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Understanding the driving forces behind spiral arms in protoplanetary disks remains a challenge due to the 
faintness of young giant planets. MWC 758 hosts such a protoplanetary disk  with a two-armed spiral 
pattern that is suggested to be driven by an external giant planet. We present new thermal infrared 
observations that are uniquely sensitive to redder (i.e., colder or more attenuated) planets than past 
observations at shorter wavelengths. We detect a giant protoplanet, MWC 758c, at  a projected separation 
of ~100 au from the star. The spectrum of MWC 758c is distinct from the rest of the disk and consistent with 
emission from a planetary atmosphere with  K for a low level of extinction ( ≤30), or a 
hotter object with a higher level of extinction. Both scenarios are commensurate with the predicted 
properties of the companion responsible for driving the spiral arms. MWC 758c provides evidence that 
spiral arms in protoplanetary disks can be caused by cold giant planets or by those whose optical emission 
is highly attenuated. MWC 758c stands out both as one of the youngest giant planets known, and also as one 
of the coldest and/or most attenuated. Furthermore, MWC 758c is among the first planets to be observed 
within a system hosting a protoplanetary disk.


	 Giant protoplanets interact gravitationally with their birth disks, driving gaps and large-scale spiral 
structures that alter the environment for subsequent planet formation (1, 2). Several protoplanetary disks that 
are stable to their own self-gravity (i.e., that should not show spiral structure due to instabilities) have been 
observed with global spiral morphologies that resemble predictions from companion-disk interaction models 
(e.g., 3, 4). However, this picture has only been confirmed for a handful of systems with stellar and brown dwarf 
companions (2, 5, 6). Several studies have hypothesized that the spiral arms in the other disks are caused by 
giant planets that formed with lower initial entropy (7, 8) or by those whose optical emission is heavily 
attenuated by circumstellar or circumplanetary material. If most protoplanets form cold or significantly 
reddened, this would explain the lack of previously detected planets in systems with spiral arms, and more 
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broadly the low observed yield of many past searches for protoplanets (e.g., 9, 10). Around one such spiral disk, 
MWC 758, thermal infrared observations have revealed a very red candidate planet (11).




Figure 1. Images of MWC 758 from LBTI/ALES taken on UT 2019-11-14. a: data processing optimized for recovering 
extended structures (see Methods). b: the same wavelength range with processing optimized for recovering point sources. 
Note that injected planets with the brightness of MWC 758c are not recovered in the processing for extended sources–i.e., 
the non-detection of MWC 758c in panel a is not surprising. c: combined signal to noise map from all LBTI data (including 
L  and M  LMIRCam data published in 11).  d-f: data processing for point source recovery in narrower spectral bins, 
showing relatively constant flux from the disk and a notable rise of flux from the planet candidate toward longer 
wavelengths. Note that these images are processed with angular differential imaging, and thus the apparent features within 
the disk (especially in the reductions optimized for point sources: panels b-f) should not be interpreted as accurate 
representations of the disk’s surface brightness. 


	 MWC 758 (d=156 pc, age=3.5±2 Myr, SpT=A8Ve; 12, 13) is among a subset of circumstellar disks that 
shows a two-armed spiral pattern but no obvious signs of a stellar or brown dwarf companion (11, 14-16; see 
also Fig. 1). The spirals display a clear two-armed geometry with an arm-to-arm separation of 140–170º (11), 
which can be linked to theoretical models of companion-driven spiral structures to imply a mass ratio of q
0.005 relative to the central star (i.e.,  ; 17). The pitch angle of the spiral arms (~25–29º), 
which is linked to disk mass (19), suggests that the disk-to-star mass ratio is low enough that the disk is stable to 
its own self-gravity (11, 20). Likewise, the pattern speed measurements (21, 22) are incompatible with those of 
spiral arms formed by self-gravity. This supports the companion-driven hypothesis. The reported spiral arm 
rotation rate of 0.22º/yr±0.06º/yr (when including inclination: 20) corresponds to a companion at ~160  au 
for a distance of 156 pc and a stellar mass of 1.5 . The uncertainty was derived from measurements that 
oversampled the spatial resolution without accounting for the measurement covariance. Consequently, the 
uncertainty is underestimated.

	 Previous direct imaging observations of MWC 758 have revealed two candidate planets: MWC 758b, 
interior to the spiral arms at 0.11” or ~17 au projected separation (16), and MWC 758 CC1, for ‘Companion 
Candidate 1’, which is exterior to the Southern arm at 0.62” or ~97 au (11). Either candidate planet, if real, 
would be massive enough to generate the spiral arms. MWC 758b was not recovered in subsequent observations 
(11), whereas the prior observations (16) were not sensitive enough to detect MWC 758 CC1, leaving its nature 
unclear. Based on the spatial density of objects with similar infrared brightness, the possibility that MWC 758 
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CC1 could be an unassociated background object is <1% (see Methods). However, (11) could not exclude the 
possibility that CC1 could be a spurious detection, as the first few available detections established a combined 
~10% false positive probability based on the residual speckle density distributions. In this work, we aim to 
resolve the nature of this candidate.


Results

We observed MWC 758 with the Large Binocular Telescope Interferometer (LBTI; 23) on UT 2019-01-05 and 
2019-11-14. Observations were performed with the LMIRCam camera (24, 25) utilizing the Arizona Lenslets for 
Exoplanet Spectroscopy (ALES; 26, 27). With 0.6 hr of integration time (source+sky, with equal time each, and 
seeing of ~1”) on 2019-01-05, we first measured a very red, but low-SNR, spectrum of CC1 between =3.4–4.2 
µm that appeared to be distinct from the rest of the disk. To verify this result, we obtained a longer observation 
of 1.8 hr integration on 2019-11-14 in photometric conditions (~0.8–1.0" seeing). The results verified our initial 
findings and improved the SNR from an average value of ~1 in each spectral channel to ~3 (for  µm). The 
spectral resolution of both observations was R~40, enabling features as small as ~0.1 µm to be identified. 


Figure 2. LBTI/ALES spectrum of MWC 758c (blue points) combined with a simple average over the two epochs. 
Comparisons of L5–T5 brown dwarf spectral standards are shown in gray through black (29), and an example of a cold and 
moderately attenuated Cholla model atmosphere is shown in purple (30). Note that higher (lower) levels of assumed 
extinction correspond to higher (lower) inferred effective temperatures. The IRTF/SpeX spectrum of the star and warm 
inner disk is shown in the light blue curve. The scattered light spectrum from the spiral arms closely resembles this source 
spectrum (see Methods for further comparisons).	 


	 To enable conversion of contrast measurements to physical flux units, we also obtained a flux-calibrated 
spectrum of MWC 758 with NASA's Infrared Telescope Facility (IRTF) / SpeX instrument (28) on 2021-02-03 
(see Methods and Fig. 2). In summary of the findings from LBTI/ALES and IRTF/SpeX, MWC 758 CC1 has a 
spectrum that is consistent with a very faint and very red point source, whereas the rest of the disk has a 
spectrum consistent with scattered starlight (see Fig. 2 and Methods)–this is even more apparent with 
observations of the disk at shorter wavelengths taken into account (e.g., 15). Therefore, we determine MWC 
758 CC1 to be an object distinct from the rest of the disk and refer to this object henceforth as MWC 758c.

	 To expand the spectral range, we analyzed archival data covering 0.95–2.2 µm from the Very Large 
Telescope (VLT)/Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE: 31) instrument. This 
enabled us to place constraints on the level of extinction (or V-band attenuation, ) when compared to the 
detections from LMIRCam and ALES at 3–5 µm. The SPHERE data yield a non-detection of MWC 758c 
(upper limit ~5–6  contrast at J– and H-band and SNR~3, see Methods), while the disk is detected with a 
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similar brightness and morphology to its appearance in the images at ~3–5 µm (16, Fig. 1). This near-IR non-
detection of MWC 758c places a lower limit of  for MWC 758c (see Methods). The star has an extinction 
of 0.4, which suggests that interstellar extinction is negligible (14), and that the attenuation is likely 
originating from circumplanetary dust, since both the µm-sized scattered-light (15) and emission from mm-
sized circumstellar dust disk (32) fall off sharply near the projected separation of MWC 758c.




	 

Figure 3. Comparison of LBTI/ALES data (blue 
points) and broadband photometry from LBTI/
LMIRCam  (purple; 11) to Cholla model 
atmospheres (light blue, gray, and black curves, 
30). Synthetic LMIRCam photometry are shown 
in light blue, gray, and black points. Panel a shows 
an example for a case of low  and low , 
whereas panel b shows an example for a case of 
high  that requires a higher , corresponding 
to typically more massive planets. JWST’s NIRISS 
instrument will be able to be able to fill in the 
range between 4-5 µm, which will constrain  
(and ) through the strength of the molecular 
absorption features.


	 We compared the spectral measurements of MWC 758c to standard brown dwarfs and planetary 
atmosphere models (29, 30, 34) in order to estimate its physical properties. The brown dwarf comparison yields 
a best match of a very late spectral type of T5 or later, consistent with a relatively cold object (see Fig. 2). The 
atmospheric model comparison yields constraints on the combination of effective temperature ( ), radius, 
and level of attenuation ( ). Assuming radii between  (motivated by the predicted range from 
evolutionary models for the system's age of ~3.5 Myr: e.g., 34, 35), a reddening relation typical for interstellar 
dust (36), and a range of ≤150 (motivated by simulations of planets forming embedded within protoplanetary 
disks: 37–39), the brightness of MWC 758c is consistent with temperatures between  K (Figs. 
3, 4). Higher values of  correspond to much higher values of  for a given radius (Fig. 4). The starting 
temperatures of low initial entropy, or “cold-start” models is uncertain, but typically considered to be 

 K (35, 40). The surface gravity (g) and mass are relatively unconstrained, although the best-
fitting solutions favor lower values (see Methods). Finally, the most likely inferred ranges of temperature and 
radius are consistent with those of the expected body driving the spiral arms ( : 17) from both cold– 
and hot-start models of mass, temperature, and radius evolution (34, 35, 41, 42).
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Figure 4. a Retrieved  vs.  of MWC 758c for a range of plausible planetary radii. Hot-start models (e.g., 34) show 
planets with maximum radii up to ~2 RJup, whereas cold-start models (e.g., 35) have radii closer to ~1 RJup. Either set of 
models is consistent with the data for a reasonable range of visual extinction and planet mass. b Effective temperature vs. 
age of directly imaged exoplanets and brown dwarf companions compared to evolutionary tracks for hot– (red: 42) and 
cold-start planets (blue: 35). MWC 758c's temperature and mass are not well constrained due to the degeneracy with . 
Nevertheless, MWC 758c stands out both as one of the youngest giant planets to be directly imaged (indeed, among just a 
few that are known within the protoplanetary disk phase), and also as either one of the coldest or most attenuated.


Discussion

Evidence For MWC 758c Being a Planet

With this work, we have established that MWC 758c has a spectrum that is distinct from the rest of the disk (see 
Methods) and consistent with that of a planetary atmosphere. MWC 758c also does not appear in polarized 
emission (15), while the spiral arms bear the same morphology in total intensity and polarized light (14–16). 
This suggests a self-luminous object rather than scattered starlight. Combined with the non-detection of MWC 
758c at wavelengths shorter than 3.3 µm (compared to obvious detections of the disk: 15, 18), the data are 
only consistent with a reddened thermal emission spectrum. 

	 Our reddening constraint for MWC 758c ( ) is consistent with predictions from hydrodynamical 
simulations ( : 38, 39) and also with the estimates for the PDS 70 protoplanets ( : 43, 
although 44-46 find smaller values of ). AB Aur b is also likely in an embedded phase (47). The few 
known examples of imaged protoplanets, including MWC 758c, are all consistent with having significant levels 
of optical attenuation, as predicted by models of giant planet formation (e.g., 37–39). We also note an additional 
possibility: that the emission observed from MWC 758c could be either partly or entirely due to a 
circumplanetary disk or envelope, with the planet itself completely obscured or too faint to be detected. 
Compared to models in which the circumplanetary disk outshines the planet itself (37), the ~5  model 
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provides a reasonable fit to the rise in brightness at 3.8 µm. Due to the probable low mass of MWC 758c 
(comparable to a thermal mass; see below), the circumplanetary material may also more closely resemble an 
envelope than a disk (47), leading to greater expected levels of attenuation of the protoplanet’s own emission. 

	  Dynamical effects that are expected from a forming giant planet are seen in the disk around MWC 758. 
In particular, the large-scale spiral pattern cannot be attributed to gravitational instability nor a recent stellar fly-
by (e.g., 49, 50) and is likely companion driven. Comparing the measured separation of the spiral arms to 
predictions from theoretical models, the companion is expected to have a mass ratio with respect to the central 
star of q>~0.005 (17), or  8 M  assuming a central star of 1.5–1.9 M  (51). This is consistent with the 
spectroscopically inferred mass of MWC 758 with  for hot-start planets, or  for cold-start 
planets.

	 The spectroscopically constrained mass of MWC 758c likely straddles (or slightly exceeds) the thermal 
mass at a~100 au:  = (h/r)3, where h/r is the disk aspect ratio, or a few Jupiter masses assuming h/r 
~ 0.1. Therefore, the planet is expected to remove gas and dust from its co-orbital region and could possibly 
open a gap (33). The extent of this process and the resulting gas and dust depletion depend on poorly 
constrained parameters such as the disk viscosity and orbital parameters of the planet including eccentricity and 
inclination (33). Whereas the excitation of the spiral arms occurs on the dynamical timescale (~103–104 yr: 52), 
the depletion of material around the planet’s orbit occurs on the viscous timescale, which can be comparable to 
the system’s age even for a modest viscosity ( ). This further limits our ability to quantitatively predict 
the outcome of gap opening for MWC 758c, leaving open the possibility for gas and dust to be present within 
the planet’s co-orbital region.

	 Nevertheless, ALMA observations of the gas and mm-sized dust provide evidence consistent with the 
disk responding to the planet’s gravitational perturbation in addition to the spirals. The mm-dust disk falls off 
sharply near the projected separation of MWC 758c, while the 13CO gas and C18O gas are also in steep decline 
(32, 53). The latter also hints at the likely presence of an inner gap edge, which is needed to explain the 
observed emission clump at 0.53 arcsec to the North of the star, assuming that the clump is a vortex triggered by 
the Rossby wave instability (54, 55). The proximity of the planet to the outer edge of the mm-dust and 13CO gas 
is not predicted by current steady state models of disk-planet interactions if MWC 758c is above the thermal 
mass (e.g., 33). Future constraints on the formation timescale of the planet, and also on planet mass (which will 
soon be possible through constraints on  from JWST), will enable an assessment of this possible discrepancy 
with current models. As an aside, we note that MWC 758c, being exterior to the inner cavity, is likely not 
responsible for the structures interior to ~0.3 arcsec.


Implications of MWC 758c for Other Systems

As the reddest known planet and one of few known protoplanets, the existence of MWC 758c has a number of 
implications for the broader population of spiral protoplanetary disks and young giant planets. Perhaps most 
notably, the high level of optical extinction ( ) indicates the likely presence of a circumplanetary disk 
around MWC 758c, suggesting also that accretion is likely ongoing, despite the non-detection of H  (9, 10). As 
MWC 758c is among the most attenuated planets yet to be detected (perhaps the most attenuated), it provides 
an opportunity to constrain the properties (e.g., grain size and chemical makeup) of the line-of-sight material. 
Existing reddening laws are derived primarily from interstellar extinction and star forming galaxies, whereas 
grain growth and processing within circumstellar and circumplanetary disks may result in differences in the 
chemical makeup of the material accreted during planet formation and a different reddening profile.

	 Second, MWC 758c confirms that spiral arms in protoplanetary disks can be driven by giant planets that 
are cold enough ( ) or reddened enough ( 10) to have escaped detection at shorter 
wavelengths (  µm). Indeed, this was predicted (7) based on the status at the time that no giant planets 
had been found around disks with prominent spiral arms. The finding of MWC 758c serves as a proof-of-
concept that spiral arms in other protoplanetary disks (e.g., SAO 206462: 3) may also be caused by a class of 
faint and very red planets that are more readily detectable at mid-infrared wavelengths by systems like 
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LMIRCam/ALES. Relatively few surveys have been performed at mid-IR wavelengths compared to those in the 
optical to near-IR, which would be blind to planets as red as MWC 758c. Now, the James Webb Space Telescope 
( JWST) is also capable of imaging fainter and even more attenuated planets around a greater number of stars. 
MWC 758c is resolvable by JWST for 10 µm. Such data could place better constraints on  and  via the 
strength of molecular absorption features, and can probe accretion-tracing Hydrogen emission at 4.05 µm 
(Brackett- ). With its stable observing environment, JWST may also detect brightness variations in MWC 758c 
caused by variable attenuation from dust orbiting (or accreting onto) the planet on dynamical timescales of a 
day or less, which could help to better constrain the reddening law specific to the dust around MWC 758c. 

	 Finally, for low levels of attenuation ( 10) MWC 758c would be the coldest currently known 
directly imaged planet (the closest planet in temperature would be 51 Eri b with : 56). At 
this colder end of the plausible range of temperatures for MWC 758c, methane is the dominant carrier of 
atmospheric carbon (e.g., 29, 57), and at the coldest temperatures considered ( 400K) water clouds are 
possible (57, 58). A planet with 400K would occupy an intermediate temperature range between Jupiter 
and the predominantly warmer and CO-dominated directly imaged exoplanets. If at the colder end of its range 
of , MWC 758c could provide one of the first opportunities to study the carbon chemistry of these colder 
exoplanet atmospheres, which so far have only been studied via isolated brown dwarfs (e.g., 57, 58).


Conclusion

We have presented images and spectroscopy of a probable young giant planet driving the spiral arms in the 
circumstellar disk of MWC 758. The spectrum of MWC 758c is consistent with that of a very red protoplanet–
either due to a low effective temperature ( , which given the system’s young age of 3.5±2 Myr would 
imply a cold-start origin: e.g., 35) or significant attenuation by dust ( ). Furthermore, the spectrum of 
MWC 758c is distinct from that of the rest of the disk and is inconsistent with scattered starlight. The existence 
of MWC 758c has two important implications: 1) faint and red giant planets are capable of driving large-scale 
spiral structures in protoplanetary disks, and 2) protoplanets in a similar phase of evolution to MWC 758c (in 
particular, with similarly red spectra) would likely have been missed by past surveys–including those performed 
in the accretion tracing  filter (59). Mid-IR observations, like those presented here, and those that are now 
possible with JWST, are able to reveal these young (and likely very red) protoplanets. 


Correspondence and requests for materials should be addressed to K. Wagner (kevinwagner@arizona.edu).


Methods

LBTI/ALES Observations and Data Reduction

We processed the data for each night in a nearly identical manner following the reduction strategy for 
LMIRCam data in (11). We briefly recount this process here–mostly focusing on the differences in the approach 
for Integral Field Spectroscopy (IFS) data. Note that the early calibration steps are very similar, since ALES 
utilizes LMIRCam’s full optomechanical chain and detector (24, 25) with the addition of a lenslet array in the 
optical path (for more details, see 26 and 27). The data reduction procedure is described below. Parameters are 
given for the UT 2019-11-14 epoch and for the (UT 2019-01-05) epoch in parentheses where they are different.


1. We removed the thermal and instrumental background by subtracting the average of the neighboring nod 
positions from each frame. Each observation used 300 frames per nod.


2. We removed reset noise by subtracting the first read of each ramp from the final read (correlated double 
sampling). The total exposure time of each single LMIRCam exposure was 1.967 sec (0.984 sec). We obtained a 
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total of 3230 (2196) frames, including sky exposures for background subtraction that accounted for 50% of the 
total observing time. This amounts to 0.88 (0.30) hr of on-source exposure time, excluding overheads. 


3. We subtracted the bias of each vertical channel by measuring and subtracting the average value of the pixels in 
the overscan region.


4. We extracted 3-dimensional (x-y- ) data cubes from each individual frame (following 60–62).


5. We identified wavelengths via sky frames taken through four narrowband (R~100; 2.897µm, 3.36µm, 
3.539µm, and 3.874µm) filters (see Section 4 of 27). 


6. We selected bad pixels as those that are 2-  outliers and/or those with a value less than –100 in a 5 pixel  5 
pixel square (ignoring the target pixel) in a median image of the first 50 frames at each wavelength. We tested 
thresholds of 3-  and 4-  and found consistent overall results. These resulted in ~2%, 1%, and 0.5% of pixels 
being flagged as bad, respectively.


7. We replaced the bad pixels via interpolation of the surrounding pixels (up to a maximum target distance of 3 
pixels from the target pixel).


8. We centered the frames by first fitting the maximum of the peak, and subsequently by computing the 		 	
position of maximum correlation of the frames with the first in the sequence.


9. We rejected bad frames as those with a maximum correlation of less than 0.99 (0.96) with respect to the 
median image (averaged over wavelength). This resulted in 0.3% (18%) rejection of frames. The higher rejection 
fraction on the 2019-01-05 epoch reflects the poorer seeing conditions. 


10. When relevant, we injected synthetic point sources at this stage. For a PSF template, we used the median 
image of the star at each wavelength, which remained unsaturated and in the detector’s linear regime.


11. We generated derotated, derotated+high pass filtered, high pass filtered + classical angular differential 
imaging (ADI: 63), and high pass filtered + ADI-KLIP processed images (KLIP stands for Karhunen-Loève 
Imaging Processing: 64). Throughout the observation, the parallactic angle evolved by 127º (119º). For the 
2019-01-05 epoch, at this stage we first destriped the images by subtracting the mode from each column and row 
of pixels. We used a high pass filter width of 11 (9) pixels and tested a wide range of KLIP hyper parameters 
(namely, the distribution of subregions and numbers of KLIP components, or KL modes). Before KLIP 
processing, we binned the data by averaging over each set of 15 (10) frames in the sequence. We generated two 
KLIP images: one with a less aggressive set of parameters that leaves the disk structures largely intact, but is less 
sensitive to point sources; and one with a more aggressive set of parameters with greater sensitivity to point 
sources. For the less aggressive parameters, we used full annuli between 5–27 pixels (0.175–0.945 arcsec at 35 
mas/pixel) and five KLIP components, with additional parameters identical to those as follows. For the more 
aggressive set of parameters, we split the annulus into 6 (8) annular segments of equivalent width, and used 15 
KLIP components. Injected point-sources with the brightness of MWC 758c are not detected in the less 
aggressive reduction, but are in the more aggressive one (see Fig. S1). For constructing the basis of KLIP 
eigenimages we rejected frames taken with a parallactic angle within 0.1 degree (0.85 degree) of the target 
image in order to reduce self-subtraction of point sources.


12. To further reduce wavelength-dependent speckles in the final images, we generated spectral differential 
imaging (SDI)-KLIP processed images from the ADI-KLIP processed cubes (i.e., ASDI-KLIP processed images 
in the end). For SDI-KLIP parameters, we used the same regions as above, with a rejection criteria of frames 
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whose wavelength ratio (i.e., magnification ratio) resulted in less than 1.5 FWHM of separation for point 
sources at the center of the radial processing range.


13. We high-pass filtered the images a second time, and then combined images at each wavelength with a 
variance-weighted combination (65).


VLT/SPHERE Observations and Data Reduction

Data were taken on two separate nights and in two separate modes: with the integral field spectrograph (IFS) 
arm operating between Y– to H-band ( 0.95–1.65 µm) and the dual-band imager (IRDIS) operating in the 
K12-bands ( 2.11 and 2.25 µm) on UT 2016-01-01 under program-ID 096.C-0241 (PI: Beuzit), and with the 
IFS operating between Y– to J-band ( 0.95–1.35 µm) and IRDIS operating in the H23-bands ( 1.59 µm 
and 1.67 µm) on UT 2018-12-17 under program-ID 1100.C-0481 (PI: Beuzit). The data quality on the second 
night was overall substantially higher. For data processing details, we followed the methodology of 66, which is 
very similar to that described above for LBTI/ALES. We refer to this prior work and the above description for 
further details. The images are shown in Fig. S2 and Fig. S3. At the separation of MWC 758c, the YJ image 
provides the deepest detection limits of ~3  contrast (with SNR~3 and for a flat spectrum over the 
complete bandpass; see panel d of Fig. S3). Detection limits in narrower synthetic photometric bands are 
somewhat higher (e.g., ~6  contrast in J-band with SNR~3). The IRDIS-H23 dataset (taken 
simultaneously) provides a similar limit of ~5  contrast with SNR~3. The ghost in the YJ images is due to 
persistence in the detector following flux calibration, and is identifiable via its rapidly diminishing brightness 
with frame progression and regular appearance in other datasets.


IRTF/SpeX Observations and Data Reduction

We observed MWC 758 with IRTF/SpeX (28) on UT 2021-02-03 using the cross-dispersed (XD) echelon 
gratings in both short (SXD) and long (LXD) wavelength modes, covering 0.8–2.4 µm and 2.3–5.4 µm, 
respectively, and reduced the data using Spextool (67). A 0.8 arcsec slit was used during the XD observations, 
which amounted to a small amount of light loss due to average seeing of 0.5 arcsec. The LXD and SXD spectra 
were normalized in the region of overlapping wavelength coverage (2.3–2.4 µm). Observations of an A0V 
spectral standard (HD 34203) were used for telluric correction and flux calibration, and separate observations of 
MWC 758 through a low-resolution prism with a 3 arcsec slit were used to measure a ~14% absolute correction 
to the XD measurements to account for the light lost at the smaller (0.8 arcsec) slit. The spectra are shown in the 
next subsection at the stage at which they are used to correct the LBTI/ALES contrasts (step 5)


LBTI/ALES Spectroscopy

We extracted and analyzed the spectra from each night following a uniform approach:

 
1. We began by extracting the spectrum of MWC 758c, of ten different locations along the spine of the spiral 
arms (beginning at their furthest visible extent), and of the star, all within apertures of 3 pixels in diameter. We 
checked that using various aperture diameters between 1–4 pixels provides consistent results. These are 
presented in Fig. S4 and Fig. S5.


2. We compared the spectra of MWC 758c and the disk for each night independently. The averaged disk spectra  
are presented in Fig. S5.


3. We cross-correlated each pixel’s spectrum vs. a K,  BT-Settl spectrum (34) for the higher-quality 
20191114 dataset to create a correlation map (Fig. S6). The measured spectra were smoothed by a running median of 5 
spectral channels (corresponding to the spectral resolution, R~40). The image then was spatially smoothed by a 2 pixel 
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boxcar filter, which is approximately the FWHM. Prior to smoothing, MWC 758c has a maximum cross correlation of 0.95 
with respect to the template spectrum. The rest of the image on average, including the spiral disk (shown in contours in Fig. 
S6 along with MWC 758c), has a maximum cross correlation of 0.55 and a standard deviation of 0.15–i.e., MWC758c’s red 
spectrum is a ~3 standard deviation outlier from the spectra contained within the rest of the image, and also compared to 
just those pixels containing scattered light from the circumstellar disk. We note also that we did not use the best-fit 
spectrum, but simply a relatively cold/red atmosphere as a comparison. We verified that any =400–1000K atmosphere 
provides similar results. The rest of the spiral arms, if fit to thermal emission spectra, return much higher values (up to the 
maximum of the tested range of 2000K). This is unsurprising since the spectra are the result of scattered starlight.


4. We performed forward modeling via synthetic point source injections (e.g., 68) to generate a point source 
flux correction model and to estimate uncertainties via the following procedure. We scaled the band-averaged 
contrast spectra to match the L  contrast measured with LMIRCam (11) and injected point sources with this 
spectrum into the data at three separate locations (we also checked that using a flat spectrum does not 
significantly change the results). We similarly extracted their spectra and computed a linear correction model to 
the ratio of measured to injected fluxes (ignoring outliers as those with a correction factor greater than 10 or less 
than 0). The point source flux correction models are presented in Fig. S7. We also computed uncertainties as the 
standard deviation of the three measured values at each wavelength for the injected sources.


5. We created corrected contrast spectra of MWC 758c from the above correction models (Fig. S8). This 
improved the agreement between the two epochs and the previous  measurement. The simple average of the 
two epochs and their respective signal to noise ratios (SNR) are shown in Fig. S9. The SNR of the second epoch 
is higher than the first and of their combination (with errors propagated through combination). However, to 
avoid biases introduced by a single observation (particularly due to correlated speckles: see 69), we proceed 
with the combined spectrum for the proceeding analysis. We verified that using either single night yields 
consistent results with those obtained using their average.


6. We converted the contrast spectra to units of W/m2 by multiplying by the empirical spectrum of the star 
measured with IRTF/SpeX on UT 2021-02-03 (shown in Fig. S10). Note that this spectrum was taken at a 
different time than the LBTI/ALES data. Intrinsic variability of the central star and inner disk is thus a potential 
source of uncertainty (likely less than 20% based on the source’s historical variability; 14). 


Comparison to Atmospheric Spectral Models

We compared the spectrum of MWC 758c to four different model grids: Cholla (30), BT-Settl (34), COND (42), 
and DUSTY (70). COND and DUSTY were among the first grids available for clear and cloudy atmospheres, 
respectively. These are outdated and included primarily for comparison to other previous works that used these 
grids. Additionally, the DUSTY grid is likely a poor match at cold temperatures since the clouds in the models 
don’t settle out. For cloudy (cloudless) planets, the BT-Settl (Cholla) models are the most reliable. 

	 For a given , and with a reddening relationship of  from 36, the script first scales 
the model spectra to the ALES data (normalized to the mean flux of the bandpass) and then calculates a radius 
based on that normalization and the Gaia DR3 distance to the system. When maximum radius drops below the 
set threshold (1 or 2  for simplicity in Fig. 4, but ~1.1 and 1.7  are closer to the range of models) for a 
given temperature and range of log(g), the script determines that temperature to be the maximum plausible 
temperature for the prescribed . The age is not included in this analysis since the goal is to find the plausible 
range of temperatures that can then be used to compare to the , mass, radius, and age framework in the right 

panel of Fig. 4. To assess the model-data fit, we computed the chi-squared ( ) metric for the 54 spectrally-
correlated ALES datapoints, accounting for the spectral covariance (69). The  value from the ALES data was 
added to the two independent  values from the L  and M  measurements and converted to reduced chi-
squared by dividing by , accounting for the three free parameters of , , and . The results 
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of this analysis are shown in Fig. S11. Note that the M-band photometry is driving the gravity fit for the BT-
Settl, AMES-Cond, and AMES-Dusty models; however, for brown dwarfs in this temperature range, non-
equilibrium chemistry plays a larger role than surface gravity on M-band photometry (71)–therefore, the 
(already weak) constraints on log(g) are even less constrained when accounting for a range of vertical mixing. 
The Cholla models (that do include vertical mixing) shown are for =4 (the middle of the available 

range). The other values, =2 and =7, provide similar results, with slightly higher minimum  
values for =2 and slightly lower for =7 (i.e., a greater degree of vertical mixing is favored for 
the cloud-free Cholla models). Overall, the BT-Settl models produce the best match.


Possibility that MWC 758c is a background object

We considered the hypothesis that MWC 758c could be a background object that is projected behind MWC 758 
but otherwise unassociated with the system. We note a priori that this is unlikely due to the dynamical 
requirement of a companion responsible for the spiral arms in MWC 758, which are easily explained if MWC 
758c is indeed a gravitationally bound component of the system. Beyond this initial line of reasoning, we 
consider 1) common proper motion, which is not conclusive due to the level of astrometric uncertainty, and 2) 
the spatial density of objects with a similar  brightness, which suggests a <1% chance of such an occurrence. 

	 MWC 758 has a proper motion of –26 mas/yr in declination and 4 mas/yr in right ascension (from 23, 
rounded to the nearest mas, and with negligible uncertainties). Over the three year baseline of our observations 
(taking the first epoch of UT 2016-10-15 from 11), we would expect to see a relative motion of MWC 758c with 
respect to MWC 758 of ~80 mas, assuming a zero proper motion background object. The relative position of 
MWC 758c in the former epoch was 0.617±0.024 mas in separation and with a position angle of 224.9±2.2ºE of 
N. In our latest ALES epoch (UT 2019-11-14), we measure a separation of 0.603±0.0345 arcsec and 228.5±3.2º E 
of N. We conservatively consider the uncertainty of the ALES astrometry as ±1 pixel, or 34.5 mas, since a 
typical estimate for the uncertainty of FWHM/SNR yields ~30 mas. We measure a relative motion of 41±59 mas 
between 2016–2019. This is consistent with zero observed motion and closer to the expected motion of a giant 
planet on a circular orbit at 100 au (~20 mas), but is not precise enough to confidently rule out a stationary 
background track. However, the images here have not been calibrated against an astrometric field, and given 
that the lenslet array is a non-stationary optic, it would not be surprising for the systematic astrometric 
uncertainty to be larger than the uncertainty quoted here. Therefore, we cannot confidently claim that we have 
measured an actual motion of MWC 758c.

	 Next, we consider the possibility that MWC 758c is a background object based on the spatial density of 
objects with similar  brightness. In a recent survey with LBTI/LMIRCam (i.e., using the same system with the 
same background-limited sensitivity), just four background objects were found among 98 targets (72), each 
with a circular field of view of 3” in radius, and including the Taurus star forming region (of which MWC 758 is a 
likely member). This translates to a spatial density of 0.0014 sources/arcsec . Due to the effects of tidal 
truncation of a very massive companion on the disk, we would have only identified a source as plausibly 
responsible for the spiral arms if it were within a few times the separation of the spirals, or ~1.5”. Thus, over a 
1.5” circular field of view, the false alarm probability of MWC 758c is ~1%.


Data Availability

All LBTI data are in the process of being integrated into the LBTO archive (http://archive.lbto.org). The data 
for this program are not yet available online, but in the future will be accessible by searching for PI: Wagner or 
Target: MWC 758. Until then, the raw and processed data will be available upon request of the authors. 


Code Availability

All software, codes, and data processing scripts that were developed for this study are available at https://
github.com/astrowagner/MWC758_ALES.
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Supplementary Figure 1. Various reductions of the 20191114 LBTI/ALES data. The panels on the top (in particular a, c) 
are the versions shown in Fig. 1, whereas panels on the bottom (d-f) have three sources injected at -90º,+90º, and 180º from 
MWC 758c that are marked by arrows. The non-aggressive reduction (with 5 KL modes, panels a,d) does not show the 
injected sources, or MWC 758c, but does reveal the disk with less signal degradation compared to the reduction with 15 KL 
modes. Panel b illustrates that MWC 758c is detected at the pixel-to-pixel level.





Supplementary Figure S2. SPHERE-IRDIS Images of MWC 758. Images taken in the K12 (a; UT 2016-01-01) and H23 (b; 
UT 2018-12-17) filters. Synthetic sources (fake planets, or FPs) were injected into the datasets to assess sensitivity limits. 
The position of MWC 758c is marked by a circle with radius equivalent to the FWHM of the PSF from LBTI/ALES.
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Supplementary Figure 3. SPHERE-IFS images of MWC 758. Data were taken in YJH (a, b; UT 2016-01-01) and YJ modes 
(c, d; UT 2018-12-17). Synthetic point sources (fake planets, or FPs) were injected into each dataset in order to assess 
detection limits.


Supplementary Figure 4. Uncorrected ALES contrast spectra of MWC 758c from 20190105 (a) and 20191114 (b). The 
LMIRCam  and  photometry, reproduced from 11, are corrected via negative synthetic planet injections (see step 3 
below). The binned ALES  measurements (prior to correction) are consistent with the corrected  photometry at the 1  
level. Error bars represent the standard deviation of recovered flux of three injected sources. 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Supplementary Figure 5. Comparisons between extracted spectra of MWC 758c and the circumstellar disk from 
20190105 (a) and 20191114 (b). The flatness of the disk’s contrast spectrum is consistent with scattered light. Note that 
telluric absorption is strongest at the first and last few wavelength channels, causing sharp increases at these wavelengths.





Supplementary Figure 6. Cross correlation map and resulting histogram. Two-pixel smoothed cross-correlation map of 
each pixel’s spectrum vs. a  K,  BT-Settl spectrum (32) for the higher-quality 20191114 dataset (a) and 
histogram (b, pre-smoothing), which demonstrates that MWC 758c stands out as the reddest point in the image. The 
contours show the disk and MWC 758c (i.e., the total intensity image).
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Supplementary Figure 7. Forward modeling results. Injected vs. measured contrast of injected sources (a, b) and derived 
point source flux correction models (c, d) from UT 2019-01-05 and 2019-11-14, respectively.





Supplementary Figure 8. Corrected contrast spectra of MWC 758c (a). The binned ALES  measurements 
(post-correction, b) are consistent with the corrected  photometry at the ~(0, 1)  level (i.e., bracketing the 
previous LMIRCam measurement). Error bars represent the standard deviation of recovered flux of three 
injected sources.
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Supplementary Figure 9. Averaged ALES spectrum (a), which is consistent with the  photometry to <1 . b Signal to 
noise ratio of the two ALES epochs and their averaged spectrum (with propagated uncertainties). Error bars represent the 
standard deviation of recovered flux of three injected sources.





Supplementary Figure 10. a IRTF/SpeX spectrum of MWC 758 (including contributions from both the star and 
unresolved inner disk emission). The cross-dispersed (XD, blue) spectrum is scaled to the lower resolution prism spectrum 
(black) by 15% to account for light losses along the slit. b IRTF/SpeX spectrum of MWC 758 (blue) binned to the 
resolution of ALES (black).
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Supplementary Figure 11. Minimum reduced chi-squared ( ) values and corresponding maximum likelihoods (a vs. 
effective temperature; b vs. , c vs. surface gravity) for Cholla, COND, DUSTY, and BT-Settl models compared to the 
ALES and LMIRCam data.
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