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ABSTRACT

Observations of the planet-hosting star WASP-12 show a distinctive depression in the Mg1I and Call resonance lines. This has
been interpreted as a marker of atmospheric loss from the close-in hot Jupiter WASP-12b and the resulting formation of a gas
torus around the star. In this paper we quantify the Mg1I absorption from this torus, compared to that provided by the stellar
wind, the stellar astrosphere and the interstellar medium (ISM). To do this we piece together the full density profile of Mg1I
from WASP-12 to an observer on Earth using a combination of hydrodynamical simulations and observations. We find that the
bulk of the gas along the line of sight is contained within a dense torus close to WASP-12. However, the temperatures in this
torus are sufficient to promote Mg into a doubly (Mg I1I) or higher ionized state. As a result, the singly ionized fraction (Mg1I) is
low. We find that most of the Mg II is not in the torus but in the ISM. Despite this, the total column density of Mg 1I is two orders
of magnitude lower than required to explain observations of the system. To resolve this discrepancy, we note that the torus gas
is at a temperature where it will cool efficiently. We speculate that the onset of the cooling instability will cause the torus to

fragment, forming cold clumps with a higher fraction of Mg, capable of explaining the observed absorption.

Key words: planets and satellites: atmospheres — stars: activity — [ISM: abundances.

1 INTRODUCTION

The star WASP-12 is well known to show an unusual spectral feature:
there are significant depressions in the chromospheric emission cores
of the Mg11 (C. A. Haswell et al. 2012) and Ca1 (L. Fossati et al.
2013) lines. These lines are typically very prominent for F-type stars
like WASP-12. The absence of these resonance lines is unexpected
for the spectral type and age of the star (L. Fossati et al. 2010).
While it was first suggested that this lack of emission lines might
be intrinsic, the required low-stellar activity has been ruled out (L.
Fossati et al. 2013; A. S. Bonomo et al. 2017).

Alternatively, the emission lines could be absorbed by material
along the line of sight (LOS). C. A. Haswell et al. (2012) have
estimated that a Mg 11 column density of at least 2 x 10'7 cm™2 is
required to convert the spectrum of a typical F-type star to those
observed from WASP-12. C. A. Haswell et al. (2012) combine a
Mg+ density estimate from standard Milky Way reddening laws
with an estimate of the ionization fraction of Mg 11 of 0.5 to estimate
that the maximum contribution of the interstellar medium (ISM) to
the Mg I column density is 2 x 10'® cm~2. The ionization fraction
was estimated using observations of Alpha Centauri, which lies along
the same LOS as WASP-12 but is much closer. This estimate of the
Mg 11 ISM column density, together with the requirement of a chance
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alignment of the stellar radial velocity with that of the intervening
ISM along the LOS, shows that it is unlikely that the unique features
of WASP-12 are due to ISM absorption.

This means that there must be a dense feature along the LOS, most
likely near the star. As well as the central F-type star, the WASP-12
system contains WASP-12 b, one of the most extreme hot Jupiters
known (L. Hebb et al. 2009). With an orbital radius of only 0.0232
au (1 stellar diameter from the surface), and an orbital period of just
1.1 d, WASP-12 b is one of the most irradiated planets (L. Hebb et al.
2009). Near-ultraviolet (UV) transit spectroscopy by C. A. Haswell
et al. (2012) with the Cosmic Origins Spectrograph (S. Osterman
et al. 2011) aboard Hubble Space Telescope (HST) shows excess
transit depths in strong lines, indicating extensive diffuse gas around
WASP-12 b, extending significantly beyond the Roche lobe (C. A.
Haswell et al. 2012). If the gas is dense enough it could be responsible
for the absorption along the LOS.

A range of sources has been suggested as the origin of the dense
gas. The outer planetary layers could be removed from Wasp-12 b by
the intense radiation (A. Vidal-Madjar et al. 2004; D. Ehrenreich & J.
M. Désert2011;J. H. Guo 2011) or by tidal interactions (S.-L. Li et al.
2010). The latter theory may be less likely since it was shown that
WASP-12 has very low eccentricity (M. Lopez-Morales et al. 2010;
N. Husnoo et al. 2011). However, a secular decrease in the orbital
period, observed by P. Leonardi et al. (2024), likely attributable to
tidal orbit decay, is now well established through long-term transit
timing observations. This suggests that WASP-12b is undergoing fast
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tidal dissipation and adds credence to the idea that tidal interaction is
responsible for the dense gas. Other suggestions for the source of the
material included Roche lobe overflow (D. Lai, C. Helling & E. P. J.
van den Heuvel 2010) or entrained material from the stellar corona
(A. A. Vidotto, M. Jardine & Ch. Helling 2010; J. Llama et al. 2011).

A. Debrecht et al. (2018) simulated the early evolution of a
model in which a planetary wind, driven by the radiation from
the star, interacts with the stellar wind resulting in a torus around
WASP-12. The gas density in the torus, fed by the combined
winds, increases steadily over time at a rate of 8.09 x 10~'% gcm™!
per orbit. Extrapolating from their simulation, they estimate that
it would take approximately 13 yr for the torus to reach the
required density of 3.65 x 107'*gcm™! required to produce the
Mg column density of 2 x 10!7cm that is observed in the reso-
nance line absorption. However, they were unable to demonstrate
that the required densities are actually reached in the torus as
their simulation only covered 14 orbits (~15.4 d), which leaves
uncertainties about the final steady-state configuration. Their work
demonstrates that planetary mass loss can form a translucent cir-
cumstellar structure potentially responsible for the observed Mg 11
and Ca II H&K line anomalies, while highlighting the need for
extended simulations to confirm the torus’ ultimate stability and
density.

In this paper, we use numerical simulations to investigate whether
the cumulative effect of absorption in the dense torus and the
intervening ISM is sufficient to explain the observed peculiar spectral
features of the WASP-12 system. Our aim for this study is to join up a
complete profile of the density structure of the space between Earth
and the WASP-12 system. The paper is structured as follows: we
present the simulations analysed in this paper in Section 2 including
the torus close to the star (Section 2.2), the astrosphere (Section 2.3),
and the model for ISM in Section 2.4. Results are discussed in
Section 3 and conclusions presented in Section 4.

2 MODELLING

To piece together the full column density profile from WASP-12 to
an observer on Earth, we combine a series of three simulations:

(1) A 3D hydrodynamic simulation of the inner system including
both the star and planet, which extends from the surface of the star
R, to 10R, and is designed to capture the build-up of planetary gas
in the system. We will refer to this simulation as the torus simulation
from here on and present its details in Section 2.2.

(i1) A hydrodynamic simulation that covers the region 100 —
5 x 10° au from WASP-12 (~ 1.2 x 10* — 6 x 10" R,) and is de-
signed to capture the interface between the stellar wind and the ISM.
This simulation will be referred to as the Astrosphere simulation. Its
details are presented in Section 2.3.

(iii) A 1D LOS profile of the density and ionization from WASP-
12 to the Solar system, taken from a 3D simulation. We present the
details of this method in Section 2.4.

We explain how we combine information from all three simula-
tions to predict the full density profile from WASP-12 to an observer
on Earth in Section 3.2.

2.1 Hydrodynamics

For both the torus and the astrosphere simulation, we solve the
following system of hydrodynamic equations using the static grid
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version of the public code PLUTO (version 4.3) (A. Mignone et al.
2007).

o oV 0
O|m)|+V-|mv+pl | =| pg @))
E v(E+p) mg
Here, E is the total energy density according to
2
y—1  2p

p is the thermal pressure, m is the momentum vector, p is the density,
v is the velocity vector, y is the ratio of specific heats, and I is
the identity matrix. We convert between mass density and number
density by p = pm ,n where n is the total particle number density and
n = 0.6 is the mean molecular weight of the gas in our simulation.

Both the torus and Astrosphere simulations use the same underly-
ing physics of ideal hydrodynamics. There are two major differences
in that the torus simulation is done in the rotating frame of WASP-
12b’s orbit and has y = 1.05. This y value mimics the effect of
cooling, heating, and thermal conduction in the stellar wind close
to the star without the need to explicitly include these physics and
the numerical limitations they bring. The Astrosphere simulation is
done in the co-moving frame of the system. A y = 5/3 is used as
the effects of coronal physics are negligible out at the distances of
WASP-12’s astrosphere.

2.2 Torus simulation

In this work, we present a 3D simulation of the environment of
WASP-12 that extends from the stellar surface to 10 R, (the outer
edge of the computational domain). We present here the relevant
parameters used for simulating the WASP-12 system but refer the
reader for greater details of the specific numerical grid and schemes
to S. Daley-Yates & 1. R. Stevens (2019).

The torus simulation covers the range r € {1 R,,10 R.},
0 € {0,7},and ¢ € {0, 27} with a resolution of 284 x 210 x 384,
respectively. Unlike in S. Daley-Yates & I. R. Stevens (2019) we
are able to extend the computational domain to include the polar
singularities as we make use of the polar-type boundary conditions
and the ring averaging method of B. Zhang et al. (2019) which are
implemented in PLUTO by its developers (see the release notes and
user guide of version 4.4 of PLUTO, contemporaneous to this paper).
The ring averaging technique allowed the simulation to make time-
steps approximately 7 times larger than would be required without it,
which speeds up the computation and allows our simulation to cover
the long time-scales required to reach convergence.

The simulation was run for 75 orbital periods #bi;. As for WASP-
12, torpie ~ 1.1 d, our simulation therefore covers 82.2 d. Boundaries
are set to outflow, so material can escape the computational domain.

Within the simulation we include two boundaries that represent the
star and the planet separately: the lower radial boundary located at
R, = 1.657 R, represents the star WASP-12, and a smaller sphere
with a radius R, = 1.9 R; located at a distance of 0.0234 au (~
3R,) along the x-axis, represents the planet WASP-12b (see Table 1
for model parameters). The surface of both the star and planet are
modelled to drive a Parker wind (E. N. Parker 1965). The winds
are assumed to have a temperature of 1.6 x 10°K for the star and
5 x 10*K for the planet, following A. Debrecht et al. (2018). We
compute the wind velocity at injection following the Parker model,
and set the wind density to ensure a constant mass-loss rate of 6 x
10° gs~! for the star and 10'> gs~! (D. Ehrenreich & J. M. Désert
2011) for the planet, respectively. The circumstellar medium around
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Table 1. Simulation parameters used in both the torus and Astrosphere simulations. * refers to the star while o refers to the planet.

Parameter Symbol Star Planet Comment
Mass M, 1.434 Mgy 1.47 M, From A. Chakrabarty & S. Sengupta (2019)
Radius R0 1.657 Rg 1.9 Ry, From A. Chakrabarty & S. Sengupta (2019)
Wind temperature Teo 1.6 x 10°K 5x 10°K From A. Debrecht et al. (2018)
Mass-loss rate s o 6 x 10° g g1 1012 g g1 From A. Debrecht et al. (2018) and
D. Ehrenreich & J. M. Désert (2011), respectively
Wind density Ps,o 5% 1071 gem™3 2x 107 gem™3 Parametrized for required mass-loss rate
Orbital radius a - 0.0234 au From O. Oztiirk & A. Erdem (2019)
WASP-12 radial velocity URV 19.46 kms~! - From S. Czesla et al. (2024)
WASP-12 frame ISM velocity VISM 23.72 kms~! - Derived from S. Czesla et al. (2024) and
Gaia Collaboration (2023)
ISM mass density PISM 2.22x107% gem™3 - From ISM profile, see Section 2.4

the star and planet is initialized using a Parker wind solution based
on the wind from the star. The properties of the star (subscript x) and
planet (subscript o) are summarized in Table 1.

When calculating LOS column densities from this simulation we
use an inclination iy,s = 84.955° + 0.037 obtained by J. D. Turner,
A. Ridden-Harper & R. Jayawardhana (2021) who achieved this
precision by modelling the planet’s transit profile. We see no reason
for the torus not be coplanar with the planet’s orbit, therefore we
assume the inclination of the torus should be the same as the planets
orbit.

2.3 Astrosphere simulation

We model the astrosphere of WASP-12 using a 2D simulation with
assumed cylindrical symmetry about the x-axis which allows us to
orientate the simulation so that the LOS coincides with the plane of
the simulation. Our simulation is set-up in a manner roughly similar
to B. E. Wood et al. (2005), but we do not treat charge exchange and
limit ourselves to ideal hydrodynamics.

The 2D polar grid has the following extent r € {100 au, 5 x
10° au}and § € {0, 7} with a resolution of 512 x 256, respectively.
The grid was logarithmically stretched in the radial direction to keep
the cell aspect ratio approximately unity. The numerical scheme
used was parabolic spatial reconstruction paired with third order
Runge—Kutta time integration and Harten—Lax—van Leer—Contact
discontinuity Riemann solver (HLLC).

We perform the simulation in the co-moving frame of WASP-12.
Therefore, the system sees the ISM move past it with a velocity equal
to the true velocity of the system. We calculate the true velocity
by combining WASP-12’s proper motion, 13.57 km s~! [obtained
from the Gaia 3 data release (Gaia Collaboration 2023), RA 1.519
mas yr~!, Dec. 6.761 mas yr~!], and the systemic radial velocity,
19.46 km s~! (S. Czesla et al. 2024). The result is a true velocity of
WASP-12 relative to the local ISM of vy jsm = 23.72 km s

The simulation is initialized with a Parker wind solution, similarly
to the torus simulation, to a radius of r < 3000 au. The inner radial
boundary condition is held constant and ensures the Parker wind
solution is maintained up to the magnetopause while the simulation
is evolving. Beyond r > 3000 au, the initial conditions are a smooth
ISM with density pjm = 2.22 x 1072 gecm ™ and a velocity Vg jsm.
The same is true within the boundary layer. The choice of pjs, is based
on our ISM profile and explained in Section 2.4. The ISM extends
to the upper radial boundary at r = 5 x 10° au and is inflowing
where 0 < 6 < m/2 and outflowing where 7/2 < 6 < m.The
0 boundaries are set to reflective.

2.4 Interstellar medium profile

To construct the hydrogen density along the LOS from the Sun
to WASP-12 we follow the method in L. McCallum et al. (2025)
which is based on the 3D mean differential extinction map within
1.25 kpc of the Sun from G. Edenhofer et al. (2024), which contains
the location of WASP-12 at 413 pc from Earth (Gaia Collaboration
2023). The dust map is converted to total hydrogen density following
T. J. O’Neill et al. (2024), based on work by C. Zucker et al. (2021),
which combines the extinction curves from X. Zhang, G. M. Green &
H.-W. Rix (2023) with the extinction-to-column density factor from
B. T. Draine (2009) (see L. McCallum et al. (2025) for details). The
resulting density is interpolated on to a regular 1024 Cartesian grid
using the interpolation script shipped with the data from G. Edenhofer
et al. (2024). To estimate the fraction of Mgl we assume a Mg/H
abundance of 3.5 x 1073, as in the rest of the paper (H. E. Suess & H.
C. Urey 1956). We then calculate the ionization state of the gas as in
L. McCallum et al. (2025), by carrying out a static photoionization
simulation using a catalogue of nearby O-stars. This enables the
calculation of the ionization fraction of various astrophysical ions,
including Mg 11. We then extract the 1D profile between the Sun and
WASP-12.

3 RESULTS

3.1 Density features along the line of sight

In this section, we piece together the mass density profile along the
LOS from WASP-12 over the entire 413 pc from the stellar surface
to the solar neighbourhood. We work from WASP-12 outwards.

3.1.1 The torus: WASP-12 system gas structure

First, we present the evolution of the torus simulation which dom-
inates the gas density distribution within a few stellar radii R, of
WASP-12. As can be seen in Fig. 1, over time a dense gas torus
builds up around the central star. Gas ejected from the planet by the
planetary wind slowly fills the planet’s orbit. The torus is denser in the
middle and becomes more diffuse both towards the star and outwards
where it diffuses out in a spiral structure at a few stellar radii. The
inner edge, close to the star, is unstable where the diffuse wind from
the central star impacts the denser torus. The gas falls under the
gravity of the central star in a similar manner to the Rayleigh-Taylor
instability and impacts the star’s surface.

The time-averaged plots in Fig. 2 show the gas structure in the
rotating frame of the planet in more detail. The inner edge of the torus

MNRAS 545, 1-11 (2026)

920 Arenuer z| uo Jesn usyoey HLAMY Jop seulonaig A 101 8.2€8/10Z2IBIS/E/SHS/AI0IHE/SEIUW/WOD dNO"lLSPEDE//:SARY WOI) POPEOJUMOQ



4 S. Daley-Yates et al.

— be-16

de-16

density (g/cmA3)

2e-16

1.0e-18

Figure 1. Volume rendering of the 3D gas density distribution (blue colour map) around WASP-12 after 60 orbits. The star is located in the centre , with the
planet embedded in the torus, offset along the x-axis from the star and is highlighted by the circle.

is clearly defined. The spiral structure in the gas remains a persistent
feature, with both an upstream and a downstream component clearly
visible. The edge-on density plots (middle and right column) show
that the torus narrows towards its inner edge and flares outwards
to the edge of the computational domain. The torus reaches its
maximum density coincident with the orbital position of the planet
and is surrounded by a more diffuse halo of gas. The temperature
plots in Fig. 2 show that the central dense torus is colder, at the
temperature of the planetary wind (~10 000 K), while the diffuse
halo is hotter, roughly matching the temperature of the stellar wind.
We confirmed that the gas in the torus originates from the planetary
wind using a hydrodynamic tracer (bottom panels in Fig. 2).

The planetary wind is injected isotropically from the planetary
surface [or more specifically the inner computational domain that
represents the planet, see S. Daley-Yates & 1. R. Stevens (2019) for
more details]. As a result the material has an effective distribution of
momentum, some towards the star, others along the planets orbit path
and some out into the stellar wind. The material then travels under
the influence of the joint gravitational potential of the star and planet,
and interacts with the stellar wind through ram-pressure effects. This
is a non-linear process, as can be seen by the fact that the density
of the torus saturates over time, which is why we have chosen to
conduct the simulations presented here rather than attempt to derive
the density profile of the torus analytically.

As can be seen in Fig. 3, the mass growth of the torus can be
split into roughly two regimes: an early linear growth phase at time
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t <25 fowit, and a late saturation phase at ¢ > 7. In the early
phase, the mass in the torus grows linearly. As can be seen in the
bottom panel of Fig. 3, the mass growth of the torus during the
early phase is not strictly linear, as the mass growth rate slowly
increases from 5 x 10'3 g s™! at the beginning of the simulation to
a maximum of 6.2 x 103 g s™! at t & 25 t,,. The linear growth
phase ends around 25 orbits when the torus mass starts to saturate.
While the torus continues to grow in the time interval 25-60 7ot
the growth rate continues to drop during this time. We consider the
simulation converged from ¢t = 60 7,y onwards, when the growth
rate has fallen to < 10'3 g s~!. At this point, the continued mass input
from the planetary wind is closely balanced by the mass outflow at
the outer edge of the torus. The time-averaged slice plots shown in
Fig. 2 are computed by averaging over all simulation outputs during
the last 10 fopp.

The early linear growth phase reported here is in agreement with
results by A. Debrecht et al. (2018) who reported approximately
linear mass growth of their torus until the end of their simulation
time around # & 15 #o. They estimated that if the linear growth
phase could be maintained for another 13 yr, the column density
would become sufficiently high to explain the observed absorption.
Unfortunately, our simulations show that such sustained growth
is extremely unlikely, as the growth rate slows down after just
~ 35 d, and total mass in the torus saturates after about 65 d
(60 fomir). We note that all values quoted in this section con-
cern the total mass contained within the simulation box as it is
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Figure 2. Slice plots time-averaged over the last 10 orbits of the planet for three different views: top down (left), side on in the plane of the planet’s position
(middle), and side on perpendicular to the plane of the planet’s position. Time averaging is done in the rotating frame of the planet, which is held fixed at orbital
separation for the plots shown here. For this reason the downstream spiral structure behind the planet remains visible despite the time averaging. From top to
bottom: density, temperature, velocity magnitude, and tracer concentration.
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Figure 3. Top: time series of (hydrogen) gas mass-build-up in the simulation
domain. At late times the curve has flattened off, indicating convergence of
the simulation. Bottom: block average (over 64 outputs at a time) of the
rate of change of total mass in the simulation. This method smooths out the
stochastic fluctuations in the total mass, ensuring dm/d¢ > 0 at all times.
We use this as an indicator of the convergence of the simulation. While
the value of dm/dt has not reached zero by t = 75 tomi, we deem that
the rate of mass-build-up has slowed sufficiently to consider the simulation
converged.

difficult to clearly separate the diffuse torus from the remaining
gas.

The radial density profile of the converged torus is shown in Fig. 4.
The inner edge of the torus is located around = 2R,, as can be seen
by both the increase in density and the decrease in temperature.
Within the central cavity, the density profile remains dominated by
the stellar wind. Perturbations of the instantaneous (final) profile are
small in comparison to the average. For the rest of this section, we
will discuss the time-averaged profile.

The peak density of 6.29 x 10~ g cm™3 is located at 1.814 R,
(0.0140 au) from the stellar surface, which is closer to the star than
the planet which is located at 0.0234 au. From the peak, the density
falls off approximately exponentially and remains enhanced to the
edge of the simulation domain in comparison to the density expected
from the stellar wind alone (dotted line). As the LOS does not pass
through the orbital plane of the planet, it also misses the densest
region of the torus, which can be found in the mid-plane.

This results in a peak LOS density (solid) of 4.5 x 1071 g cm™3,
a factor of 1.4 lower than the peak density in the mid-plane (dashed)
but the two converge at large distances from the star. As the plots
in the left-hand column of Fig. 2 show, the azimuthal variations of
density around the torus are small, except in the very narrow region
around the planet where somewhat higher densities are found. We
have chosen to compute the density profiles shown in Fig. 4 at 180°
from the planet. If we consider all possible values, the variations in
density along the line of sight are not large, ranging between 0.97
and 1.2 times the LOS density shown in Fig. 4. This means that
the expected modulation of the absorption over the orbital frequency
(~1d) is small.

MNRAS 545, 1-11 (2026)
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Figure4. Radial mass density (top) and temperature (bottom) profile at times
t = 0 (dotted, the initial, pure Parker wind from the star) and ¢ = 75 forbit
(dot—dashed) through the orbital plane of the planet. Also shown are profiles
averaged over the last 10 orbits, both along the LOS (solid) and through the
plane of the planet (dashed). The location of the planet is marked by the
vertical line. Profiles shown here are computed at an azimuthal angle of 180°
from the planet.

The temperature profile in the lower panel of Fig. 4 confirms the
trend with temperature already evident in the temperature maps in
Fig. 2: the dense torus is significantly colder than the stellar wind,
with a temperature profile closer to the 10* K of the planetary
wind than the 10° K of the stellar wind. Towards the edge of
the simulation domain, as the torus becomes more diffuse, the
temperature increases towards that of the stellar wind. From the
trends in both the temperature and density profiles shown here, we
expect the solution to have reliably converged back to a Parker wind
profile by 1 au at the latest (see Section 3.2 for further details).

From the density profile in Fig. 4, we compute an integrated
column density along the LOS for comparison to observations:
after the torus is established, the column mass density reaches
8.112 x 10™* g cm™2. In comparison to the initial column mass
density from a pure stellar wind of 7.551 x 10™> g cm™2, this is
approximately 10 times larger. We discuss the potential impact of
this gas on the Mg II absorption further in Section 3.2.

3.1.2 The astrosphere

The torus simulation covers the region out to 10 R, (~ 0.077 au)
SO we now turn our attention to the evolution of the density along
the LOS further away from the star. Stars with stellar winds such
as WASP-12 are known to inflate low-density bubbles in the ISM.
These so-called astrospheres are edged by dense shocks where the
stellar wind impacts and sweeps up the ISM. To understand how
the density structure of the astrosphere might contribute to the Mg It
absorption we conducted a second simulation whose parameters are
presented in Section 2.3 which bridges the gap between the torus
simulation and ISM data (10*> — 5 x 10° au).

As shown in the density map in Fig. 5, the combination of the
stellar wind and the relative motion of WASP-12 with respect to the
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Figure 5. Number density and temperature of the astrosphere of WASP-12. The system is located at the origin. The simulation is conducted in the co-moving

frame with the system, as such the ISM inflows from the right-hand side of the plot at a velocity of 23.72 km s~! and density of 2.212 x 10~ cm

-3

(2.22 x 1072 g cm™3) (see text in Section 2.3 for details of these values). This inflow collides with the spherically expanding stellar wind resulting in the
formation of a termination shock, and astropause. The structure is assumed to be cylindrically symmetric about the x-axis. This allows us to conduct the

simulation in 2D. The LOS to the observer is annotated by the white line.
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Figure 6. Hydrogen density profile of the astrosphere simulation shown in
Fig. 5, covering a distance of 10> — 5 x 10° au from WASP-12 along the
LOS to the observer.

ISM produces a cone-shaped underdense astrosphere with a dense
bow-shock. The LOS to WASP-12 passes through the overdensity
created by the bow-shock but misses the densest part of the shock
ahead of the star. The resulting density profile along the LOS is
shown in Fig. 6. The inner structure of the profile is dominated by
the stellar wind. Where the wind impacts the ISM, a shock forms and
the density sharply increases before falling back to a value similar to
the local ISM mass density of 2.22 x 1072° g cm™. For continuity,
we have included a smooth interpolation on to the local ISM density
at large distances from WASP-12.

A comparison of the peak densities in Fig. 6 and the density
profile through the torus in Fig. 4 shows that the densest gas
along the LOS through the edge of the astrosphere is more than
10 orders of magnitude lower than in the torus. Despite the much
larger spatial extent of this region, the astrosphere only contributes
a column number density of 1.414 x 107% g cm~2, approximately
three orders of magnitude less than the torus. We therefore conclude
that the structures around the astrosphere are unlikely to significantly
contribute to the total column density along the LOS.

3.1.3 The interstellar medium from WASP-12 to the Sun

WASP-12 is located an estimated 413 pc from Earth. The astrosphere
simulation only extends to about 2 pc from WASP-12. In this section,

we analyse the density profile along the LOS of WASP-12 for the
remaining 411 pc, which has been derived based on the 3D dust
extinction map around the Sun from G. Edenhofer et al. (2024)
(see Section 2.4). As can be seen in Fig. 7, the hydrogen density
profile of the ISM along the LOS is not uniform. Near WASP-12
the ISM has a density of around 2.22 x 1072 g cm™3, which we
have chosen as the initial density for the Astrosphere simulation
in Section 2.3. The profile is dominated by a density peak roughly
consistent with the edge of the Local Bubble (D. P. Cox & R. J.
Reynolds 1987; B. Y. Welsh & R. L. Shelton 2009; J. L. Linsky &
S. Redfield 2021; T. J. O’Neill et al. 2024) and falls off sharply at
smaller distances. The map by G. Edenhofer et al. (2024) does not
provide density measurements within 69 pc of the Sun, so we have
assumed a constant density from the nearest value provided. As the
density is known to be low in the solar neighbourhood, the exact
choice of density will have a negligible impact on the total column
density along the LOS. Integrating along the LOS gives a total mass
column number density of 4.313 x 10~* g cm~? (see Table 2) which
is a factor of 3 lower than the 1.2 x 1073 g cm™2 assumed by C. A.
Haswell et al. (2012).

3.2 The full hydrogen profile and column density

In this section, we combine the density profiles from the previous
sections to piece together the full density profile from the surface
of WASP-12 to an observer on Earth. To bridge the range of scales
between the outer edge of the profile from the torus simulations in
Section 3.1.1 to the inner edge of the astrosphere simulations in
Section 3.1.2 we extrapolate the profile from the torus simulations
until it reaches the density profile expected from the stellar wind
alone. This wind provides the inner boundary conditions for the
astrosphere simulation, so no further interpolation is needed here.
Similarly, the density profile from the astrosphere simulation has
been interpolated on to the ISM near WASP-12, taken from the inner
edge of the ISM profile in Section 3.1.3. The full LOS density profile
in hydrogen for WASP-12 is shown in Fig. 8.

As can be seen in Fig. 8, the highest densities are found near
the star. The gaseous torus fed by the planetary wind provides the
densest feature along the profile, and even the inner stellar wind alone
(dotted line) is denser than any other feature (see Section 3.1.1 for
details). As it approaches the astrosphere, the stellar wind becomes
underdense in comparison to the local ISM. While difficult to see in
this plot, some of this mass is swept-up in the overdense region at the
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Figure 7. Total mass density and Mg Il mass density profiles of the ISM along the LOS from WASP-12 (0 pc) to an observer on Earth (413 pc). These profile
was derived using the methods described in Section 2.4. The last ~60 pc, in the vicinity of the Sun is not present in the extinction map of G. Edenhofer et al.

(2024), so we set the value to be constant at the closet value to the Sun, hence the flat profile here. The density in the region around the Sun is known to be

lower than the average ISM density, so this flat profile maybe an overestimate, however it is still well below the average for the remaining parts of the profile

and therefore should contribute negligibly to the overall column density.

Table 2. Column densities for each component of the LOS density profile from WASP-12 to Earth.

Column section Mass density H1 number density

Mg 11 number density Percentage of total mass and

H1 number density

torus 8.112x10™* g cm™2 8.083%10%° cm—2 6.534x10'2 cm™2 65.195
ISM 4313x107* gcm™2 4.298x10% cm~2 5.927x10%% cm™2 34.662
Astrosphere 1.414x107¢ g cm™2 1.409%10'8 cm~2 - 0.114
Parker wind 2.405%x1077 g cm™2 2.396x10'7 cm~2 - 0.019
Total 1.244x1073 gecm™2 1.240%x10%' cm™? 5.934x10' cm™? 100
10712
10715 4
ME 10—18 i
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G
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Distance from Wasp-12 (au)

Figure 8. LOS hydrogen density profile from WASP-12 as seen from Earth. There are four distinct regions, highlighted from left to right, corresponding to the
torus (blue), stellar wind (yellow), astrosphere (green), and ISM (red). There is also a dashed line indicating the wind profile in the absence of the torus, i.e.

what the profile would be without the influence of the hot Jupiter.

edge of the astrosphere but due to the inclination angle of WASP-12,
the densest gas in this region does not appear along the LOS (see
Section 3.1.2 for details). The full profile clearly shows that the dense
cloud near the edge of the Local Bubble is significantly denser than
any feature at the edge of the astrosphere but far more diffuse than
the immediate environment of the star (see Section 3.1.3 for details).

Integrating along the LOS gives a total column density of
1.244 x 10® g cm™2, which is equivalent to a HI number density
of 1.24 x 10*! cm™2 assuming solar metallicity and abundances
along the entire LOS. Most of the column density comes from the

MNRAS 545, 1-11 (2026)

region near the star, including the torus. The 10 R, near WASP-12,
including the torus, contributes ~ 65 per cent to the total density.
The second largest contributor is the ISM at ~ 34 per cent, due
to its higher average densities and large spatial extent. The column
density of both the extended Parker wind beyond 10 R, and the
astrosphere are negligible, contributing only 0.1 percent and 0.02
per cent, respectively. The contributions of different components to
the total hydrogen column density are summarized in Table 2.

If we assume an unperturbed Parker wind from WASP-12 until
the astrosphere, the total mass (HT number) column density drops
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t05.079 x 10~* g em™2 (5.061 x 10 cm~2) (dotted line in Fig. 8).
Therefore the LOS density enhancement due to the torus is ~ 2.5.

3.3 Magnesium density along the line of sight

To convert from gas density to Mg we assume a Mg abundance
of 3.5x 107 (H. E. Suess & H. C. Urey 1956). Multiplying
the total hydrogen column number density of 1.24 x 10?! cm™2
with the Mg abundance gives a total value for the Mg column
density along the LOS from WASP-12 of 4.340 x 10' cm~2. Even
assuming an extremely optimistic ionization fraction of 1 this is
lower (~ 4.6 times lower) than the observationally required value of
2 x 10'7 cm™2 reported by C. A. Haswell et al. (2012). This means
that even if Mg was fully ionized to Mg 11 all the way from WASP-12
to Earth, there is almost an order of magnitude too little gas to explain
the observed complete absorption of the Mg IT resonance lines.

This would remain true even if we make optimistic assumptions:
D. Ehrenreich & J. M. Désert (2011) quote an upper end of the error
bars of 2.7 x 10'2 g s~! for the planetary wind, a factor of 2.7 times
higher than what we model here. If we assume that the resulting LOS
density in the torus also increased by the same amount then the total
line of sight density would roughly double. This is still insufficient
to explain the required LOS density.

3.4 Estimating the ionization fraction of Mg and the Mg I1
density along the line of sight

In this section, we turn towards estimating the ionization fraction of
Mg 1 for different components of the total column density, i.e the
fraction of Mg that is singly ionized. As outlined in Section 3.2, the
contribution from gas in the extended Parker wind and at the edge of
the astrosphere to the column density is negligible. For this reason,
we will focus only on the gas within the torus region and in the ISM.

For the ISM, we can predict the LOS Mg density using the
3D ionization map of L. McCallum et al. (2025) (see Section 2.4
for details). This approach predicts a total Mg1I column density of
5.927 x 10" cm~2, which suggests an average ionization fraction of
0.394 along the LOS. This is somewhat lower than the 0.5 used in
C. A. Haswell et al. (2012). As a combination of lower ionization
faction and lower gas density, we predict that the ISM contribution
is a factor of ~ 3.3 lower than the 2 x 10'® cm~2 assumed by C. A.
Haswell et al. (2012).

For the torus, we use the spectral synthesis code CHIANTIPY (K.
P. Dere et al. 1997; K. Dere 2013; R. P. Dufresne et al. 2024),
along with the temperature profile of the torus. In the following we
assume collisional ionization equilibrium. The top panel of Fig. 9
shows the ionization fraction due to thermal collisional ionization
for Mg 11 as a function of temperature. While the ionization fractions
are expected to be high for gas close to 10*K, they fall quickly with
increasing temperature. This can be seen in the top panel of Fig. 9
(ionization fraction as a function of temperature), as well as the
bottom panel of Fig. 4 (torus temperature). Even the coldest densest
gas in the torus region along the LOS is found at a temperature closer
to 5 — 6 x 10* K. At these temperatures, the bulk of Mg is ionized to
at least Mg 111 (and could be in a higher ionization state). As a result
of the temperature profile of the gas, the ionization fraction of gas
from the torus onwards is of the order 10~ to 10> and negligibly
small for even smaller radii. The resulting number density of MgII,
shown in the bottom panel of Fig. 9, is considerably lower than the
optimistic estimate using an ionization fraction of 1 (dotted line).
The resulting Mg Il column density drops from 2.843 x 10'® cm™
to 6.534 x 10'> cm~2 This means the overall contribution from the
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Figure 9. The top panel shows the ionization fraction of Mg1I as a function
of temperature (top). Combining this with the temperature profile from Fig. 4,
we can show the MgII ionization fraction as a function of radius (middle).
This allows us (assuming an Mg abundance of 3.5 x 10™*) to determine the
resulting torus MgII number density (bottom). We also include profile of
Mg 11 that is calculated assuming that all of the Mg is ionized to Mg Il (dashed
line). All these radial profiles are along the LOS to the observer.

torus region to the LOS column density would decrease to only
0.015 percent of the total, while the total would drop to 5.934 x
10" ¢cm™2. This situation comes about because most of the Mg has
been thermally ionized to Mgul. If the gas is optically thin, the
additional photoionization from the background radiation field, that
is responsible for ionizing the ISM, might push more Mgl into
Mg 111, further decreasing the Mg II column density.

An important consideration is that the LOS velocity of the
WASP-12 system is different from the LOS velocity of the ISM.

MNRAS 545, 1-11 (2026)

920 Arenuer z| uo Jesn usyoey HLAMY Jop seulonaig A 101 8.2€8/10Z2IBIS/E/SHS/AI0IHE/SEIUW/WOD dNO"lLSPEDE//:SARY WOI) POPEOJUMOQ



10 S. Daley-Yates et al.

This difference means that any ISM absorption features should be
blue-shifted with respect the WASP-12 features. S. Czesla et al.
(2024) (section 3.4, table 5) confirms earlier measurements by L.
Fossati et al. (2013) of the velocity of two ISM components in the
Nal D, lines. There are apparently two components, both blue-
shifted relative to the spectrum of WASP-12. Their barycentric
radial velocities are 2.75 and 12.7 kms™!, respectively; in the same
frame, WASP-12 recedes at 19.46 km s~'. Hence, the ISM absorption
components are blue-shifted by —16.7 and —6.76 kms~! relative to
WASP-12. This makes an interstellar origin for the Mg II absorption
less plausible, a point made previously by L. Fossati et al. (2013).

A caveat to our conclusions is that we have assumed that cooling
within the torus is negligible. Our results show that most of the gas in
the torus is currently found near 10° K. At this temperature, optically
thin radiative cooling is highly efficient and the gas can radiate energy
away rapidly and cool to temperatures of the order of the effective
temperature of the star, 10* K or lower, where ionization fractions
rapidly rise towards unity (see top right panel of Fig. 9). Cooler
gas results in higher ionization fractions for Mg II as gas is no longer
triply ionized to Mg 111. Under these conditions, photoionization from
nearby O- and B-stars could also become important if the gas is
optically thin; however, at these temperatures, the gas is closer to
conditions seen in solar and stellar prominences, where optically
thick effects become important.

Cooling would lead to fragmentation via the cooling instability
(see J. Hermans & R. Keppens 2021 for details on this phenomenon),
resulting in smaller clouds of higher densities. This would result
in a torus with a multiphase gas structure. This mix of gas states
could delay the convergence of the torus mass and result in higher
densities than are seen in Fig. 3, allowing more mass to build-up.
One intriguing possibility is that a cooling, fragmenting torus could
rain down on to the surface of WASP-12 as dense cool clumps of
planetary material. This would form a type of planetary coronal rain,
aparadigm which was investigated by S. Daley-Yates & I. R. Stevens
(2019) for the system HD 189733.

We will leave investigating torus cooling and fragmentation to
future work, which directly models the balance between optically
thin radiative cooling and the heating of the stellar wind via coronal
physics.

If cooling leads to fragmentation, one could also possibly expect a
changing covering fraction, which might be detectable in absorption
values that vary over time. This may also explain the lack of torus
detection by S. Czesla et al. (2024).

4 CONCLUSIONS

Observations of the star WASP-12 shows strong absorption in
the Mg1I resonance absorption line. In this paper, we investigated
whether the total column density of Mg 11 along the LOS is sufficient
to explain the observed absorption.

To estimate the full density profile of MgII along the LOS, we
combined a set of hydrodynamical simulations with observations of
the interstellar medium. Our work shows that there is insufficient gas
density along the LOS to completely explain the reported absorption
in the Mg 11 line. Even when assuming Mg is fully ionized into Mg 11,
we only report a total column density of 3.805 x 10'® cm~2, which
falls significantly short of the required 2 x 10'7 ¢cm~2 required by
C. A. Haswell et al. (2012). With physically motivated assumptions
for the ionization, the MgII column density drops to only 5.934 x
10" cm~2. Specifically, we report that:

MNRAS 545, 1-11 (2026)

(i) The bulk of the hydrogen column density is located within the
dense torus that is fed by the wind from the planet WASP-12b. We
show for the first time that the density profile of the torus saturates
after only 60 orbits, following the linear growth phase reported in
A. Debrecht et al. (2018). Peak densities within the torus reach
~ 5 x 1075 g cm™ and the region covered by the torus contributes
up to 8.083 x 10%° cm~2 to the column number density along the
LOS.

(i1) Most of the gas in the torus is sufficiently hot to be ionized to
Mg 1. As a result we estimate that the total column number density
of Mg supplied by the torus region is only 6.534 x 10'2 cm~2,
0.015 per cent of the Mg 11 column density along the LOS.

(iii) The gas from the outer edge of the torus to the astrosphere of
WASP-12 along the LOS contributes a negligible fraction (0.133 per
cent) of the total column density and negligibly to the Mg 1I column
density.

(iv) The ISM contributes ~ 34 per cent of the gas column density.
We estimate that the average ionization fraction of Mg1I in the ISM
along the LOS to WASP-12 is 0.394, due to photoionization by a
collection of nearby O- and B-stars. As a result, the ISM contributes
99.985 per cent of the Mg II column density along the LOS.

One caveat to the work presented here is that the final state of our
torus simulation predicts that the gas should be strongly cooling, a
physical process that has been neglected here. If this cooling could
delay the saturation of the torus it might be able to significantly
increase the column density of gas contained within the torus, albeit
likely at the cost of a clumpy torus structure with a time-varying
covering fraction. A cooler torus would also potentially significantly
increase the ionization fraction of MgII in the torus, which could
have a significant impact on the Mg Il column density along the LOS
due to the large amount of gas mass contained in this region. We
leave this investigation to future work.
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