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A B S T R A C T 
βPictoris b is one of the closest known directly imaged gas giant exoplanets with an orbit that is almost edge-on to our 
line of sight, making it an ideal target for radial velocity monitoring to search for massive exomoons. We measure the 
radial velocity of β Pictoris b over several epochs between October 2024 and March 2025 by using the cross-correlation of a 
template spectrum with absorption lines in the planet’s atmosphere, giving a mean precision of 160 m s−1 . The resultant set 
of radial velocities is analysed with a periodogram to search for candidate radial velocity (RV) signals indicating a massive 
exomoon. Although we do not detect an exomoon signal in our data, our detection limits for a single moon are 80 Earth 
masses at P = 1 d and 1 Jupiter at P = 200 d, comparable to RV exomoon searches around other substellar companions. 
The RV limit is comparable with the astrometric exomoon limit at a period of 7 d and a mass of 150 M⊕, where for longer 
periods the astrometric searches have lower mass limits. With an additional observing season, the upgraded CRyogenic 
InfraRed Echelle Spectrograph (CRIRES + ) can detect a planet/moon mass ratio of 10−3 ( 4 M⊕) with a period of up to one 
day, and can detect a Neptune-mass moon at hundreds of Jupiter radii. 
Key words: techniques: radial velocities – stars: individual: Beta Pictoris – exoplanets. 
1  INTRODUCTION  
Moons are seen around all of the gas giant planets in our Solar 
system, and their !nal con!guration re"ects both the composi- 
tion of the planet and its formation process (e.g. R. Deienno et 
al. 2011 ). Such satellites, therefore, must exist around other gas 
giant planets in the Galaxy – but while there have been some 
tantalizing candidates detected, none have been con!rmed to 
date. Exomoons may increase the number of Habitable Zones in 
a planetary system – their temperature may be raised by the "ux 
of energy from their parent planet (R. Heller & R. Barnes 2013 ) 
or by tidal heating. Since our current knowledge of moons comes 
entirely from Solar system satellites, an exomoon discovery could 
similarly boost our understanding of the diversity that we see in 
exoplanetary systems (e.g. N. M. Batalha 2014 ). 
To understand the range of possible exomoon properties, it is 

useful to consider the three primary formation pathways: accre- 
tion from a circumplanetary disc (S. R. Kane, N. R. Hinkel & S. 
N. Raymond 2013 ), gravitational capture of interplanetary objects 
" E-mail: kenworthy@strw.leidenuniv.nl 

(e.g. suggested for Triton by Neptune; C. B. Agnor & D. P. Hamil- 
ton 2006 ), and collisions between objects. Moons forming from a 
circumplanetary disc are expected to be relatively small compared 
to their host planet (masses less than 10−5 that of the planet; R. 
M. Canup & W. R. Ward 2002 ). While this formation pathway 
is highly e#cient in the Solar system, moons like Triton likely 
started o$ as an interplanetary planetesimal and was captured by 
Neptune some time later (C. B. Agnor & D. P. Hamilton 2006 ), 
resulting in Triton’s anomalously large mass ratio with respect to 
Neptune ( 2 × 10−4 ). 
Several methods have been used to search for exomoons, 

with several candidates proposed; for an overview see the Re- 
view in A. Teachey ( 2024 ). Gravitational microlensing by a fore- 
ground source with proper motion causes achromatic magni- 
!cation in the resultant light curve of a distant background 
source. This led to D. P. Bennett et al. ( 2014 ) showing the mi- 
crolensing event MOA-2011-BLG-262 was consistent with a free- 
"oating planet/moon system closer to the Solar system than the 
background source, although a more distant stellar mass pri- 
mary/brown dwarf system could produce the same observations. 
Model degeneracies also led to K.-H. Hwang et al. ( 2018 ) identify- 
ing the multi-object microlensing event OGLE-2015-BLG-1459L 
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as due to one object lensing three background sources and not a 
foreground star/planet/moon lensing system. 
Directly imaging the thermal emission from tidally heated ex- 

omoons (THEMs) is a possibility for very close exoplanet systems 
(M. A. Peters & E. L. Turner 2013 ) such as the exoplanet Epsilon 
Eridani b (E. Kleisioti et al. 2023 ). Tidally locked THEMs can 
also be detected on high-inclination orbits around their parent 
planet; any bright spot of thermal emission caused by volcanic 
activity will result in photometric modulation of the light curve 
(E. Kleisioti et al. 2024 ). Volcanic exomoons can also produce an 
exosphere that is detected as spectral absorption lines of neutral 
Sodium and Potassium seen before, during and after the transits 
of hot Jupiters, as seen for WASP-49 b (A. V. Oza et al. 2019 ). 
Exomoons may transit their parent exoplanet, and searches 

around free "oating (M. A. Limbach et al. 2021 , 2024 ; M. J. Wilson 
et al. 2025 ) and bound (D. Kipping et al. 2025a ; E. K. Pass et al. 
2026 ) self-luminous exoplanets show plausible eclipses, although 
the variability of the planets themselves can confound this signal. 
Searching for exomoons as small as Ganymede is possible 

through the impact an exomoon has on the transit of its parent 
planet across the stellar disc. This can be seen in both transit 
timing variations and transit duration variations (D. M. Kipping 
2009a , b ), and were the main methods behind the Hunt for Exo- 
moons with Kepler (D. M. Kipping et al. 2012 , 2013 ; D. Kipping et 
al. 2022 ), but to date no compelling candidates have been found 
around gas giants with orbital periods less than 50 d (D. M. Kip- 
ping et al. 2015 ). Since it is expected that the planets forming in 
the 5–20 au regime have attendant moons, it is suspected that 
the process of their migration caused the moons to be scattered 
away from the system (V. Dobos et al. 2021 ). The question of 
whether wider orbit planets host such satellites arises: Two ex- 
omoon candidates have been identi!ed through timing variation 
and possible detection of their transits, Kepler 1708 b-i and Kepler 
1625 b-i (A. Teachey & D. M. Kipping 2018 ; A. Teachey, D. M. 
Kipping & A. R. Schmitt 2018 ; D. Kipping et al. 2022 , 2025b ), 
around longer-period gas giant exoplanets. These detections are 
contested: Other teams have carried out an analysis on the data 
and do not !nd the exomoon signal (L. Kreidberg, R. Luger & M. 
Bedell 2019 ; R. Heller & M. Hippke 2024 ). 
Directly imaged exoplanets o$er a greater potential for satellite 

detection due to their typically much larger separations from 
the host star, which increases the planet’s Hill sphere radius 
(V. Dobos et al. 2021 ), and the absence of signi!cant inward 
planet migration keeps any attendant moons after their forma- 
tion. Astrometric searches with optical interferometers can detect 
exomoons at larger semimajor distances (T. O. Winterhalder et 
al. 2026 ), and an initial search around the substellar compan- 
ion HD 206893 B with the Very Large Telescope Interferometer 
(VLTI) and GRAVITY+ has resulted in a tantalizing signal (Q. 
Kral et al. 2026 ). 
Radial velocity (RV) searches have looked at exoplanets in the 

HR 8799 system (A. Vanderburg & J. E. Rodriguez 2021 ), HR 7672 
B (J.-B. Ru#o et al. 2023 ), and GQ Lup B (K. Horstman et al. 
2024 ) with no detections. The closest known self-luminous gas 
giant exoplanet is ∼11 MJup β Pictoris b (A. Lagrange et al. 2009 ; 
S. Lacour et al. 2021 ), located 19 parsecs away around a young 
(23 Myr; C. P. M. Bell, E. E. Mamajek & T. Naylor 2015 ) A-type 
star and embedded in an edge-on circumstellar disc. The orbit 
of β Pictoris b is highly inclined, with its orbit seen almost close 
to edge-on (S. Lacour et al. 2021 ). Building on this geometry, M. 
Poon, H. Rein & D. Pham ( 2024 ) propose that the planet has a 
large obliquity, given the measured projected rotational velocity 

( v sin i = 20 km s−1 ; R. Landman et al. 2024 ), and suggest that a 
Neptune-mass exomoon at 40 to 70 planetary radii could be the 
cause. RV measurements measure the mass function M sin i and 
for exomoons we have no measurements for any orbital inclina- 
tions. Moons in the Solar system are generally coplanar with the 
equator of their parent planet, while β Pictoris b has a relatively 
high inclination as measured from the rotational broadening of 
absorption lines within its atmosphere (I. A. G. Snellen et al. 
2014 ), so it is not an unreasonable assumption to assume any 
moons around the planet will also have a high inclination as seen 
from Earth. 
In 2016, the planet’s Hill sphere transited the star to within 20 

per cent of the Hill sphere radius, and a photometric monitoring 
programme established that there was no signi!cant circumplan- 
etary dust (M. A. Kenworthy et al. 2021 ), concluding that any 
material had already condensed into satellites around the planet 
and may well have high inclinations amenable for detection with 
RV methods. 
We present upper limits on our search for exomoons around β

Pictoris b using the upgraded CRyogenic InfraRed Echelle Spec- 
trograph (CRIRES + ) combined with astrometric limits derived 
from archival astrometric data (I. Macias, S. A. Jenkins & A. 
Vanderburg 2026 ). In Section 2 we detail the observations with 
the VLT, followed by a periodogram analysis with injection and 
recovery to determine sensitivity limits. We discuss these results 
in Section 3 along with our conclusions in Section 4 . 
2  OBSERVATIONS  AND  ANALYSIS  
βPictoris b was observed as a service mode programme with 
various epochs between u& 2024 Oct 17 and u& 2025 Mar 09 
using VLT/CRIRES + . We used the 0.2′ ′ slit and the K2166 wave- 
length setting. The slit was oriented on the planet location at 
a 45 deg angle with respect to the line connecting the star and 
the planet. This allows us to avoid overexposure from the bright 
star, while still allowing us to use the starlight for calibration 
purposes. Each observation consisted of 24 integrations of 120 s in 
an AAABBBBBBAAA nodding scheme. We chose this approach 
to minimize the overhead time from the nodding cycles, while 
still allowing for background subtraction, which is done using 
the average of the three closest exposures in the other nodding 
position. We analyse the exposures from the A and B frames sep- 
arately, as they can have slightly di$erent wavelength solutions. 
We reduced the spectra with two separate pipelines. In the !rst 

one, the initial data reduction, such as background subtraction, 
"at !elding, and a !rst wavelength solution, was done with py- 
crires (T. Stolker & R. Landman 2023 ), which makes use of the 
o#cial CRIRES + pipeline. 1 We follow the reduction and analysis 
steps detailed in R. Landman et al. ( 2024 ) to detect the planet and 
obtain an estimate of its radial velocity, and give a short summary 
here: First, we re!ne the wavelength solution using the telluric 
lines imprinted on the spectra of the host star. The stellar contam- 
ination at the location of the planet is estimated using low-pass 
!ltering and a Principal Component Analysis (PCA). We use 10 
PCA components to model the stellar and telluric contribution. 
We then jointly !t the stellar contribution and planet signal using 
the likelihood framework developed in J.-B. Ru#o et al. ( 2021 ) 
and adapted to CRIRES + in R. Landman et al. ( 2024 ). In this 
1 https://www.eso.org/sci/software/pipelines/crires/crires- pipe- recipes. 
html 
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Figure 1. A section of the spectrum of β Pictoris b from CRIRES + , showing one night of data and the !tted model. The template spectra of water and 
carbon monoxide are shown above, indicating their relative contributions. 
case, we !x all the parameters of the planet, e.g. the atmospheric 
parameters and rotational velocity, to the values obtained in R. 
Landman et al. ( 2024 ). This likelihood was calculated for a grid of 
radial velocity values, which was !nally converted to a maximum 
likelihood estimate and an associated uncertainty. The mean pre- 
cision was 320 m s−1 . 
A second, separate and fully independent reduction and anal- 

ysis were carried out to validate the RV measurements. In this 
work"ow, the data were processed using the Python package 
e()al,-u./ (Y. Zhang et al. 2024 ). The reduction steps closely 
follow those of pycrires ; however, we implemented a revised 
extraction scheme that combines all spatial pixels containing 
a signi!cant planetary signal. A section of one of the reduced 
spectra is shown in Fig. 1 . Atmospheric retrievals were then per- 
formed using forward models generated with petitRADTRANS 
(P. Mollière et al. 2019 ) and explored via nested sampling with 
ultranest (J. Buchner 2021 ). This approach allows us to con- 
strain the planet’s atmospheric properties, radial velocity, and 
rotational broadening. We adopted state -of-the -art line lists for 
water (H2 O; O. L. Polyansky et al. 2018 ) and carbon monoxide 
(CO; L. S. Rothman et al. 2010 ; G. Li et al. 2015 ). The atmospheric 
composition is parametrized using constant-with-altitude abun- 
dances, with free parameters for each relevant molecular species, 
as described in S. de Regt et al. ( 2024 ). The temperature structure 
is modelled using a parametrized pro!le in which temperature 
gradients at reference atmospheric layers are retrieved, follow- 
ing the implementation of D. González Picos et al. ( 2024 ). The 
complete results and interpretation of the atmospheric retrievals, 
together with details of the improved spectral extraction scheme, 
will be provided in a forthcoming paper (Gonzalez Picos et al., 
accepted). The contribution of starlight at the planet’s location 
is incorporated directly into the forward model, following the 
approach demonstrated for GQ Lup B by D. González Picos et al. 
( 2025 ), adapted from J.-B. Ru#o et al. ( 2023 ) and R. Landman et 
al. ( 2024 ). We adopt these radial velocities for subsequent analysis 
due to their greater precision. 
In Fig. 2 , we show the detection of the planet’s rotation and the 

identi!cation of water (H2 O) and carbon monoxide (CO), which 
are the dominant opacity sources over the wavelength range of 
the observations ( λ = 2060 –2472 nm). The planetary spectrum 
and the best-!tting model are shown in Fig. 1 . For subsequent 
analysis, we adopt these physical parameters of β Pictoris b: from 
S. Lacour et al. ( 2021 ) we take the mass of β Pictoris b to be 
11 . 9 ± 3 . 0 MJup , with orbital parameters a = 9 . 93 ± 0 . 03 au, e = 
0 . 103 ± 0 . 003 , and i = 89 . 00 ± 0 . 01 deg. For the radius, we adopt 
the Exo-REM posterior from M. Ravet et al. ( 2025 ) of 1 . 73 ± 0 . 01 

(a)

(b)

Figure 2. Cross-correlation of the CRIRES + spectrum of the planet, (a) 
indicating the rotational broadening of the planet and at the retrieved 
v sin i ≈ 19 km s−1 and the autocorrelation function of the unbroadened 
model spectrum. (b) The relative detection strengths of the planet in water 
and carbon monoxide. 
RJup . We calculate the Roche limit both for solid and "uid bodies 
using the mass/radius relationship from J. Chen & D. Kipping 
( 2017 ), although we note that young objects may have a larger 
radius and therefore lower density. 
Analysis of the RV measurements (see Fig. 3 ) was done using 

the RV0ea/). Python package (L. J. Rosenthal et al. 2021 ). The 
algorithm !ts both a ‘no-moon’ model and ‘one moon’ model for 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/4/stag1060/8703208 by M
ediSurf user on 28 July 2026



4 M. A. Kenworthy et al.

MNRAS 549, 1–6 (2026)

Figure 3. Radial velocity measurements of β Pictoris b from CRIRES + 
with the D. González Picos et al. ( 2024 ) formulation. 

Figure 4. Results of the blind search for exosatellites in the RV time se- 
ries listed in Table 1 using RV0ea/). . It shows the di$erence in the $BIC 
between a model including a satellite and a model without a satellite. We 
also show the threshold for the 0.001 false alarm probability (FAP). 
a given set of trial periods from 1 to 500 d in a circular orbit, and 
the di$erence between these two Bayesian information criterion 
(BIC) models, $BIC, is calculated. It then estimates a $BIC de- 
tection threshold that corresponds to a false alarm probability of 
0.1 per cent, following the methodology outlined in A. W. Howard 
& B. J. Fulton ( 2016 ) where further details can be found. The re- 
sults are shown in Fig. 4 . Even though the shortest time between 
two observations is around two days, we are sensitive to shorter 
orbital periods due to the irregularly spaced sampling of our 
measurements. The largest $BIC has a value of 12 for an orbital 
period of 2.3 d, below the false alarm probability threshold of 46. 
A set of injection and recovery tests for various trial periods and 
masses for a single exomoon on a circular orbit was performed, 
with the resultant recovery limits shown in Fig. A1 . Fig. 5 shows 
the upper limits for a single exomoon orbiting β Pictoris b in a 
circular orbit, as a function of semimajor axis and moon to planet 
mass function ratio. 
3  DISCUSSION  
The mass ratio of moons to planets is around 10−4 for the gas 
giants (R. M. Canup & W. R. Ward 2006 ), but theoretical studies 
suggest that more massive planets have more massive moons with 
a scaling law of Mmoon ∝ M3 / 2 

P with ratios approaching 10−3 (see 

equation 43 in K. Batygin & A. Morbidelli 2020 ). From the RV 
analysis, no compelling periodic signal is seen in the data pre- 
sented in the previous section. The smallest mass ratio reached 
is 2 × 10−2 ( 60 M⊕) at the "uid Roche limit, just below a Saturn 
mass exomoon with an orbital period of 0.9 d, gradually increas- 
ing to a mass ratio of just under 0.1 at 250 d. The sensitivity is 
comparable to previous RV searches around other substellar and 
planetary companions. A study on the HR 8799 b, c, d exoplanets 
with Keck OSIRIS radial velocities ruled out most companions 
with m sin i > 2 MJup for orbital periods shorter than 5 d (A. 
Vanderburg & J. E. Rodriguez 2021 ) whereas we reach down to 
just over a Saturn mass for β Pictoris b, whilst a limit of 10−2 (100 
M⊕) was reached for orbital periods of 1 d around the substellar 
companion GQ Lup B (K. Horstman et al. 2024 ). 
An additional observing campaign, consisting of 25 CRIRES + 

observations sampled randomly over a 50 d period, was simulated 
and added to the current RV data set, and the resultant sensitivity 
curve is shown in Fig. 5 with the injection recovery limits shown 
in Fig. A2 . Given the previous performance of CRIRES + , we can 
reach a mass ratio of 10−3 for an orbital period of 1 d, and we can 
potentially detect Neptune mass exomoons out to periods of 200 
d. 
I. Macias et al. ( 2026 ) analysed archival astrometric data on β

Pictoris b and determined upper limits on exomoons. These limits 
are shown in Fig. 5 . Astrometric detection limits complement 
the radial velocity methods, and we can now rule out 150 M⊕
exomoons for edge-on circular orbits around β Pictoris b for 
all prograde stable orbits (estimated as 0.44 of the Hill sphere 
radius using equation 5 from R. C. Domingos, O. C. Winter & 
T. Yokoyama 2006 ). Indeed, even though there is a peak in the 
periodogram at around 52 d (but still below the FAP limit), the 
astrometric limits are far more constraining at this period and 
show no signal. 
4  CONCLUSIONS  
These reported measurements represent the most sensitive limits 
to exomoons at short orbital periods to date for β Pictoris b, and 
the complementarity of astrometric limits give coverage through- 
out the Hill sphere of the planet. Extending the monitoring of β
Pictoris b with CRIRES + will increase the sensitivity to moons 
with mass ratios greater than about 5 × 10−3 i.e. moons that 
formed/arrived via gravitational capture pathways or ones which 
induce the obliquity in β Pictoris b (M. Poon et al. 2024 ) – see Fig. 
5 . Together with the !rst astrometric limits of β Pictoris b from 
I. Macias et al. ( 2026 ) we can rule out any exomoons three times 
more massive than Saturn in the Hill sphere. 
The discovery of massive gas giant exoplanets at large separa- 

tions from their parent stars, such as HD106096 b (V. Bailey et al. 
2014 ), YSES-1 b and c (A. J. Bohn et al. 2020 ), and WISPIT 1 b and 
c (R. F. van Capelleveen et al. 2025 ) enable direct spectroscopic 
monitoring of the planets to look for exosatellites. One highly 
promising candidate is YSES 1b which hosts both a circumplan- 
etary disc seen in thermal emission (K. K. W. Hoch et al. 2025 ) 
and whose orbit is almost edge on to our line of sight (J. Roberts 
et al. 2025 ). If the geometry is particularly favourable and the 
moon transits the disc of the exoplanet, the Rossiter–McLaughlin 
e$ect can produce a very pronounced RV signal due to the rapid 
rotation of these young exoplanets (J.-B. Ru#o et al. 2023 ). If exo- 
moons do transit β Pictoris b and other wide projected separation 
planets such as YSES 1 b, then we may be highly fortunate and 
have our !rst RV-detected exomoons within the next few years. 
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Figure 5. The upper limits on exosatellites around β Pictoris b. The blue line represents the radial velocity limits for 50 per cent retrieval of injected 
edge-on circular orbits. The red line is the outermost stable prograde orbit for an exosatellite around β Pictoris b. The pale green line corresponds to 
astrometric limits from I. Macias et al. ( 2026 ). The Roche limits for rigid and "uid exosatellite bodies are shown in grey on the left. The predicted mass 
and location for an exomoon which could give Beta Pic b a high obliquity is indicated in purple (M. Poon et al. 2024 ). The predicted sensitivity for an 
additional 25 observations with CRIRES + is shown in purple. 
Table 1. Radial velocity measurements of β Pictoris b. 
MJD RVinstrument RVcorr RVhelio 

(km s−1 ) (km s−1 ) (km s−1 ) 
60600.36 26 . 00+0 . 11 

−0 . 10 + 6.78 32.78 
60604.35 25 . 81+0 . 07 

−0 . 07 + 6.46 32.27 
60683.10 35 . 17+0 . 09 

−0 . 08 −3.39 31.78 
60686.23 36 . 11+0 . 11 

−0 . 13 −4.00 32.11 
60702.20 38 . 46+0 . 13 

−0 . 16 −5.84 32.66 
60733.07 39 . 13+0 . 08 

−0 . 08 −7.92 31.20 
60735.12 39 . 83+0 . 13 

−0 . 13 −8.06 31.77 
60739.08 40 . 13+0 . 15 

−0 . 15 −8.12 32.01 
60743.08 40 . 51+0 . 14 

−0 . 16 −8.20 32.31 
60755.06 39 . 97+0 . 08 

−0 . 11 −8.16 31.81 
60760.01 39 . 41+0 . 10 

−0 . 09 −7.99 31.42 
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