, BC, 4101.40+0.07 -25+6 0.93+0.09 68 +7 178 £ 8
H7,, He) 3970.072 d,NC 3970.10 = 0.06 3+4 0.38 + 0.07 20+ 6 49 + 10
d, BC 3970.34 +£ 0.08 20+ 6 1.36 £ 0.10 103 +7 184 + 17
t, NC 3970.13 + 0.08 5+£5 0.40 = 0.05 30+£5 43 +17
t, BC; 3970.62 +0.11 40+ 8 1.06 £ 0.13 80+ 10 147 + 17
t, BC, 3969.77+0.10 -22+7 0.82+0.08 62+7 115+ 12
H7,3 (He) 3970.072 t,NC 3970.12 + 0.05 4+4 0.54 + 0.07 41 + 4 68 +9
t, BC 3970.32 + 0.06 19+4 1.60 +£0.12 124 + 8 226 + 19

H8 3889.049 t,NC  3889.09 +0.07 5+5 0.60£0.06 45+5 84 +9
t, BC 3889.30+0.09 23+7 153+0.18 118+12 218+25
H9 3835.384 s 383557+0.03 14+2 058+0.08 45+7 82+ 12

Notes. @ Single (s), double (d), or triple (t) Gaussian fits of narrow (NC) and broad components (BC). The triple fits for H7,3 and HS include the
tentative Ca H and He I lines, respectively (see Table B.2).
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Fig. B.2. Same as in Fig. 2, but showing the best double Gaussian fit for HS.
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Fig. B.3. Best double Gaussian fit for H6.
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Fig. B.4. Three-component fit of H6 using one NC and two BCs, illustrating that the line asymmetries in H5—H8 can also be reasonably fit when

a blueshifted BC is included, as discussed in Sect. 4.
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Fig. B.5. Best fit for H7,3, including a possible contribution from the Ca H line.
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Fig. B.6. Best fit for H9. The low S/N prevented the reliable fitting of multiple components.
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Fig. B.7. High-confidence tentative detection of He 1 14471.66. The inset covers the same wavelength window of frame 1 and shows the detection
above the broad stellar continuum. The red rectangle corresponds to a 2-A window around the line centre.

Table B.2. Delorme 1 (AB)b line characteristics for tentatively detected emission lines.

Aobs @ FWHM FWHM Line? Arest, air RV
A) (A) (kms™") &) (kms™)
High confidence

4471.6337 040+£0.05 28+3 Hel 44714802  12+3
4026.34,5 025+0.05 20+4 Hel 4026.1914 9+3

3770.1817 041 +0.11 32+8 HIl 3770.063 9+5
Medium confidence
4023.8055 0.11 9 Crl 4023.7336 5.0
Ti1 4023.6789 8.9
Crl 4023.43 27.6
4017.1755 0.12 8 Fe1 4017.1483 1.6

Fe1 4017.0832 6.5

Ti1 4016.9636 15.6

Cr1 4016.8961 20.4
3968.6253 0.09 +0.02 T+2 CammH  3968.47 11+£2

3949.90,3 0.14 11 Cr1 3949.6132 18.6
3933.762, 0.12 9 CannK  3933.66 7.6
3888.77, ® 026 +0.08 23+6 Hel 3888.648 T+4
3887.19; 0.06 5 Cr1 3887.08 8.5
Fe1 3887.048 11.0
Cr1 3886.7953 304
3866.51 0.09 7 Til 3866.4394 5.5

3750.401¢ 026+007 21+5 HI2 3750.151 20+ 3
Low confidence

4465.973; 0.13 9 Til 4465.806 11.0
4421.563; 0.12 8 Ti1 4421.451 7.4
4258.583) 0.19 13 Ti1 4258.525 39
Fel 4258.3156 18.6
4245.435, 0.22 17 Fe1 4245.3441 6.1
Fe1 4245.2569 12.2
3896.232, 0.16 12 Cr1 3896.01 17.3

Notes. @ Spectral order noted in subscript. ® From fit of blended H8 (Fig. 2). Not included in the relations by Alcal4 et al. (2017).
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Fig. B.8. Root mean square error (RMSE;
common colour scale on top), for the analysis
described in Sect. 3.2, using the shock models of
Aoyama et al. (2018, 2020, 2021). The two input
parameters are the pre-shock gas velocity vy and
the number density of hydrogen nuclei ny. The
smaller the RMSE is, the better the fit with the one-
sigma regions (RMSE < 1; Eq. (3)) in blue. Upper
panels: H533, H6, and H7,3. Lower panels: H7,4,
H8, and H9. The dashed and dotted horizontal
lines indicate ny = 10> cm™ and ny = 10'! cm™3,
respectively. At higher densities (9 2 10" cm™),
both the NC and BC of the data are reproduced by
the model, while the lower density only accurately
reproduces the NC. The lack of constraints on the
parameters from the H9 line is likely due to the
low line-S/N.
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