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Abstract

We analyze high-contrast, medium-spectral-resolution H,, observations of the star AB Aurigae using the Very
Large Telescope's Multi Unit Spectroscopic Explorer (MUSE). In multiple epochs, MUSE detects the AB Aur b
protoplanet discovered from Subaru/ SCExAO data in em1ss10n at wavelengths slightly blueshifted from the

H, line center (ie., at 6558.88-6560. 13A ~—100kms™') and in absorption at redshifted wavelengths
(6562.8-6565.1A; ~75kms ™). AB Aur b’s H,, spectrum is inconsistent with that of the host star or the average
residual disk spectrum and is dissimilar to that of PDS 70 b and c. Instead, the spectrum’s shape resembles that of
an inverse P Cygni profile seen in some accreting T Tauri stars and interpreted as evidence of infalling cold gas
from accretion, although we cannot formally rule out all other nonaccretion origins for AB Aur b’s MUSE
detection. AB Aurigae hosts only the second protoplanetary system detected in H,, thus far and the first with a
source showing a spectrum resembling an inverse P Cygni profile. Future modeling and new optical data will be
needed to assess how much AB Aur b’s emission source(s) originates from protoplanet accretion reprocessed by
the disk, a localized scattered-light feature with a unique H,, profile, or another mechanism.
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disks (1300); High contrast spectroscopy (2370)

1. Introduction

Protoplanets directly imaged within their natal protoplanetary
disks shed light on where, when, and how gas giant planet
formation can occur (e.g., M. Benisty et al. 2023; T. Currie
et al. 2023a). In young star-forming regions, many gas-rich
protoplanetary disks show evidence for cavities in scattered
light and/or the submillimeter, indicating that protoplanets may
be accreting disk gas (e.g., C. Ginski et al. 2016; S. M. Andrews
2020; L. Francis & N. van der Marel 2020). Massive
protoplanets could also be responsible for spiral density waves
launched in disks and visible in scattered light in some disks
(T. Muto et al. 2012; S. Paardekooper et al. 2023).

After PDS 70 bc (M. Keppler et al. 2018; S. Y. Haffert et al.
2019), AB Aurigae b presents the most comprehensive case for
being a directly imaged protoplanet (T. Currie et al. 2022)."

13 While the literature, especially in light of this study, favors AB Aur b as
identified as a site of active Jovian planet formation (i.e., not a brown dwarf),
its exact emission sources are less well constrained. For example, the near-IR
signal from AB Aur b has been modeled as thermal emission from an
embedded protoplanet atmosphere, but alternative models (e.g., a circumpla-
netary disk/sphere, shock emission from a region surrounding an unseen
protoplanet) may be plausible.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

Discovered from near-infrared (IR) high-contrast imaging with
the Subaru Coronagraphic Extreme Adaptive Optics Project
(SCExAQO), AB Aur b appears as a spatially extended,
concentrated source nearly 076 (~100 au) due south from the
star at a location consistent with the predicted position of a
protoplanet driving CO gas spirals seen in submillimeter data
and within the submillimeter-imaged dust cavity (Y.-W. Tang
et al. 2012, 2017). The SCEXAO data, obtained over 4 yr and
combined with archival Hubble Space Telescope (HST)
imaging taken over a decade prior (2007), provide evidence
for counterclockwise orbital motion. The CHARIS spectra and
HST Space Telescope Imaging Spectrograph (STIS) optical
photometry combined together appear inconsistent with a
simple scattered-light model (T. Currie et al. 2022). Comple-
mentary near-IR polarimetry likewise favors a non-scattered-
light origin for AB Aur b’s emission (E. Dykes et al. 2024).

Furthermore, T. Currie et al. (2022) reported the detection of
a H,, signal at the position of AB Aur b with SCExAO using
the VAMPIRES instrument that was also detected much later
with HST (Y. Zhou et al. 2022; B. P. Bowler et al. 2025). For
PDS 70 bc, a H, imaging detection was interpreted as an
accretion signature. However, as the T. Currie et al. (2022)
discovery paper clearly noted, AB Aur b’s H, emission results
from narrowband photometry and could either originate from
scattered light at the disk’s surface or be due to intrinsic Ho
emission from accretion.
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Table 1
MUSE H,, Observations

OB UT Date Air Mass DIMM Seeing To! DIT (s) x NDIT FWHMy,, Aperture Correction®
(arcsec) (ms) (mas)

1 2022 Oct 22 1.75-1.79 0.6-0.7 3-5 1x2,20x 30 78.0 10.9

2 2022 Nov 19 1.75-1.79 0.3-0.4 9-11 1x2,20x 30 88.0 10.1

3 2022 Nov 19 1.81-2.05 0.3-0.6 4-10 1 x 2,20 x 30 >300

4 2022 Nov 21 1.84-1.75 0.4-0.5 11-15 1x2,20x 30 94.0 7.0

Notes.

4 (2) Coherence time as reported in the ESO Data Archive.

® Correction factor for photometry between small (FWHMy,, in diameter from the sixth column) and large (2”5 in diameter) apertures.

Medium-to-high-resolution H,, spectroscopy presents a clear
next step to search for accretion onto AB Aur b (e.g.,
S. Y. Haffert et al. 2019; J. Hashimoto et al. 2020;
T. Currie 2024). For stars, circumstellar gas accretes at high
latitudes along magnetic field lines near freefall velocities,
producing a shock when the hot gas (T = 10,000 K) reaches
the stellar photosphere (e.g., J. Muzerolle et al. 1998; L. Har-
tmann et al. 2016) and results in H, line emission. Some
models for protoplanet growth extend the magnetospheric
accretion framework to smaller radii and masses (T. Thanath-
ibodee et al. 2019a), while others attribute H, emission to
heating of postshock gas (Y. Aoyama et al. 2018). Both
scenarios result in H, emission consistent with that detected
from the PDS 70 bc protoplanets as well as wide-separation
planet-mass companions. Other lines considered to be
diagnostic of accretion for young stars (e.g., Pag, Hp) have
not been consistently detected from PDS 70 bc or other planet-
mass objects (J. Hashimoto et al. 2020; T. Uyama et al. 2021;
D. Demars et al. 2023).

In this Letter, we present medium-spectral-resolution
observations of the AB Aurigae protoplanetary system
enclosing H, (A = 6562. 8 A) and obtained with the Multi
Unit Spectroscop1c Explorer (MUSE; R. Bacon et al. 2010) on
the Very Large Telescope (VLT). Compared to previous H,,
imaging data, MUSE decisively detects AB Aur b; we
compare AB Aur b’s extracted spectrum with spectra expected
for scattered light and contrast its features with those for other
protoplanets and young accreting objects.

2. Observations and Basic Data Reduction

We observed AB Aurigae using MUSE in Narrow Field
Mode (NFM) covering the H, and Hg lines in four observing
blocks (OBs) executed between 2022 October 22 and 2022
November 21, all taken in excellent seeing conditions. This
Letter focuses solely on the H, data (Table 1) over a
wavelength range of 6440.13—6688. 88A. A separate work
will analyze the Hg data and compare AB Aur b’s MUSE data
in detail to various models (J. Hashimoto et al. 2025, in
preparation).

For each OB, we obtained 600 s of exposure time of high-
contrast observations in H, with the AB Aurigae primary
saturated in some channels. We bracketed these deep
observations with short, 1 s exposures to obtain unsaturated
spectra for the AB Aur primary star. Except for OB3, which
had an air mass of more than 1.8 and whose sequence was
impacted by clouds and generally poor conditions, the
Adaptive Optics Facility (R. Arsenault et al. 2008; S. Strobele
et al. 2012) delivered an adaptive optics (AO) correction with a

point-spread function (PSF) full width at half-maximum
(FWHM) of ~0'1 in Ha. We calculated a correction factor
for photometry between small, FWHM-sized apertures and
larger apertures (2”5 in diameter).

Inspection of both the saturated and unsaturated data show
that OB4 has the highest-quality data: it has the sharpest PSF,
smallest aperture correction, and faintest halo at p ~ 1”. At AB
Aur b’s separation, the stellar halo is ~2-2.5 times fainter than
for OB1 and OB2 in the Hs science sequences. OB2 is the
second-highest-quality OB, as the halo at AB Aur b’s
separation is ~10%-15% fainter than OB1 at AB Aur b’s
separation. These differences in image quality—despite
comparable seeing values—are likely due to varying atmo-
spheric coherence times (7,), where OB4 had by far the
longest coherence time. Thus, we focus our analysis on OB4
and consider OB2 and OBI1 as supplementary data sets. We do
not analyze OB3 further due to its poor quality.

The MUSE line-spread function is asymmetrical and
exhibits slight variations from one spectral slice to another,
as well as from one spaxel (representing a spectrum in a
data cube) to another (T.-O. Husser et al. 2016). When
emission lines are particularly strong, certain regions in
proximity to these emission lines within a data cube can
exhibit a stripe pattern (e.g., Figure 6 in C. Xie et al. 2020).
To minimize the impact of this stripe pattern on the
detectability of AB Aur b, we fixed the detector direction
to ensure that the stripe pattern remained oriented horizon-
tally during observations (i.e., not overlapping with AB Aur
b’s position). To mitigate bad and hot pixels, we applied
dithering to our deep sequences.

We calibrated raw frames with the MUSE pipeline version
2.8.7 (P. M. Weilbacher et al. 2020). Basic calibrations
included bias and dark subtraction, flat-fielding, wavelength
calibration, measurement of the line-spread function, geo-
metric calibration, and illumination correction. For wave-
length calibration, in addition to the calibration with the arc
frames taken during the morning, the MUSE pipeline
calibrates the wavelength shift by sky lines at 5577.339 and
6300.304 A. However, when the sky lines are faint due to
insufficient integration time, the wavelength calibration by
sky lines fails (refer to Figure Al in J. Hashimoto et al.
2020). Thus, we do not apply the wavelength shift by sky
lines.

The typical wavelength solution precision (i.e., scatter per
spaxel) from the MUSE pipeline is <0 1 A, or less than 10%
of the MUSE channel width of 1.25 A (C. Xie et al. 2020;
S. Haffert 2025, private communication). For wavelengths
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covering H,, the characteristic precision is ~0.065 A
(3kms™"), or ~5% of the MUSE channel width.'*"” .

The maximum wavelength offset during one night is 0.78 A,
or ~two-thirds of the channel width at wavelengths close to
H, and Hz.'"®

Subsequent to the wavelength calibration, we performed
flux calibration, sky subtraction, and distortion corrections. We
calibrated the absolute flux from an atmospheric extinction
curve at Cerro Paranal and a spectrophotometric standard star
observation obtained after our AB Aur sequence (e.g., for
OB4, this was the CD-32 5613 white dwarf) and as MUSE
master calibrations. The instrumental distortion is corrected by
a multiple-pinhole mask; astrometry is calibrated and mon-
itored by observing stellar cluster fields with high astrometric
quality from HST observations.

Finally, we windowed our data to cubes with spatial
dimensions of 200 x 200 pixels (5”0 x 5”0) encompassing
the central star. To register the data, we applied subpixel shifts
by calculating the approximate centroid positions using a
center-of-light estimate and applying a least-squares fit to the
centroid versus wavelength measurements, masking saturated
channels near H,. MUSE’s atmospheric dispersion corrector
enables a stable centroid position around H,: the measured
centroid deviation across all wavelength channels is
<0.2 pixels. At the star’s H,, line center (~6563 A), the inner
073 are affected by a combination of saturation, detector
nonlinearity, and residual striping. Exterior to these separa-
tions, the halo is unsaturated and in the linear response regime
for all channels. At the separation of AB Aur b (=076), the
halo is a factor of a6 fainter than at p ~ 0”3 (see Appendix A).

3. PSF Subtraction

For PSF subtraction, we followed two separate approaches
in this Letter.'” First, we follow recent MUSE studies (C. Xie
et al. 2020) by fitting and subtracting a reference spectrum to
each pixel, correcting for field-dependent variations. Second,
we consider a classical spectral differential imaging (SDI)
approach to identify bright excess signals near the H,, and Hg
lines without algorithm biasing.

3.1. Reference Spectrum Subtraction from High-resolution SDI

This approach follows the high-resolution SDI (HRSDI)
approach informed by S. Y. Haffert et al. (2019) and

14 See page 46 of https: //www.eso.org/sci/facilities /paranal /instruments /
muse/doc/ESO-261650_MUSE_User_Manual_P116.pdf.

15 we directly investigated the possible wavelength solution scatter by
computing the Pearson’s correlation coefficient between the spectrum at the
H,, line (6555-6570 A) centered on AB Aur b and those in an annulus between
0”3 and 2”5 from the star. These spaxels probe a region where the AB Aur A
spectrum is in a very high-count regime. We then repeated this measurement
by forcing a +0.05 bandpass offset in the wavelength solution. Different
offsets in the wavelength solution result in different correlation coefficients:
the one maximizing the Pearson r value best aligns two spectra. We find no
evidence for a significant wavelength solution drift. In our highest-quality
data, the cross-correlation of AB Aur A’s scattered-light spectrum assuming
zero offset is systematically higher than offsets of 0.05 channel widths or
greater (0.065 A or greater).

16 Same link as footnote 14: page 42, row 4.

17 We also considered the pyKLIP (J. J. Wang et al. 2015) package for a more
aggressive least-squares PSF subtraction to identify any additional emission
lines nominally below the subtraction residuals from methods considered in
this work. The results of this reduction will be presented in our companion
Letter including Hg (J. Hashimoto et al. 2025, in preparation). pyKLIP also
yields a detection of AB Aur b.

Currie et al.

C. Xie et al. (2020). First, we normalize the signal of each
spaxel by the total flux along the wavelength dimension at
each location in the image plane spatial location, Siyals
yielding a normalized spectrum (S,orm). We then divide the
image plane into annuli, compute the median normalized
spectrum within this annulus (S,..r), and divide each spaxel
by this normalized spectrum.

The residuals consistent of field-dependent low- and higher-
order deviations from the median spectrum. To remove
residuals due to a field-dependent stellar spectrum, we then
fit a third-degree polynomial to the residuals smoothed by a
Savitzky—Golay filter with a window size of 12.6 A
(S. Y. Haffert et al. 2019), masking the wavelength channels
bracketing H, (A= 6550-6570 A).'® Finally, we subtracted
the normalized reference spectrum (reweighted by the
polynomial fit) from each flux-normalized spaxel and multi-
plied by the original total flux to recover the true residual
signal.

Thus, the reference star subtraction for each spaxel j in an
annulus 7 has the form

Sresidual,j = [Snorm,j - S*,ref,i
X (@ + bA + ¢ + dX)] St (1)

The width and geometry of the annuli within which we
compute and subtract a reference spectrum are key parameters
in our fit. In addition to instrumental effects (see C. Xie et al.
2020), astrophysical effects may explain reference spectrum
variations for accreting stars surrounded by protoplanetary
disks, like AB Aurigae. AB Aur’s H,, flux and line profile vary
on the scale of hours (C. Catala et al. 1999; G. Costigan et al.
2014). Our MUSE data confirm a variable H,, line intensity
and shape over the course of both days and over ~a few hours
timescale at the >10% level in our MUSE data (see
Section 5.1), and HST observations of AB Aurigae likewise
confirm this trend (T. Currie et al. 2025, in preparation; see
also B. P. Bowler et al. 2025). Due to finite light travel time,
light emitted from the accretion shock/disk wind region is
reflected off of inner disk regions earlier than outer disk
regions: scattered light from the AB Aur primary and
innermost disk region reaches the location of AB Aur b
~12-13 hr later and thus has a different spectrum than light
received earlier or later. Thus, the reference spectrum at AB
Aur b’s location—and the H,, line-to-continuum ratio—could
differ from locations in the disk closer to and further away
from the star.

To guard against nonphysical residuals due to a reference
spectrum mismatch from variability, we compute reference
spectra in 1 pixel wide annuli with an elliptical geometry
consistent with the position angle and inclination angle of the
AB Aur disk (PA =234° i=30° M. D. Perrin et al. 2009;
Y.-W. Tang et al. 2017; S. K. Betti et al. 2022; E. Dykes et al.
2024)."” We verified the robustness of this approach by
applying it to MUSE PDS 70 data first presented in
S. Y. Haffert et al. (2019) and yielding a clear detection of
both PDS 70 b and c and a spectrum consistent with published
results (see Appendix C).

% In practice, we found negligible differences in our results between a third
and second-order polynomial fit or with our nominal mask vs. one expanded to
6550-6575 A (see Appendix B).

19 Note that the position angle refers to the angle of the major axis
counterclockwise from north. The plane of the major axis is equivalent to that
from the 324° quoted in S. K. Betti et al. (2022).
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Reference Spectrum Fit A =6558.88-6560.13 A
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Figure 1. PSF-subtracted MUSE image of AB Aurigae constructed from the
average of the 6558.88 A and 6560.13 A slices (i.e., slightly blueshifted from
H,) from OB4, showing a clear detection of AB Aurigae b at ~0”6 slightly
counterclockwise of due south. The region within 0”3 is masked for clarity
because it is heavily affected by saturated /nonlinear pixels, especially in some
channels centered on the H,, line.

3.2. Classical SDI PSF Subtraction

In classical SDI, the reference PSF for a given target
wavelength channel is built from a median/mean combination
of other channels and weighted to minimize the residuals when
subtracted from the target channel. Here, we applied a radial-
dependent SDI-based PSF subtraction.”” We perform SDI-
based PSF subtraction in annuli extending from 1\/D to the
edge of the visible stellar halo. To avoid under/oversubtrac-
tion of astrophysical signals, we scaled the reference PSF for
each wavelength slice by comparing the total signal of the
reference and target within a given annulus.”’

As with the reference spectrum subtraction, we varied the
annular width used in constructing the reference PSF, adopting
1 pixel wide annuli. For annular widths larger than ~5 pixels,
the residuals revealed some over/undersubtraction of the PSF
between 6550 and 6570 A near the optical axis. However, our
detection/nondetections of astrophysical features described
later in this Letter are robust for all annular widths considered.

4. Detection of AB Aurigae b at H,

As shown by Figures 1 and 2, after PSF subtraction, we
easily detect AB Aur b in blueshifted H,, in our highest-quality
data set (OB4). The emission is most clearly visible in the
individual 6558.88 A and 6560.13 A channels and is detectable
but fainter and more weakly visible at slightly shorter-
wavelength (6557.63 A) and longer-wavelength (6561.14 A)

20 We also explored subtractions where each reference slice was magnified by
the ratio of its wavelength to the target slice prior to constructing a reference
PSF, as with SDI typically performed with extreme AO systems coupled with
near-IR integral field spectrographs (e.g., SCEXAO/CHARIS, SPHERE/IFS;
A. Zurlo et al. 2016; T. Currie et al. 2023b). Aligning the speckles resulted in
slightly better suppression of the stellar halo for the bluest and reddest MUSE
channels but otherwise offered no significant advantage for channels near the
H,, and Hy central wavelengths, especially within 1” of the star.

2! We obtain the same results if instead we scale the reference PSF by the
median pixel value.

Currie et al.

channels. The detection is robust against slight differences in
PSF subtraction approaches. The detections with different
reduction approach settings are consistent: e.g., AB Aur b is
detected regardless of the annular width and geometry adopted
for reference spectrum subtraction.

In addition to detecting AB Aur b, inspection of our
reference spectrum and classical SDI reductions for OB4
reveals far fainter signal from the centers of some spiral arms
in the AB Aur disk, which have been imaged previously in
scattered light (M. Fukagawa et al. 2004; A. Boccaletti et al.
2020; T. Currie et al. 2022; E. Dykes et al. 2024), where the
spiral labeled S1 in J. Hashimoto et al. (2011) is the most
visible. Relative to AB Aur b, the spiral signals are typically
fainter in the reference spectrum subtraction by at least a factor
of 5 in the combined 6558.88 A and 6560.13 A channels (i.e.,
in Figure 1) and by a factor of 10 in the 6560.13 A channel
alone.

To calculate the signal-to-noise ratio (SNR) of AB Aur b,
we first replace each pixel in each channel by the sum within
an FWHM-sized aperture. We compare AB Aur b’s signal in
individual channels covering H,, to the standard deviation of
the spectrum at AB Aur b’s spatial position from this aperture-
summed cube, masking the channels covering 6550~ 6570 A.
To compute the SNR from the two blueshifted H,, channels
combined, we convolved the spectrum with a moving-box
filter of length two channels.

For the reduction shown in Figure 1, AB Aur b is detected at
SNR ~23.3 (13.8 and 22.8 in the individual channels centered
on 6558.88 A and 6560.13 A); the detection significance with
classical SDI is ~17.90. As a second approach, we adopt the
standard high-contrast imaging approach of calculating the
robust standard deviation of the residual noise in each channel
as a function of angular separation, correcting for finite sample
sizes (T. Currie et al. 2011; D. Mawet et al. 2014). This
method yields SNR ~ 10 for the reference spectrum subtrac-
tion and >6 for all images shown in Figure 2.

We also recover AB Aur b in OB2 data with both reference
spectrum subtraction and classical SDI (Figure 3). Compared
to the OB4 data, the AB Aur b detection in OB2 is slightly
more extended, likely due to poorer AO performance. In the
OBl data, AB Aur b is detected, albeit more weakly (80).

The H,, line core and redshifted channels also reveal AB
Aur b in absorption (Figure 4). At the channels corresponding
to the deepest absorption level (6563.88-6565.13 A), AB Aur
b’s signal is ~45¢ significant (top panel). The signal fades at
the H, line center (6562.63 A; bottom panel) and at a flanking
channel redward of the absorption minimum (6566.38 A; not
shown) before becoming undetectable at redder wavelengths.
Like the detection of AB Aur b in blueshifted emission, its
signal in redshifted absorption is robust against PSF subtrac-
tion methods.

Collectively considering all channels covering H,, AB Aur
b appears to have emission peaking at about ~3 A blueward of
the H, rest wavelength of ~6562.8 A (~6569-6560 A) that
weakens at the line center and then transitions into absorption
at ~6563-6565 A. The behavior of any residual disk signal is
slightly different. In contrast to the blueshifted channels, the
redshifted channels display weaker evidence for residual signal
at the location of the spirals.

We will more quantitatively explore these trends in the next
section.
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Figure 2. Other MUSE reductions showing the detection of AB Aur b from OB4. (Left and middle) 6558.88 A and 6560.13 A from the reduction shown in Figure 1.
Average of the 6558.88 A and 6560.13 A slices from a classical SDI reduction (right). In each panel, we mask the field out to a separation affected by horizontal

striping and saturation.
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Figure 3. Detection of AB Aur b from OB2 (left and middle panels) and weaker detection from OBI1 in blueshifted H,, (right).

5. Analysis
5.1. H, Spectrum of the AB Aur Primary Star

To provide a reference point for the MUSE detection and
spectrum of AB Aur b, we first analyze spectra for the primary
star. Figure 5 shows the AB Aur primary star spectrum from
unsaturated exposures for different OBs. At H,,, the star shows
strong emission, peaking at a flux density of F)~2.25 X
107" ergs ™' em™? A, roughly 4 times higher than the
continuum. The star shows a weak secondary peak at
~6556-6557 A but no emission line feature at 6559-6560 A
where AB Aur b is detected in excess emission and no
absorption at ~6563-6565 A where AB Aur b is seen in
absorption.

The AB Aur H,, line peak varies by ~20% between OB4
and other epochs; the continuum also varies by ~10%. The
line profile at 6555-6560 A also changes in morphology and
varies in brightness by 10%—-50%. Thus, we detect AB Aur b
at wavelengths where the primary’s H, line profile and
continuum both show variability.

5.2. The Location and Morphology of AB Aur b in H,

Because AB Aur b is a spatially extended additive signal to
the disk background (T. Currie et al. 2022), one must jointly
model its properties as well as the disk background in order to
derive posterior distributions for its position, morphology, and
brightness. For this purpose, we use the affine-invariant
Markov Chain Monte Carlo (MCMC) ensemble sampler
emcee (D. Foreman-Mackey et al. 2013). In this section,
we first model its peak emission at blue wavelengths

(6559-6560 IZA) and absorption at red wavelengths
(6563-6565 A). Guided by these results, we then repeat our
MCMC analysis for individual channels in order to extract AB
Aur b’s spectrum and derive more conservative uncertainties
on its morphology and position in Section 5.3.

Building upon previous work (T. Currie et al. 2022;
T. Currie 2024), we model AB Aur b’s signal as a Gaussian
intensity distribution with six variable parameters of

1(x, y) = Ae l6=x)*/203+0=3,7/203] 4 B 2)

where A is the peak intensity, B is the background level, (x,,
¥,) is the centroid location, and the FWHMs in x and y are
2/2In(2)[0o,, 0,]. For simplicity, we assume that the Gaussian
is aligned along the cardinal directions (i.e., § =0).

To set starting MCMC parameter positions, we perform a
maximum-likelihood (ML) fit to AB Aur b’s signal using the
same Gaussian functional form (Table 2, second column).
Each MCMC walker parameter combination is drawn from a
Gaussian centered on the ML best fit. The MCMC exploration
uses 100 walkers and 10* steps. The first 100 steps are treated
as burn-in.”> We set the thin parameter to 35 steps, comparable
to the autocorrelation time for each parameter. Table 2 (third
column) lists our priors.

The fourth and fifth columns of Table 2 summarize our
results; Appendix D displays the full corner plots. Modeled as
a Gaussian intensity distribution, AB Aur b is spatially
extended and azimuthally elongated with an FWHMg of

22 We explored other values for the number of steps and burn-in (e.g., 10°

steps) and found no difference in the derived posterior distributions.
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Figure 4. Reference spectrum subtraction of the H,, data slightly redshifted
from the H,, line center (6563.88-6565.13 10\) where AB Aur b’s signal is
clearly visible and at the H, line center (6562.63 A; bottom) where it is
marginally detectable. Note that the color intensity scaling is reversed
compared to prior figures. For clarity, the yellow arrow points to the location
of AB Aur b’s emission in the blueshifted channels. The bright region along
the image’s center right is a residual detector striping artifact caused by
saturation.

~0"255, 07173. The mean positional values for our posterior
distributions—[E, N] ~ [—0.013, —0.589]—are broadly
consistent with positions measured from T. Currie et al.
(2022; see Appendix E). Formally, the 68% confidence
interval on the posterior distribution is about 3—4 mas for each
coordinate; however, the MCMC simulation does not consider
the intrinsic SNR of the detection, the true morphology may
slightly depart from a Gaussian distribution oriented to 6 = 0,
and any small gradient in the background may slightly bias the
centroid determination and channel-to-channel scatter.
Section 5.3 further investigates AB Aur b’s positional
uncertainty.

The source model derived from MCMC leaves a flat
residual background: the residuals are comparable to the
characteristic 1o noise at AB Aur b’s location (Figure 6). The
background count values are not zero, although they are low
(~316erg s~ cm 2A™Y): the peak signal from AB Aur b is
~6 times brighter than the residual background disk emission
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Figure 5. The AB Aurigae primary’s spectrum over the entirc MUSE
wavelength range, with an inset showing the full H, region, including the
absorption component (top), and focused on the H,, emission line.

after subtracting the best-fit model from the data. Thus,
assuming a Gaussian intensity distribution for AB Aur b, our
modeling is consistent with at least some additional extended
emission detected with MUSE at blueshifted H,. In STIS
broadband optical imaging, which better probes the contrib-
ution of scattered starlight, AB Aur b is only 50% as bright as
the disk background (T. Currie et al. 2022).

Table 2 and Figure 7 show results for redshifted H,. The
position and morphology for AB Aur b as seen in absorption is
similar to that found for blueshifted H,,, although AB Aur b’s
centroid position is offset ~0.75 pixel closer to the star, and it
may be more azimuthally symmetric in appearance. However,
we find no evidence for residual disk emission or absorption at
AB Aur b’s location.

5.3. H, Spectrum of AB Aur b

To extract the spectrum for AB Aur b and estimate more
conservative errors on its position and morphology, we jointly
estimated the peak AB Aur b signal and background for each
channel from MCMC modeling using emcee. We performed
two separate simulations. In the first one, we fixed the location
and morphology of AB Aur b to the mean posterior values
from our blueshifted H, and redshifted H, simulations
described in the previous section. In the second simulation,
we allow AB Aur b’s position and morphology to freely vary
in each channel (i.e., perform the analysis described in
Section 5.2 independently for each channel). This free fit also
allows us to estimate a more conservative uncertainty on the
source position and morphology. From the fitted peak signal
and background and the adopted location and morphology, we
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Table 2
MCMC Priors and Posterior Distributions from Peak Emission and Absorption Minimum

Parameter ML Best Fit Prior Range® Posterior (Median) Posterior [0.16, 0.84]
6558.88-6560.13 A (Peak Emission)

Gaussian amplitudeb 1875.78 [1000, 3000] 1862.2 [1773.8, 1953.8]
E position (mas) —133 [—125, 25] —13.0 [-8.8, —17.2]

N position (mas) —589.2 [—500, —650] —589.2 [—586.1, —592.4]
X FWHM (mas) 253.1 [100, 375] 255.9 [242.6, 270.6]

Y FWHM (mas) 171.3 [100, 375] 173.1 [162.6, 184.6]
Background intensityh 321.3 [0, 1000] 315.7 [262.3, 361.2]
6563.88-6565.13 A (Peak Absorption)

Gaussian almplitudeh —3807.66 [—6000, —1000] —3800.8 [—3706.7, —3896.3]
E position (mas) —12.7 [—125, 25] —154 [—8.8, —17.2]

N position (mas) —567 [—475, —625] —566.4 [—564.3, —568.6]
X FWHM (mas) 214 [100, 375] 214.4 [207.8, 221.5]

Y FWHM (mas) 219 [100, 375] 218.7 [209.9, 228.0]
Background intensityb —41.0 [—1000, 1000] —36.2 [—94.7, 27.5]

Notes.
? We adopt a flat prior between the limits listed.

® The intensity units are 10 erg s~ cm™2 A"
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Figure 6. Subtraction of the blueshifted H,, data from Figure 1 by the MCMC
model corresponding to the median of the posterior distributions. The inset
shows the MCMC model with the same color intensity scaling.

estimate AB Aur b’s flux density in each channel. The total
signal’s 68% confidence interval in each channel provides a 1o
uncertainty.

Figure 8 shows our results. In both OB4 and OB2, AB Aur
b’s H, spectrum is strikingly dissimilar to that of its host star
(left panel). The AB Aur primary’s H,, line is single-peaked at
~6562.8 A and narrow. In contrast, AB Aur b’s H, line ios
broad with an emission peak blueshifted by ~2-3A
(~—100km s~ ') from the star’s H,, line center and absorption
reaching a maximum depth at 1-2 A redward (~75kms™ ).

AB Aur b’s spectrum is also dissimilar to the average
residual signal from the disk (right panel). The average flux
density per pixel of the disk at 6558.88-6560.13 A in an
annulus enclosing AB Aur b (075-0”8) is ~18 times lower
than the background-subtracted peak emission from AB Aur b
and comparable to the rms noise; similarly, the disk’s typical
signal at 6563.88-6565.13 A is ~15 times smaller than AB
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Figure 7. Subtraction of the redshifted H,, data from Figure 4 (bottom panel)
by the MCMC model corresponding to the median of the posterior
distributions. The inset shows the MCMC model with the same color intensity
scaling.

Aur b’s maximum absorption. At wider separations (078-2"0),
the disk’s average residual signal is ~an additional factor of 10
smaller. However, some regions of the disk’s spiral arms may
vaguely share AB Aur b’s blueshifted H, emission and
redshifted absorption, albeit at signals far lower than AB Aur
b’s peak signal (dashed orange line).>

Table 3 summarizes our results from fitting individual
MUSE channels. Independently fitting the channels results in a

3 We explored this possibility further by computing Pearson’s correlation
coefficient between the AB Aur b spectrum and the per-spaxel spectrum over
the entire MUSE field of view. Only the region identifying AB Aur b itself had
p 2 0.95 over a ZFWHM-sized footprint. Compared to the map of spiral
structure seen with the Atacama Large Millimeter/submillimeter Array
(J. Speedie et al. 2024), only part of one spiral (S1) could be identified from
the correlation map and only at p ~ 0.8. Thus, while some disk regions may
have spectra with apparent positive/negative wavelength ranges like AB Aur
b, all are very low SNR, and none are correlated at the >2¢ level.
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Figure 8. (Left) Spectrum of AB Aur b compared to scaled stellar spectra for OB4 and OB2. The corresponding velocities are in the system rest frame and are
corrected for the system’s radial velocity (Gaia Collaboration et al. 2023). We obtain consistent AB Aur b spectra from an alternate extraction, treating the position
and spatial extent of AB Aur b as free parameters for each channel instead of fixing them to results obtained in Section 5.1. (Right) Spectrum of AB Aur b compared
to the average spectrum of the disk at two angular separations and within one spiral arm.

position of [E, N] = [—07021, —07578] 4 [07012, 0”7015] and
an apparent spatial extent of [07236, 07188] + [07028, 0”35].
These positions agree to within 0.20—2¢ of the latest CHARIS
and STIS astrometric measurements from T. Currie et al.
(2022). Additional astrometric errors—e.g., pixel scale and
north position angle uncertainties—Ilikely further limit our
measurements’ precisions but must be computed for MUSE;
considering them is beyond the scope of this work.

For the blueshifted wavelengths with greater than 5o
detections, we derive a line flux of 8.19 + 0.93 x 10~ ° erg
s~! ¢cm 2. For the redshifted absorption, the line flux is —13.59
+ 090 x 107" erg s' ecm % AB Aur b’s spectrum is
insensitive to the choice between fixing its morphology and
position to those determined from the peak emission/
absorption channels in Section 5.2 and allowing emcee to
independently model each channel (labeled as “alt” in
Figure 8).

The companion’s H,, line shape appears to resemble that of
an inverse P Cygni profile seen in a small subset of young
accreting objects (e.g., B. Reipurth et al. 1996). We explore
this similarity and its possible implications further in
Section 6.2.

6. Discussion
6.1. Summary of Results and Basic Interpretation

VLT/MUSE NFM high-contrast, medium-resolution
spectroscopy reveals AB Aurigae b at H, in multiple epochs,
verified using two separate data reduction methods to remove
stellar halo light. In contrast to the single-peaked AB Aur
primary’s H,, line and the average residual disk spectrum, AB
Aur b appears in emission at blueshifted wavelengths and in
absorption at the H,, line center and redshifted wavelengths.
AB Aur b’s location and morphology are consistent with
previously published astrometry and morphologies for AB Aur
b (T. Currie et al. 2022).

Table 3
AB Aur b H,, Line Properties Derived from MCMC Modeling of Individual
MUSE Channels

Parameter Value

Mean channel position, blueshifted emission

[E, N] (mas)
Mean channel position, redshifted absorption

[E, N] (mas)
Mean channel position, combined [E, N] (mas)
Mean channel FWHM, blueshifted emission (mas)
Mean channel FWHM, redshifted absorption (mas)
Mean channel FWHM, combined (mas)
Line flux, emission (x10~1° erg s7! -2
Line flux, absorption (x107'° erg s

[—17, —583] £ [6, 2]

[—24, —575] £ [14, 19]

[—21, —578] + [12, 15]
[241, 169] £ [32, 16]
[232, 201] = [23, 38]
[236, 188] = [28, 35]

8.19 +0.93
—~13.59 £ 0.90

Variability does not provide a clear explanation for AB Aur
b’s MUSE detection. Our PSF subtraction approach mitigates
against a spurious detection induced by light travel time delays
from the star (e.g., see B. P. Bowler et al. 2025). AB Aur b is
detected in three different epochs where the H, line has
different intensities, odifferent H, poeak (~6563 A) to con-
tinuum (6555-6560 A, 6570-6575 Ac) ratios, and different
shapes (especially see the 6555-6560 A region) (see Figure 5).
In the two epochs with detections suitable for subsequent
analysis (OB4 and OB2), the AB Aur b spectrum is consistent.

Considered holistically, our findings indicate that AB Aur
b’s H, signal is highly unlikely to simply be reprocessed
starlight from protoplanetary dust with a spectrum and
scattering properties characteristic of the disk as a whole. If
it were otherwise, the AB Aur b signal would subtracted out,
leaving no residual signal, as seen in many MUSE observa-
tions of structured protoplanetary disks (e.g., see Figures 6 and
12 in C. Xie et al. 2020). AB Aur b’s H,, signal must have a
different explanation.
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Figure 9. Spectrum of AB Aur b compared to that of the protoplanets PDS 70
b and c¢ and the accreting T Tauri star V345 Mon. The VAMPIRES H,,
bandpass used for a detection of AB Aur b in T. Currie et al. (2022) covers
~6558-6568 A; the HST/WFC3 H,, bandpass (F656N) used for AB Aur b’s
detection (Y. Zhou et al. 2022; B. P. Bowler et al. 2025) covers
~6552.5-6570.4 A.

6.2. Comparisons with Other Objects and Models of Accretion

To further explore the empirical context for AB Aur b’s H,,
spectrum, we compare it with H,, spectra from the PDS 70
protoplanets (Figure 9). To achieve the most direct compar-
isons, we downloaded and reduced the MUSE PDS 70 data
published in S. Y. Haffert et al. (2019) with the same reference
spectrum approach used for AB Aur. To these data, we add H,,
spectra for the young accreting K star V354 Mon from 2010
January 18 (P. C. Schneider et al. 2018) extracted from
XSHOOTER data downloaded from the ESO archive
(European Southern Observatory (ESO) 2014). Appendix C
details the data reduction procedures for PDS 70 and
V345 Mon.

AB Aur b’s broad blueshifted emission and redshifted
absorption distinguish it from the spectra of protoplanets lying
in disk cavities evacuated of gas and dust and isolated wide-
separation planet-mass companions. The PDS 70 b and c
protoplanets (green and yellow curves) have narrow single-
peaked H,, lines (S. Y. Haffert et al. 2019) with a 50% line
width of ~110km s~ centered within ~18-26kms™" of the
H,, rest wavelength (J. Hashimoto et al. 2020). The spectra for
other very wide-separation planet-mass companions studied
with MUSE, like Delorme 1 (AB)b, have similar profiles (e.g.,
S. C. Eriksson et al. 2020).

However, the shape of AB Aur b’s spectrum is broadly
reproduced by V345 Mon’s blueshifted emission and red-
shifted absorption (cyan curve). During the epoch at which
V345 Mon’s spectrum was obtained, its profile exhibits
characteristics of a Reipurth class IV R object,** representing
a subset of young accreting (sub)stellar objects with inverse P
Cygni profiles. Other objects with broad inverse P Cygni
profiles qualitatively like AB Aur b’s include the young K8-
MO T Tauri star V409 Tau (H. Akimoto & Y. Itoh 2019), the
older (5Myr) solar-mass T Tauri star CVSO 1335
(T. Thanathibodee et al. 2019b), and a large number of dipper
stars such as TIC 434229695 (Y. Kasagi et al. 2022).

24 We note that V345 Mon’s spectrum is variable, where other epochs retain
an inverse P Cygni profile but bear less resemblance to AB Aur b’s spectrum
(P. C. Schneider et al. 2018).
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The physical mechanisms invoked to explain these objects’
inverse P Cygni profiles provide a reference point for AB Aur
b’s H, spectrum. For T Tauri stars, inverse P Cygni profiles
are interpreted as evidence for infalling gas along the observer
line of sight onto a central object (e.g., accretion), while their P
Cygni profile counterparts identify H, detections from
outflowing material (e.g., stellar winds; e.g., S. Edwards
et al. 1994; L. Hartmann et al. 1994). Recent models for
Balmer emission from accretion and winds predict that P
Cygni profiles are common only for high ratios of stellar wind
mass-loss rates versus accretion rates (T. J. G. Wilson et al.
2022). Inverse P Cygni profiles from R. Kurosawa et al. (2006)
and T. J. G. Wilson et al. (2022) qualitatively similar to V345
Mon’s and AB Aur b’s occur for a limited parameter phase
space dominated by high inclinations (e.g., i ~ 80°)*° where
cold gas/dust lie in between the observer and the region where
Balmer line emission is generated. According to these models,
inverse P Cygni profiles are also more often present for low
accretion rates (e.g., 107°-107°*M.yr ') and maximum
temperatures below 8500 K for the magnetospheric accretion
funnel.

Using the interpretive framework for T Tauri stars as a
guide, AB Aur b’s H,, detection appears broadly consistent
with the type of profile expected from infalling, accreting gas
without a substantial disk wind at its source, albeit from an
embedded source whose light is reprocessed by disk material.
The reason PDS 70 bc lacks such a profile is then because it
resides in a cleared region of the disk.

6.3. Comparisons with Prior Work on AB Aur b’s Optical
Emission and Accretion Diagnostics

In the T. Currie et al. (2022) discovery paper, AB Aur b is
detected with HST/STIS in broadband coronagraphic imaging
and SCEXxAO/VAMPIRES H, narrowband imaging. The
VAMPIRES H,, bandpass used is centered on 6562.8 A with
a bandwidth of ~10 A (T. Uyama, private communication).
Later studies recover AB Aur b in HST/WFC3 H,, narrow-
band imaging with_a bandpass centered on 6561.5 A and a
bandwidth of 17.9 A (Y. Zhou et al. 2022; B. P. Bowler et al.
2025). Despite these detections, the MUSE AB Aur b signal
summed over either the VAMPIRES or WFC3 bandpasses
would be negligible or even negative (net absorption).

Two scenarios allow us to reconcile the MUSE H,, spectra
with VAMPIRES and WFC3 H,, imaging. (1) The MUSE data
reduction is removing the H, continuum signal or a broader
but single-peaked H, line due to overfitting the reference
spectrum while retaining the superimposed inverse P Cygni
profile component. (2) The VAMPIRES and WFC3 H,
detections include multiple emission sources. For example,
they result from some combination of signal coming from
scattered light, Balmer continuum, and Balmer line emission,
while MUSE only reveals the smaller contribution of the latter.
Based on the details of our data reduction approach, scenario 2
is preferred.?®

2 Variability seen in the line profiles for T Tauri stars with inverse P Cygni
profiles is also in part attributed to high, edge-on inclinations where emission
is modulated by circumstellar disk material along the line of sight (e.g.,
P. C. Schneider et al. 2018).

26 Our MUSE data reduction masks the H,, line region when constructing a
per-spaxel reference spectrum to guard against overfitting; we reproduce line
fluxes from PDS 70 b and c¢ without the need for throughput corrections (see
Appendix C).
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Our results motivate a reconsideration of other recent optical
imaging studies of AB Aur b. Based on F335W, F410N, and
F645N WFC3 photometry, Y. Zhou et al. (2023) claim that AB
Aur b’s UV-optical spectral energy distribution (SED) “likely”
originates from scattered light.”” At minimum, our study
complicates this statement, at least at H,,.

Furthermore, a reexamination of Y. Zhou et al.’s (2023)
analyses identifies methodological errors that substantially
undermine their conclusions more broadly. AB Aur b is an
concentrated, additive signal to the local disk intensity. Thus,
deriving its photometry requires an estimation of the signal
properties (morphology, position, intensity) and the back-
ground, where a proper estimate leaves a flat disk signal after
removing the forward-modeled AB Aur b PSF, as in this work
and in T. Currie et al. (2022).® However, the paper's model
PSF clearly oversubtracts the disk background, leading to a
miscalculation of AB Aur b’s brightness: in the middle /bottom
right panels of Figure 3 of Y. Zhou et al. (2023), the forward-
modeled and scaled PSF should leave a flat, faintly red
background instead of a blue background indicating a deficit in
intensity shown. Because the disk’s optical signal can be at
least as bright as AB Aur b’s (or more; see T. Currie et al.
2022), this error in photometry could be substantial. As a
result, it is premature to evaluate claims about AB Aur b’s
UV-optical SED and agreement with accretion models from
these data at this time.

From multiepoch WFC3 H,, imaging, B. P. Bowler et al.
(2025) argued that AB Aur b shows variability up to 330%,
uncorrelated with the host star’s variability, ruling out
unobstructed scattered starlight as the only source of AB
Aur b’s emission. Our data find no evidence of such large H,,
variability, though we analyze only two epochs, and it is
possible that only components besides the inverse P Cygni
profile are variable.”’ Like Y. Zhou et al. (2023), they do not
appear to consider the disk background intensity when
computing AB Aur b’s photometry. However, their omission
is far less impactful than for Y. Zhou et al. (2023) since they
focus on relative changes in AB Aur b’s H,, brightness rather
than a flux-calibrated SED. On the other hand, scattered-light
variability of the disk at AB Aur b’s location could be
mistaken for variability of AB Aur b.

2" In their previous work (Y. Zhou et al. 2022), the authors also claimed that
AB Aur b’s near-IR signal was consistent with scattered light, since it
purportedly matched a blackbody source of ~3800 K. This particular
argument is incorrect. Briefly, a 3800 K blackbody mismatches the AB Aur
b SED: this is not apparent by inspection of Y. Zhou et al. (2022) because of
the chosen y-axis limits and log scale. Additionally, 3800 K does not
correspond to the scattered-light component of either the star or the
reprocessed inner disk, and yet it is consistent with the predicted shock
temperatures possible during protoplanet growth (T. Currie et al. 2022).
Y. Zhou et al. (2022) also argue that Aur b does not incontrovertibly show
near-IR molecular features, but neither do the PDS 70 bc protoplanets at the
resolution of CHARIS (R ~ 20). Thus, the lack of molecular features in AB
Aur b’s spectrum at this point is not a credible argument against it being an
embedded protoplanet. Similarly, they incorrectly draw skepticism from a
supposed mismatch with the young planet spectrum used as a reference point
in T. Currie et al. (2022). The model matches the CHARIS spectrum to within
30. Furthermore, it was used to simply display the best-fitting model from a
single fiducial precomputed grid to qualitatively guide the reader, not to
determine a best fit among a set of atmospheric grids with formal confidence
limits.

2 In particular, see Figures 6 and 7 in this work and Supplemental Figure 9 in
T. Currie et al. (2022).

29 However, both CHARIS data presented in T. Currie et al. (2022) and
unpublished results from subsequent epochs (T. Currie 2025, in preparation)
fail to identify such large variability.
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6.4. Evidence for Accretion onto a Protoplanet, Alternate
Scenarios, and Future Directions

Despite the disagreement between AB Aur b’s spectrum and
and the host star and its similarity with young accreting
objects, we stop short of concluding that MUSE decisively
identifies accretion onto a protoplanet. AB Aur b’s H,, profile
is in strong tension with expectations for scattered starlight
characteristic of the disk as a whole. However, we cannot rule
out scattered light for AB Aur b’s H,, line in some other form.

The most credible alternate hypothesis is that AB Aur b’s
MUSE detection is a complex radiative transfer effect. For
example, if the disk region at AB Aur b’s projected position is
compositionally unique, the H,, line that it scatters may differ
from that of the rest of the disk: subtracting the scaled average
disk line profile from that of AB Aur b may induce a spurious
residual resembling an inverse P Cygni profile. The AB Aur
primary’s H,, line includes contributions from both magneto-
spheric accretion and a disk wind. Models for accretion and
disk winds with different weighted contributions yield a
diverse set of H, spectra (R. Kurosawa et al. 2006;
T. J. G. Wilson et al. 2022). It may be possible to construct
a model that reproduces the AB Aur b profile compromised
purely of a disk wind and light scattered from the accreting
primary, although the physical mechanism for doing so is as
yet unclear. Furthermore, Jovian protoplanet accretion models
may reproduce PDS 70 bc’s relatively narrow H,, profiles (e.g.,
Y. Aoyama et al. 2018; T. Thanathibodee et al. 2019a).
Whether they could reproduce AB Aur b’s significantly larger
velocity offsets is unclear.

Residual signal from the AB Aur disk’s spirals provides
perhaps the best evidence at least complicating the picture of
AB Aur b’s signal originating from accretion. At least some of
this residual signal has a spectrum bearing a very coarse
resemblance to AB Aur b’s spectrum (i.e., blueshifted
emission and redshifted absorption). AB Aur b’s H,, location
may bear some similarity to a broader spiral phenomenon.
However, the brightnesses of AB Aur b versus the spirals limit
their similarity. In optical imaging (e.g., HST/STIS) and in
near-IR total intensity (SCExAO / CHARIS), AB Aur b is
~25%—-100% brighter than the bulk disk (including the
spirals), but the spirals are ~5 times fainter in MUSE HRSDI:
AB Aur b has excess signal at H,,. Furthermore, as we noted in
footnote 23, while some spiral regions may have spectra with
apparent positive /negative wavelength ranges like AB Aur b,
all are very low SNR, and none are correlated with AB Aur b’s
spectrum at the >20 level.

Emission from spirals may also have a non-scattered-light
origin (e.g., shocked thermal emission; B. Hord et al. 2017). If
the spirals are experiencing infall—as expected for a disk
undergoing gravitational instability (J. Speedie et al. 2024) or
an accreting planet—it may be possible that emission from this
process will not fully subtract out with MUSE HRSDI.

A major challenge for any nonaccretion scenario is how to
explain why the scattering properties of the AB Aur b region
happen to be different from the rest of AB Aurigae’s
protoplanetary disk without resorting to special pleading and
why the colocation with an IR source showing evidence in
favor of being a protoplanet is coincidental. One option, that
AB Aur b’s H, line profile is a by-product of scattering angle,
is highly unlikely. AB Aur b’s position does not coincide with
either the system’s forward-scattering peak or back-scattering
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minimum (e.g., see T. Currie et al. 2022; E. Dykes et al. 2024):
disk regions at similar angles are a null detection with MUSE.

Fully considering the above analyses is well beyond the
scope of this Letter. Exploring them in depth requires detailed
models of accretion and radiative transfer. Some of these
topics will be further considered in a follow-up study
(J. Hashimoto et al. 2025, in preparation).

AB Aurigae b joins the PDS 70 bc protoplanets as having
high-contrast, medium-spectral-resolution H,, detections and is
the first that appears to have a broad H,, signal resembling an
inverse P Cygni profile. New optical data could illuminate the
nature of AB Aur b’s emission sources.’” B. P. Bowler et al.
(2025) find no correlation between the star’s H,, variability and
that of AB Aur b’s: a lack of correlation between AB Aur b’s
variability (or lack thereof) and the disk would disfavor the
disk shadowing hypothesis considered by B. P. Bowler et al.
(2025). STIS coronagraphic imaging would enable this
measurement using RDI and classical PSF subtraction,
bypassing forward-modeling challenges faced with WFC3
imaging processed with advanced, often “aggressive” least-
squares algorithms like KLIP. STIS coronagraphic spectrosc-
opy would better measure the Balmer continuum from AB Aur
b to fully explore the differences with the disk’s spectrum.
SCExAO/VAMPIRES could also probe the polarization of
emission from AB Aur b at H,,.
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Appendix A
Raw Data Halo Intensity Profile and Spectrum

Figure 10 analyzes the raw MUSE data prior to PSF
subtraction. For channels displaced from the H, line center
(~6563-6566 A), the inner ~4-5pixels are saturated or
nonlinear, but the rest of the image plane is unaffected. For
channels covering the line center, the core is saturated/
nonlinear out to ~0”3, and the image plane is affected by
horizontal banding 0”3 above and below the star’s x-position,
which is difficult to remove at the smallest (p < 073)
separations.

At the position of AB Aur b, the halo is a factor of ~6
fainter than at 0”3 in both blueshifted and redshifted channels.
AB Aur b’s signal is about 5%-9% as bright as the halo
intensity; detecting sources lying below the halo at this level is
common (e.g., T. Currie et al. 2015). The raw spectrum of the
halo at AB Aur b’s location likewise is peaked at ~6564 A.
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Figure 10. (Top panels) Raw (pre-PSF subtraction) OB4 MUSE image at blueshifted and redshifted wavelengths. (Bottom left) Azimuthally averaged radial
intensity profile for the blue- and redshifted channels. (Bottom right) Raw spectrum at the location of AB Aur b in OB4 normalized to the median intensity value
across the entire wavelength range.
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Appendix B
Results Using Alternate Assumptions for Reference

Spectrum Fitting reference spectrum fitting. In all cases, AB Aur b is detected

Figures 11 and 12 show reductions using a second-order at both blueshifted and redshifted channels: its intensity differs
polynomial fit or a wide masked wavelength range for by less than 1% in all channels.
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Figure 11. (Top left) PSF-subtracted MUSE image of AB Aurigae constructed from the average of the 6558.88 A and 6560.13 A slices in OB4 using a second-
degree polynomial fit instead. (Top right) The difference between this image and the one presented in Figure 1. (Bottom panels) The results shown for redshifted
wavelengths showing AB Aur b in absorption. Note the difference in the intensity scale for the difference images (right-hand panels).
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Figure 12. The same as Figure 11 except for differences in the range of wavelengths masked when constructing the reference spectrum.

Appendix C
Data Reduction for PDS 70 and V345 Mon

C.1. PDS 70

We reprocessed MUSE data first reported in S. Y. Haffert
et al. (2019; ESO Program ID 60.A-9100(K)). To analyze PDS
70 data, we followed the same basic reduction and PSF
subtraction procedures outlined in Sections 2 and 3 of this
work. Like with AB Aurigae, we built a reference spectrum for
each spaxel within a 1 pixel wide annulus using a third-order
polynomial fit to residuals of the flux-normalized spaxels
smoothed by a Savitzky-Golay filter with a window size of
12.6 A, masking the channels covering H, (6550-6570 A).

Unlike AB Aur b, PDS 70 b and ¢ do not lie embedded in a
protoplanetary disk; thus, the H,, signal at their positions is
simply the sum of scattered light from the star and accretion-
induced emission. Thus, we used simple circular annuli, not
those aligned to the disk’s geometry. We determined an
FWHM of 07068 at H,, leading to an aperture correction of
~9.84 between a 07034 aperture radius and an infinite
aperture.

Figure 13 displays our results. PDS 70 b and c are
detected at SNR ~ 18 and 9.7 (peak channel SNR of ~15
and 7), respectively, intermediate between values from
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S. Y. Haffert et al. (2019) and J. Hashimoto et al. (2020).
The estimated line fluxes for the b and c protoplanets are
8.07 + 0.45 x 10 " erg s™' cm 2A " and 3.18 + 0.33 x
107" erg 57! cm 2A™". These values agree with those
published by J. Hashimoto et al. (2020) using a more
aggressive PSF subtraction approach, which required
modeling to correct for throughput, whereas the throughput
is ~100% with the method adopted in this Letter, since the
H, channels themselves are masked when building the
reference spectrum.

C.2. V345 Mon

The X-Shooter data for V345 Mon draw from Program 084.
C-1095(A) obtained on 2010 January 18 (PI: G. Herczeg). The
data underwent calibration through the X-Shooter data
processing pipeline v2.7.0 (A. Modigliani et al. 2010). The
calibration process included basic calibration of the raw data
such as bias and dark subtraction, correction of bad and hot
pixels, flat-fielding, optimal extraction, correction for the
instrumental flexures, wavelength calibration, sky subtraction,
and correction for telescope and instrumental throughput.
Additional flux calibration due to slit losses was not performed
because we compare only the H,, line shape in this work.
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Figure 13. VLT/MUSE H,, image (left) and extracted spectra (right) for PDS 70 bc from data originally published in S. Y. Haffert et al. (2019) and also reduced in
J. Hashimoto et al. (2020).
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Appendix D

MCMC Corner Plots Modeling the AB Aur b Morphology
in Blueshifted Emission and Redshifted Absorption

Figures 14 and 15 show posterior distributions to model AB
Aur b’s peak intensity, location, and morphology at blueshifted
and redshifted H,,.
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Figure 14. Corner plot showing the posterior distributions estimated from emcee for AB Aur b in blueshifted H,,.
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Appendix E
Colocation of the AB Aur b Signal in MUSE and SCExAO/
CHARIS

Figure 16 compares the MUSE intensity contours at
blueshifted and redshifted channels to CHARIS total and
polarized intensity images (T. Currie et al. 2022;
T. Currie 2024; E. Dykes et al. 2024). As noted in the main
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text, AB Aur b’s positions in the MUSE data agree with
published estimates from CHARIS and STIS to within 0.20—
20. The main tension between the MUSE astrometry and
CHARIS’s is that AB Aur b’s angular separation is
~10-20 mas smaller with MUSE (~0.4-0.8 MUSE pixels).
Agreement is better with the STIS astrometry (p ~ 07575),
which, like MUSE, is also obtained at optical wavelengths.
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Figure 16. CHARIS total intensity wavelength-collapsed image (T. Currie et al. 2022; T. Currie 2024) and polarized intensity image (E. Dykes et al. 2024) with

MUSE contours (magenta) overplotted at intensities of 1250 and —2500 x 10~2° erg s~

" e¢m~2 A for the blueshifted and redshifted channels, respectively. The

horizontal shaded region identifies where MUSE data are affected by horizontal striping artifacts and (for p < 073) nonlinearity and saturation. AB Aur b is the only
signal clearly detected with MUSE at SNR > 5 and colocated with a feature seen with CHARIS. Bright regions at smaller separations (p S 073) are affected by
detector nonlinearity and residual striping: they do not clearly trace any extended feature, and the significance of their detections using standard high-contrast
imaging metrics described in the main text (T. Currie et al. 2011; D. Mawet et al. 2014) is SNR < 2.
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