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Abstract

Free-floating (or rogue) planets are planets that are liberated (or ejected) from their host systems. Although
simulations predict their existence in substantial numbers, direct observational evidence for free-floating planets
with masses below∼5MJup is still lacking. Several cycle-1 observing programs with JWST aim to hunt for them in
four different star-forming clusters. These surveys are designed to be sensitive to masses of 1–15MJup (assuming a
hot-start formation), which corresponds to spectral types of early L to late T for the ages of these clusters. If the
existing simulations are not wide off the mark, we show here that the planned programs are likely to find up to
10–20 giant rogue planets in moderate density clusters like NGC1333 or IC348, and several dozen to ∼100 in
high-density regions like NGC2024 and the Orion Nebula Cluster. These numbers correspond to 1%–5% of the
total cluster population; they could be substantially higher if stars form multiple giant planets at birth. In contrast,
the number of free-floating brown dwarfs, formed from core collapse (like stars) is expected to be significantly
lower, only about 0.25% of the number of stars, or 1–7 for the clusters considered here. Below 10MJup that number
drops further by an order of magnitude. We also show that the planned surveys are not at risk of being significantly
contaminated by field brown dwarfs in the foreground or background, after spectroscopic confirmation. Taken
together, our results imply that if a population of L and T dwarfs were to be found in these JWST surveys, it is
expected to be predominantly made up of rogue planets.

Unified Astronomy Thesaurus concepts: Exoplanet formation (492); Free floating planets (549); Infrared
observatories (791); Brown dwarfs (185); Initial mass function (796)

1. Introduction

Free-floating (or rogue) planets are objects that are formed in
a disk around a young star, and subsequently ejected from their
planetary system. According to simulations, these rogue planets
are expected to be a significant component of the substellar
population, in particular for masses below the Deuterium
burning limit (e.g., Parker & Quanz 2012; van Elteren et al.
2019). So far we have very limited knowledge of this
population. Deep surveys of clusters, star-forming regions,
and the field have only been able to dip into the planetary-mass
domain (e.g., Peña Ramírez et al. 2012; Scholz et al. 2012;
Gagné et al. 2017; Lodieu et al. 2021; Bouy et al. 2022; Miret-
Roig et al. 2022), and found a few dozen of spectroscopically
confirmed objects below the Deuterium burning limit, which
could have formed either from core collapse (“like stars”) or in
a protoplanetary disk (“like planets”). Meanwhile, microlensing

surveys tentatively indicate the existence of a population of
free-floating objects with planetary masses (Mróz et al. 2017;
McDonald et al. 2021). Our knowledge of the demographics of
exoplanets will not be complete without firm observational
constraints on the number of those that got ejected (or
liberated) from their host planetary systems.
The advent of JWST offers a tremendous boost to this field

of research. It is the first telescope that has the capability to find
and characterize directly free-floating planets down to masses
of approximately 1MJup or even below. For the first time, we
will be able to produce a robust census of the sub-stellar
population with masses between 1 and 15MJup, and probe
directly the predictions from the simulations mentioned above.
In cycle 1, four guaranteed time observing (GTO) programs
will be in position to do exactly that, targeting four different
young clusters of stars, two in Perseus and two in Orion, all
within 500 pc. Beyond cycle 1 a wide range of programs to
survey other regions and to characterize the first samples of
free-floating planets can be expected.
Any survey that aims to find free-floating planets in a

specific star-forming region will also find objects that are
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forming like stars in the same region, as well as contaminating
brown dwarfs in the foreground and background of the cluster
that share spectral characteristics with free-floating planets. In
this paper, we aim to gauge likely outcomes of the planned
JWST programs, by estimating how many free-floating planets
we expect to find in a given region, and how that number
compares to the total number of objects with similar
characteristics that will be detected in the same surveys.

In the following we will distinguish between brown dwarfs,
as objects that are formed alongside stars in the collapse and
fragmentation of molecular clouds, and free-floating or rogue
planets, as objects formed in and then ejected from a (proto-)
planetary system. We acknowledge that at the time of writing
there is no observational test available to distinguish between
formation scenarios for individual objects, although research on
exactly that topic will also benefit greatly from JWST
observations. Most of the observational evidence to date
supports the view that free-floating substellar objects down to
the Deuterium burning limit are formed predominantly “like
stars” (see review by Luhman 2012, and references therein). It
is also plausible to assume that this population will diminish in
number per mass bin as we probe lower and lower masses and
approach the opacity limit for fragmentation (Bate 2012). The
purpose of this paper is to find out what type of objects, from
which formation channel, we should expect to find below the
Deuterium burning limit, based on our current understanding.
Therefore it makes sense to distinguish populations based on
formation scenarios.

We proceed as follows. In Section 2 we summarize the GTO
programs aiming to find free-floating planets in young clusters.
In Section 3 we collate and contextualise predictions from work
on simulating the dynamical evolution of planetary systems, to
estimate the number of free-floating giant planets in young
clusters. In Section 4, we estimate the expected number of
brown dwarfs (i.e., formed “like stars”) in the planetary mass
domain. We devise a method to estimate the number of field
brown dwarfs that may contaminate surveys for free-floating
planets in Section 5. Finally, we summarize and discuss these
estimates in Section 6.

2. Summary of Relevant JWST Cycle 1 Programs

In JWSTs cycle 1, four GTO programs will conduct deep
surveys in nearby star-forming regions, and are in principle
able to find young free-floating objects down to masses
comparable to Jupiter. The four target regions are all within
500 pc, two in Perseus (NGC1333 and IC348) and two in Orion
(NGC2024 and the Orion Nebula Cluster, short ONC). These
four programs are summarized in Table 1, with their basic
parameters estimated from the published survey design. While
the survey in NGC1333 with the WFSS mode of the instrument
NIRISS (Willott et al. 2022) is a spectroscopy campaign, the

remaining three are designed as multi-band imaging surveys
with NIRCam, likely to be followed by spectroscopy.4

The four clusters offer a diverse set of initial conditions.
NGC1333 and IC348 are of moderate density, host a few
hundred stars and brown dwarfs each, but are without any O
stars (Luhman et al. 2016). NGC2024 and the ONC are rich
clusters, embedded in HII regions heated by massive stars
(although in the case of NGC2024 the source of the heating is
unclear, see van Terwisga et al. (2020) and references therein).
NGC1333, NGC2024 and the ONC are very young, with
typical ages below or around 1Myr, while IC348 is a few Myr
old. In all four clusters, deep surveys from the ground or with
HST have revealed a rich substellar population (Levine et al.
2006; Da Rio et al. 2012; Scholz et al. 2012; Alves de Oliveira
et al. 2013).
All four programs have been scheduled in the JWST Long

Range Plan, with anticipated observations in late 2022 for
IC348 and the ONC, and 2023 for NGC2024 and NGC1333. In
Table 1 we estimate the survey footprint and the K-band depth
for the observations. The footprint (the field of view) is easy to
infer from the design of the mosaics as shown in the
Astronomers Proposal Tool (APT). The depth can be estimated
from the given on-source exposure times using the JWST
Exposure Time Calculator (ETC, version 1.7.0.1). We adopt a
substellar source with a Teff= 1000 K model spectrum, and

Table 1
JWST GTO Programs Approved for Cycle 1, with the Potential to Find Free-

floating Planets

Target NGC1333 IC348 NGC2024 ONC

Program ID 1202 1229a 1190 1256
Instrument NIRISS NIRCam NIRCam NIRCam
Mode Slitless

spectroscopy
Imaging Imaging Imaging

FOV
(sqarcmin)

30 20 10 80

On-source
time (s)

3100 300 6660 770

Depth (K-mag) 21 23 24 23
Distance (pc)b 296 324 414 403
Number of
starsc

200 500 800 2600

Scheduled ford 8–10/2023 8–10/2022 2–3/2023 9–10/2022

Notes.
a Program 1229 also includes a NIRSpec spectroscopy run at a later time, and
parallel observations with NIRISS.
b From Kuhn et al. (2019), except for NGC2024 where we use the distance
cited in van Terwisga et al. (2020).
c From Luhman et al. (2016) for Perseus and Kuhn et al. (2015) for Orion.
d The JWST schedule is dynamic, that means, the actual observing dates may
be different.

4 We note that another program with similar science goals is GO2640,
targeting the distant (6 kpc) cluster Westerlund 2 with NIRCam.
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change the normalization in the K-band until sufficient signal-
to-noise ratio (SNR) is achieved. We assume a desired SNR of
10, reached in the wide- and medium band filters used in these
four campaigns, with central wavelength >1.5 μm. Images at
shorter wavelength may not be sensitive to the same level. We
use the detector setup as specified in the APT descriptor, and
medium background for all regions.

The NIRISS observations in NGC1333 will provide
immediate spectral information in the H- and K-bands, with a
slitless instrument, as a result these are relatively shallow, with
a projected depth at H∼ 22 or K∼ 21 (Willott et al. 2022) The
three NIRCam imaging programs are deeper, by 2–3 mag, but
will require spectroscopy follow-up. The observations in the
ONC cover the widest field, the ones in NGC2024 have the
longest integration times (but for a small field). The choice of
filters and wavelength coverage, not discussed here further, is
also different from program to program. All programs have
their individual strengths, and are highly complementary to
each other.

How do the projected depths of the programs compare to the
instrument sensitivities as determined from JWST commission-
ing data (Rigby et al. 2022)? For NIRISS in WFSS mode, the
throughput is 30% better, resulting in on-sky sensitivities that
are 7%–20% improved compared to the ETC. For NIRCam, the
throughput is comparable to pre-launch expectations, and the
point source sensitivity is slightly better: 7.3 compared to
10 nJy, for a SNR of 10 in 10,000 s exposures. This estimated
sensitivity corresponds to a K-band (Vega) magnitude of about
K 27.3lim = , compared to 27.0 for the value taken from
the ETC.

Infrared images of star-forming regions are challenging for
source extraction and precise photometry, due to the strongly
varying background. The early released images of NGC3324,
program ID 2731 (Pontoppidan et al. 2022), may provide a
good example of what to expect from NIRCam imaging of star-
forming regions. The pipeline-provided photometry catalog for
the F200W image with a central wavelength of 2.0 μm and an
on-source exposure time of 1610 s is complete up to a
Vegamag around 25 in this band. The F200W filter has
approximately the same zero-point as the 2MASS K-band
(±0.2 mag). Scaling to 10,000 s, this is still 1.3 mag shallower
than Klim as given in the commissioning report. The ETC
estimates a SNR of ∼10 for the Carina imaging at the
completeness limit achieved in the actual data. Thus, while
imaging of star-forming regions unsurprisingly is not going to
be as sensitive as in typical fields, these cross-checks provide
re-assurance that the numbers from the ETC are realistic, albeit
perhaps slightly pessimistic.

All programs listed in Table 1 aim to measure the mass
function, therefore it seems appropriate to give some indica-
tions about the depth in terms of mass. A useful benchmark is a
1MJup mass object at the age of around 1Myr. According to
“hot start” models of planet formation, such an object should

have a brightness of MK= 14 (Spiegel & Burrows 2012),
which translates to K= 21.3 for Perseus or K= 22 for Orion,
all for AV= 0. This is comparable to the predictions from Lyon
isochrones, which give MK= 13.7 (COND) or MK= 14.6
(DUSTY) for this type of object (Baraffe et al. 2002).
All programs in Table 1 should reach this limit. In fact, the

NIRISS survey in NGC1333 was designed explicitly for this
mass and age limit. The three imaging surveys will be deeper,
and depending on the depth of the follow-up spectroscopy
could reach objects with masses below 1MJup. The spectro-
scopic survey for IC348, already planned for cycle 1, should
approximately match the depth of the imaging campaign. In
this paper we will focus on the mass range between 1 and
15 MJup for which all surveys are sensitive.
We note that when making statements about the depth of the

surveys, age and extinction need to be specified. With AV= 10,
the brightness would drop by 1 mag in the K-band. Also,
with increasing age the brightness drops, to MK= 16−17
for 5 Myr.
As another note of caution, with “cold start” models, the

predicted brightness of planets would drop by several
magnitudes, to MK= 17−18 (Spiegel & Burrows 2012). If
these are realistic, the mass range of the JWST surveys would
be severely limited (for example, in the case of NGC1333, the
survey would only reach about 5MJup). Recent observational
tests of these model tracks (Berardo & Cumming 2017; Flagg
et al. 2019) as well as theoretical considerations (Marleau &
Cumming 2014; Marleau et al. 2019) make hot start scenarios
far more plausible, hence, we ignore the cold start scenario in
the following.

3. Simulations of Planet Ejection

Several groups have simulated the dynamical fate of
planetary systems in clustered birth environments (see
Parker 2020, for a review). These simulations, with a varied
set of initial conditions and assumptions, generally predict the
presence of a population of free-floating planets in star-forming
regions. The main mechanisms that are responsible for the
liberation of young planets from their host stars are encounters
with other stars in a cluster and planet–planet interactions. Most
of the cited work below comes from N-body simulations, using
various approaches to reduce the complexity of the numerical
problem.
The predicted fraction of ejected planets in clusters from these

simulations typically ranges from about 5 to 25% (e.g., Parker &
Quanz 2012; Liu et al. 2013; Forgan et al. 2015; Zheng et al.
2015). This rate depends on a wide variety of parameters. It
increases with higher cluster density and substructure, and could
perhaps reach 50% or more for very dense, structured clusters
(Daffern-Powell et al. 2022) or to 1%–2% for low-density clusters
(Cai et al. 2017). For environments like NGC1333 with
moderate initial density (500–2000Mepc

−3, Parker & Alves de
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Oliveira 2017), a realistic estimate is probably at the lower end of
the quoted range. In fact, Adams et al. (2006) argued that for a
cluster like NGC1333 the disruption of planetary systems must be
rare. For massive, dense clusters like the ONC, we would expect
higher ejection rates (14% in the simulations by van Elteren et al.
(2019), which mimic the ONC). On the other hand, disks may be
disrupted more often in high-density environments, either by
dynamical encounters with stars or by the radiation field from
massive stars (Winter et al. 2022), inhibiting planet formation, and
thus reducing the number of free-floating planets in an indirect
way. The ejection rate may also depend on the properties of the
host stars, in particular, it may increase with stellar mass (Fujii &
Hori 2019). Binary systems are more likely to eject planets than
single stars, thus, the binary fraction in a cluster matters as well
(Wang et al. 2020).

The age of the cluster is critical: While the number of ejected
planets in a cluster rises strongly in the first few Myrs after
planet formation, and then plateaus, a significant portion of the
liberated planets will escape from the cluster, also on
timescales of a few Myrs (van Elteren et al. 2019). This means
that free-floating planets are only expected to be found in
young clusters for a relatively narrow age range, conceivably
between 1 and 5Myr. For extremely young clusters, planets are
not formed yet or have not had time to experience events that
may lead to ejection. For slightly older clusters, the free-
floating planets will have escaped into the field population (see
also Smith & Bonnell 2001). As noted in Section 2, the
brightness of these objects drops steeply with age, making them
much harder to detect in older clusters.

So far, simulations have not explored the combination of all
these effects systematically. Taken together, we would expect
significant variations in the number of free-floating planets as a
function of environmental parameters, such as the space density
of stars. However, it may be challenging to directly measure
these variations in the mass function, especially given the low
numbers that are expected; see the discussion in Mužić et al.
(2019). We note that during main-sequence and post-main-
sequence lifetimes more planets will be liberated (Veras et al.
2011; Veras & Moeckel 2012), which would increase the
number of free-floating planets in the field, but not affect star-
forming regions. Observations with JWST, no matter the
outcome, will put strong constraints on the quoted simulations.

In the following we use the simulations as guidance to
estimate the number of expected free-floating planets in young
clusters with masses above 1MJup, which are directly
detectable with JWST (see Section 2). Given the dependencies
outlined above, this is aimed to be an order of magnitude
estimate.

To start, we need to establish how many giant planets are
likely to be formed in the first place. Direct imaging surveys for
giant planets typically detect planets with masses> 1MJup

and orbits >5 au around a few percent of their target stars
(Biller et al. 2013; Vigan et al. 2017; Gaudi et al. 2021).

Specifically, for young systems Vigan et al. (2021) find that
∼6% host at least one such planet. In addition, long term radial
velocity studies constrain the occurrence rate for>1MJup

planets on orbital separations larger than 1 au to about 5%–15%
(Wittenmyer et al. 2020; Fulton et al. 2021; Wolthoff et al.
2022). About 1%–3% of stars will host a hot or warm Jupiter
on orbits<1 au (Wright et al. 2012; Wittenmyer et al. 2020).
Microlensing studies indicate that 17% of stars have planets of
0.3–10MJup and separations 0.5–10 au (Cassan et al. 2012).
Note that all these studies focus on stars older than the star-

forming regions we are interested in. They will therefore not
include planets that have been ejected or planets that have
plunged into the star during the first Myrs. Thus, the occurrence
rate may be significantly higher for young stars. Overall, it is
plausible to assume that at least around 20% of very young
stars form a planet with a Jupiter mass or more, most of these
will reside on separations of 1 au or larger. With the ejection
rates from simulations, as quoted above, that means between 1
and 5% of stars eject a giant planet.
The approximate number of young stars in the four clusters

in question is cited in Table 1. For NGC1333 we would expect
about 40 of them to have formed a giant planet, for IC348 100,
for NGC2024 160 and for the ONC 520. Again using the
ejection rates from simulations, the number of free-floating
planets with masses above 1MJup would be 2–10 in NGC1333,
5–25 in IC348, 8–40 in NGC2024, and 26–130 in the ONC.
These numbers are summarized in Table 2.
The estimates come with a number of serious caveats. Just to

name a few: As mentioned above, some of these rogue planets
will leave the cluster on timescales comparable to the age of the
stars, and some may not have had sufficient time yet to get
ejected. Also, the surveys introduced in Section 2 do not cover
the entirety of the clusters. Thus, not all these planets will
reside in the cluster areas covered by JWST in cycle 1. Follow-
up observations to cover wider areas to complete the census
may be warranted.
The entire architecture of the young planetary systems has

not been fully included yet in the available simulations of
ejections. The ejection rate may be a function of planet orbital
separations, planet masses, and overall numbers of planets.
Inner planets may be better protected against ejection (Cai et al.
2017), which may significantly change the numbers and
characteristics of rogue planets. At least for separations>5 au,
the simulations by van Elteren et al. (2019) do not show such
dependencies in single and multi-planet systems.
Maybe most importantly, most of the cluster simulations quoted

above focus on the disruptions caused by stellar encounters. The
impact of processes internal to the young planetary system, like
planet–planet interactions and planet-disk interactions (Baruteau
et al. 2014), on the free-floating population has not been fully
explored yet. Planet-planet interactions in particular will cause
instabilities, drive up eccentricities, and lead to ejections (Carrera
et al. 2019; Li et al. 2021). Planet-planet interactions will especially
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affect giant planets; they can act as “catalysts for planetary system
disruption” (Cai et al. 2017). So far, however, in simulations
attempting to quantify the population of free-floating planets, the
outcomes are largely determined by encounters with stars, partly
due to the simplified setup of planetary systems. For example, in
the simulations by van Elteren et al. (2019) the majority of the
ejected planets have experienced an encounter with another star
within 1Myr prior to ejection (about 70%).

If stars typically produce several giant planets, from which
most are ejected by planet–planet interactions, the free-floating
planet population could be significantly larger than estimated
above (Veras & Raymond 2012; Li et al. 2015). Emsenhuber
et al. (2021) discusses giant planet formation as a “self-limiting
process”, meaning that more giant planets are likely to lead to
more dynamical instabilities within the system, with ejections
as one possible outcome. How many giant planets are typically
formed at birth is still an open question. Internal processes will
produce free-floating planets irrespective of cluster environ-
ment, therefore, the surveys of low or moderate density clusters
(NGC1333 and IC348) are particularly relevant to constrain
those mechanisms.

4. Planetary-mass Brown Dwarfs

In addition to ejected planets, we expect that young clusters
will harbor brown dwarfs with masses comparable to giant
planets that are formed by cloud fragmentation and core
collapse, i.e., in a way similar to stars. Here we estimate how
many such objects we expect to find in deep surveys.

Star formation simulations predict that the outcome is a
population of stars with masses in agreement with a log-normal
mass function (Bate 2012), with a cutoff at the opacity limit for
fragmentation. A commonly quoted explanation for this is the
central limit theorem (Offner et al. 2014). The lower mass limit
has not been determined yet empirically, but is expected to be
in the range between 1 and 10MJup (Bate 2012). The statistics
of the stellar population predicted by simulations will depend
on the specific formulation and ingredients, e.g., turbulence
(Padoan 2004), radiative feedback (Guszejnov et al. 2016),

stellar winds (Krumholz et al. 2012), magnetic fields (Price &
Bate 2007; Wurster et al. 2019) are all expected to alter the
shape of the IMF and the star formation rate significantly.
Observationally, however, the log-normal mass function for

local galactic star-forming regions is found to be universal, or
near universal (Bastian et al. 2010). The parameters of the log-
normal distribution, the critical mass Mc and the width σ, have
been empirically robustly determined for a wide range of
clusters. Damian et al. (2021) measured the mass function in 8
clusters with a range of environmental parameters, and find on
average Mc= 0.32± 0.02 and σ= 0.47± 0.02. All observa-
tional surveys to date of galactic young clusters are consistent
with Mc= 0.25− 0.35 and σ= 0.4− 0.6. This is the range of
parameters we adopt here. Instead of the log-normal form,
many observational surveys parameterise the mass function as
a power law dN dM M~ a- . Observed mass functions for
brown dwarfs are consistent with α= 0.7, with values ranging
from 0.5 to 0.9, for many clusters (Muzic et al. 2017) and also
in the field (Kirkpatrick et al. 2021). Again this points to a
universal mass function. In the following we therefore assume
that all clusters share a consistent underlying mass function for
the objects that form from core collapse.
To determine the empirical scaling of the mass function, we

use the sample of 100 members of the cluster NGC1333 with
estimated masses from Scholz et al. (2012), covering the
domain of brown dwarfs and low-mass stars. The same sample
has also been used in Offner et al. (2014) and is shown to be
consistent with the low-mass mass function in many other
clusters. The sample comprises about half of the known
members of NGC1333. Compared to the census by Luhman
et al. (2016), which comprises about 200 members, our IMF
sample is missing the stars around and above 0.7Me as well as
some objects in the outskirts of the cluster.
The mass function for NGC1333 together with a log-normal

parameterisation is shown in Figure 1. The log-normal mass
function has been shifted to match the data points for high-
mass brown dwarfs and very low mass stars. We also show in
Figure 1 the standard power-law mass function, with a slope of

Table 2
Number of Very Low Mass Objects According to a Log-normal or a Power-law Mass Function

Fractiona NGC1333 IC348 NGC2024 ONC

Free-floating planetsb 1%–5% 2–10 5–25 8–40 26–130
Log-normal MF, 1–15 MJup 0.25% 1 1 2 7
–range 0.1%–1.4% 0–3 0–7 0–11 0–36
Power-law MF, 1–15 MJup 11% 22 55 88 286
–range 4%–31% 8–62 20–155 32–248 104–806
Contamination L/T dwarfsc 1.4 15 0.2 1.0

Notes.
a Fraction of objects relative to the total number of stars and brown dwarfs in a cluster (see Table 1).
b According to the estimates in Section 3.
c According to the estimates in Section 5.
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α= 0.7 (for dN/dM), or Γ=− 0.3 (for dN dlog M( )). This has
again been shifted to match the data points in NGC1333. For
about an order of magnitude in masses, from 0.05 to 0.5Me,
log-normal and power-law parameterisation are in good
agreement. They diverge strongly in the planetary mass domain
below the Deuterium burning limit.

We note that for the two lowest mass bins in NGC1333 the
current data clearly exceed the expected log-normal mass
function. A similar excess has been observed in a number of
other clusters and associations, (Gagné et al. 2017; Mužić et al.
2019; Miret-Roig et al. 2022), see also Figure 2 in Offner et al.
(2014). This could be an indication of a second population,
potentially ejected giant planets, but at this stage the data are
not sufficiently robust to be confident.

We can now add up the expected number of objects
according to the assumed underlying mass function, at first for
NGC1333. To do that we use the mass functions shown in
Figure 1. With a log-normal mass function, as expected for
objects forming like stars, we expect 0.5 (between 0 and 3)
objects with masses between 1 and 15MJup—but since the
mass function is declining steeply, most of these would be near
the top end of the relevant mass range (M> 10MJup). This
corresponds to 0.25% of the known cluster population in
NGC1333, including stars and brown dwarfs. The power-law
mass function on the other hand predicts 21 (7–62) objects in
the same mass range, or 11% of the cluster population. More
than half of these have masses below 10MJup.

These results can easily be scaled to other clusters, again
assuming the universality of the mass function, and using the
number of stars and brown dwarfs in the cluster as scaling
factor. In Table 2 we summarize these estimates for the four
clusters in question here.

This exercise demonstrates that the population of objects
below the Deuterium burning limit that are formed “like stars”
from core collapse, and form the continuation of the log-normal
mass function, is expected to be very small. In particular, it will
be negligible for masses of 1–10MJup. The numbers of
expected objects from core collapse is far below the expected
numbers of ejected planets, especially in the 1–10MJup mass
domain. In contrast, the power-law mass function predicts a
substantial population of substellar objects down to masses
comparable to Jupiter, exceeding the estimates for ejected
planets we made in Section 3.
The analysis shows how valuable the JWST surveys will be

compared to existing ground-based observations: The current
surveys are typically incomplete below 10MJup. Given the
uncertainties it is difficult to distinguish between an extended
power-law and a log-normal mass function. On the other hand,
JWST can probe sufficiently deep to make that distinction. If
the observed mass function of free-floating objects below the
Deuterium burning limit is found to be inconsistent with the
log-normal mass function, we would have clear evidence for
the presence of free-floating, ejected planets in the observed
clusters.

5. Contamination by Field Brown Dwarfs

Every cluster survey is sensitive to a range of objects in the
foreground and background of the target region. In surveys for
young L and T dwarfs, the most problematic type of contamination
is from field brown dwarfs of the same spectral type. While young
L and T dwarfs have characteristic spectra, as well as different
colors (Cruz et al. 2009; Almendros-Abad et al. 2022), these
distinctions can be difficult to detect at low signal-to-noise ratios.
In Figure 2, we show a comparison of spectra for a young and an
old template, for spectral type L4, for a resolution comparable to
what can be achieved with NIRISS/WFSS or NIRSpec/PRISM.
For the young template, we also add a version with 5% noise of
the signal (or SNR of 20). The differences in the shape of the
spectrum as well as the overall relative fluxes in different bands
can still be appreciated at this noise level. If more noise is present,
the differences between young and old become difficult to discern.
Additionally, in the absence of spectra, more exotic objects

in the background, particularly very late giants and redshifted
AGNs, could in principle mimic the color signature of young
brown dwarfs. We will neglect those exotic background
contaminants here because we assume that any substellar
candidate will need a spectrum (or a complete spectral energy
distribution in the near/mid-infrared) for confirmation (see also
Almendros-Abad et al. 2022 for further discussion). We note
that in regions with strong extinction (ONC, NGC2024), the
cloud acts as a screen and prevents background contamination
that way.
This leaves field brown dwarfs along the pencil beam toward

the cluster as the most important source of potential

Figure 1. Mass function in NGC1333 (black dots), matched by a log-normal
mass function (dashed line) with Mc = 0.3 Me and σ = 0.5, and a power-law
mass function (dashed–dotted line) with α = 0.7. The shaded region show the
variation when the parameters of the mass functions are changed in the
plausible range (see text). The red dotted line marks the upper mass limit
considered in our estimates.
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contamination. To estimate the number of expected contam-
inating objects in a survey, we need to know the survey depth
in a given band, as well as the survey footprint. Those numbers
are summarized in Table 1 for the four cycle 1 projects
investigated here, obtained from the project description as
currently published (see Section 2). In addition, we obtain the
space densities as a function of spectral type from Best et al.
(2021). We use the parametric form of the absolute J-band
magnitude as a function of spectral type provided by Filippazzo
et al. (2015), and convert to absolute K-band magnitude using
the (J-K) color versus spectral type relation (Figure 6 in Best
et al. 2021).

We choose here to divide the relevant spectral range into
four bins, L0-L5, L5-T0, T0-T5, and T5-T9. The space
densities for those bins are 2.22, 2.20, 1.12, 4.48 × 10−3

pc−3, with an error of 5%–10% (Best et al. 2021). The absolute
magnitudes in the K-band are estimated to be 11.3, 13.0, 14.4,
16.9, with a considerable spread of about 0.5 mag. With those
absolute magnitudes, and the survey depth (an apparent
magnitude), we can estimate the limiting distance of the survey
as a function of spectral type. For NGC2024 and the ONC we
adopt the cluster distance as maximum limiting distance, due to
the screening effect of the cloud. With the survey footprint, we
can then define a survey volume for each project—a pyramid
extending to the limiting distance. Multiplying this volume
with the space densities yields the expected rate of
contamination.

Results from this exercise are summarized in Figure 3, for the
four surveys and as a function of spectral type. The errorbars in this
figure take into account±0.5mag uncertainty in survey depth, as
well as±0.25mag in the absolute magnitudes. All other

uncertainties are negligible. For NGC1333, we expect little
contamination by field dwarfs—in total, the calculation yields
1.4 objects in this field (with a range 0.5–4.0), most of them are
going to be early L dwarfs. IC348 could in principle find
considerable numbers of contaminating brown dwarfs. Our
calculation yields 15, with a range from 5 to 42. Similar to
NGC1333, most are expected to be early L dwarfs. For the ONC
the total number is 0.9, with a relatively small errorbar (0.8–1.0),
and almost uniformly distributed with spectral type. This is a result
of defining the cloud as a screen that eliminates background

Figure 2. Comparison between spectra for young and old brown dwarfs, both at spectral type L4. The young template is from Luhman et al. (2017), the old is DENIS-
P J170548.38-051645.7, published as template in Burgasser et al. (2010), obtained from the SpeX Prism Spectral Libraries. All spectra are rebinned to a resolution of
0.01 μm using Spectres (Carnall 2017), and scaled to an arbitrary flux level. On the left side, we show both template spectra at high SNR, on the right side we
added Gaussian noise (for a SNR of 20) to the young template.

Figure 3. Number of contaminating field dwarfs in the four surveys discussed
in the text, as a function of spectral types. Spectral types are numerically
defined with L0 being 0.0 and T9 being 19.0. Errorbars take into account
±0.5 mag uncertainty in survey depth and ±0.25 mag error in absolute
magnitudes. For NGC2024 and the ONC, we assumed that the cloud acts a
screen to eliminate background contamination.
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contamination, and thus a portion of the bright L dwarfs. For
NGC2024 the expected numbers are very small, in total less than
0.2, due to the small field of view. Again the contamination rate is
flat versus spectral type due to the screening of the cloud. We note
that qualitatively similar results were obtained by Caballero et al.
(2008) using a different method and a different test case.

These numbers should be considered upper limits, for a
variety of reasons. For one, most of the contamination is
expected for early L dwarfs, which are visible to larger
distances. Since young early L dwarfs are bright compared to
the survey depth, distinguishing them from the field brown
dwarfs with spectroscopy should be straightforward (see
Figure 2). The WFSS survey in NGC1333 will immediately
give spectral information, and the one in IC348 is associated
with a follow-up spectroscopy campaign with NIRSpec.
Similar campaigns can be expected for the Orion observations.

Second, with spectroscopy included, the surveys will not
reach the depth expected for imaging. There will be a number
of faint objects at the limits of the imaging surveys for which
spectroscopic follow-up is prohibitively expensive in terms of
integration time. Adopting a putative spectroscopic depth of
K= 22, the number of contaminants drops to 3.8 for IC348, 0.8
for the ONC, and 0.1 for NGC2024. As a reminder, the
estimated absolute K-band magnitude for a 1MJup, 1 Myr free-
floating planet is MK∼ 14, which translates to K∼ 21 for
Perseus and K∼ 22 for Orion (at AV= 0). Finally, while the
extinction in NGC1333 and IC348 is moderate and will not
completely block the background contamination, it will screen
out some fainter sources and reduce the overall survey volume.

We also note that extinction is going to alter the spectral
energy distributions for most young free-floating planets,
which should help distinguishing them from reddening-free
field brown dwarfs. Taken all that into account, contamination
by field brown dwarfs is not going to be an issue for these
surveys. However, spectroscopy with decent signal-to-noise
ratio is going to be needed to confirm individual objects.

While the space densities of brown dwarfs are only known
for the local volume out to distances of 25 pc, we assume here
that they are broadly the same when probing larger distances in
the foreground of the clusters investigated here. This is a
plausible assumption: Recent work based on Gaia data does not
show strong variations in stellar density out to distances of
500 pc (Miyachi et al. 2019; Widmark et al. 2022) toward the
galactic directions of Perseus and Orion, relevant to this work.
Similarly, the number counts of stars from the Besancon
Galaxy model (Robin et al. 2003) only change within 10% of
the total as a function of galactic sightline for the regions
investigated here. If anything, the number densities are
expected to drop off for distances >100 pc, due to the galactic
structure (see Figure 1 in Caballero et al. 2008), again
confirming that our estimates should be seen as upper limits.

6. Summary and Discussion

In the preceding sections we have investigated the expected
numbers of free-floating planets in JWST surveys, plus the
number of brown dwarfs formed by core collapse, plus the
expected number of brown dwarf contaminants. Our estimates
are tailored to four specific JWST cycle 1 programs, but can be
translated and scaled easily to other target clusters in future
programs. In this section, we first summarize our findings, and
then put them into context.
In Section 3 we showed that based on our current understanding

and judged by the outcomes of existing simulations, we expect that
nearby star-forming clusters within 500 pc host between a few to a
hundred free-floating (or rogue) planets that are formed in a disk
and are later ejected, with masses above 1MJup. These objects
would be ejected either due to encounters with other stars or due to
planet–planet interactions. This corresponds to a few percent of the
number of stars in the cluster. These estimates come with a number
of caveats. In particular, the numbers could be significantly higher
if stars form typically several giant planets from which most are
ejected. Empirical measurements will be key in guiding the
development of simulations.
We also show, in Section 4, that the number of planetary-

mass brown dwarfs that are likely to be formed by core
collapse like stars, is very low, about 0.25% of the number of
stars for the mass range 1–15MJup, and an order of magnitude
lower for 1–10MJup. That means, the mass function in this
domain will be very different depending on which population
dominates. If ejected planets are very rare and significantly less
common than estimated above, we expect a steep dropoff
following a log-normal mass function below the Deuterium
burning limit. If ejected planets are as abundant as simulations
predict, we should see a clear deviation from the log-normal
mass function below 10MJup. Or put in simple terms: if
observations find significant numbers of free-floating objects
with masses comparable to Jupiter, those are expected to be
rogue planets, and not very low mass brown dwarfs.
Our estimates can be contrasted with existing observational

programs that also target this mass range. In 2011, Sumi et al.
published a contentious paper claiming that the number of
planets that are unbound or on wide orbits exceeds the number
of stars (Sumi et al. 2011). This claim triggered a lot of interest,
but did not hold up to further scrutiny. Mróz et al. (2017) find a
95% upper limit of 0.25 free-floating/wide orbit Jupiter-mass
planets per star, estimated from microlensing detections,
superseding earlier estimates from the same method. Some or
most of these could be explained by wide (10 au or wider)
Jupiter-type planets (Clanton & Gaudi 2017), i.e., the upper
limit for free-floating planets would be smaller. Further
constraints are expected from the Kepler/K2 microlensing
campaign, but have not been published yet (McDonald et al.
2021). In the terminology of our paper, this estimate would
include actual ejected planets and low-mass brown dwarfs
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formed by core collapse. Microlensing probes the field
population; as pointed out in Section 3, we expect a larger
number of free-floating planets per star in the field compared to
young clusters, due to escape from the clusters and further
ejections from planetary systems during stellar evolution. As
more stars turn into white dwarfs or neutron stars, some of their
planets are going to be released into the field population. Over
timescales of Gyrs, the number of free-floating planets per star
will therefore increase. Adding our estimates from Sections 3
and 4, we would expect in the range of ∼0.05 free-floating
object (planet or brown dwarf) with Jupiter- or super-Jupiter
masses per star, consistent with the limit from microlensing.

Direct searches for ultra-low mass free-floating objects in
clusters are currently only sensitive to masses> 5MJup. These
surveys tend to find that objects with masses below the
Deuterium burning limit account for 1%–14% (Lucas et al.
2006), 2%–5% (Scholz et al. 2012), 2%–7% (Miret-Roig et al.
2022), and ∼10% (Peña Ramírez et al. 2012) of the number of
stars and brown dwarfs in the studied clusters. We caution that
determining masses for objects around the Deuterium burning
limit is a difficult process, and therefore these numbers come
with significant errorbars. As already indicated in Section 4,
these existing estimates exceed what is expected from a log-
normal mass function, as pointed out by several groups.
Although these surveys are not as deep as the ongoing work
with JWST, they are already finding numbers of planetary mass
objects that are comparable to the sum of the numbers for free-
floating planets and very low mass brown dwarfs estimated in
this paper. This may indicate that ejected planets are more
abundant than expected from the existing simulations, or that
existing surveys overestimate the number of objects in this
mass domain. Probing the mass ranges below 5MJup with
JWST will certainly provide clarification on this issue.

Young rogue planets with Jupiter-like masses will have
spectral types of L and T. In Section 5 we also estimate the
number of brown dwarfs in the foreground and background of
the young clusters that may be found among those objects with
L and T spectral types. For rich embedded clusters where the
cloud shields the background, like the ONC, the contamination
by brown dwarfs is orders of magnitude lower than the
expected numbers of young objects residing in the clusters with
those spectral types. For sparsely populated or low extinction
environments, like NGC1333, the field brown dwarf contam-
ination is still very low, and dominated by early L type objects
which are straightforward to identify. Follow-up spectroscopy
will be needed for a detailed characterization, but even with
low signal-to-noise ratio and resolution, the contamination by
field brown dwarfs in these surveys will be negligible.
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