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Atmospheric escape in hot Jupiters under sub-Alfvenic interactions
Andrés Presa, Florian A. Driessen, Aline A. Vidotto

Hot Jupiters might reside inside the Alfvén surface of their host star wind, where the stellar wind is dominated by magnetic energy. The implications of such a sub-Alfvénic environment for atmospheric
escape are not fully understood. Here, we employ 3-D radiation-magnetohydrodynamic simulations and Lyman-a transit calculations to investigate atmospheric escape properties of magnetised hot
Jupiters. By varying the planetary magnetic field strength (Bp) and obliquity, we find that the structure of the outflowing atmosphere transitions from a magnetically unconfined regime, where a tail of
material streams from the nightside of the planet, to a magnetically confined regime, where material escapes through the polar regions. Notably, we find an increase in the planet escape rate with Bp in
both regimes, with a local decrease when the planet transitions from the unconfined to the confined regime. Contrary to super-Alfvénic interactions, which predicted two polar outflows from the planet, our
sub-Alfvénic models show only one significant polar outflow. In the opposing pole, the planetary field lines connect to the star. Finally, our synthetic Ly-a transits show that both the red-wing and blue-
wing absorptions increase with B,,. Furthermore, there is a degeneracy between B, and the stellar wind mass-loss rate when considering absorption of individual Lyman-a wings. This degeneracy can be
broken by considering the ratio between the blue-wing and the red-wing absorptions, as stronger stellar winds result in higher blue-to-red absorption ratios. We show that, by using the absorption ratios,

Lyman-a transits can probe stellar wind properties and exoplanetary magnetic fields. FUSEEEEEEEEEEEEEEEEE NN,
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Table 1. The stellar and planetary parameters used in our models. M, and R, are the mass and radius of the planet; B, is the polar dipole field strengths and
obliquity describes the magnetic field obliquities; a is the orbital distance from the star, and Fxyy 1s the X-ray flux received by the planet. The stellar mass and
radius are denoted by M, and R,, respectively. M, and T, describe the stellar wind mass-loss rate and temperature, and B, is the stellar surface field strength
(radial).
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BD+44 493: Chemo-Dynamical Analysis and Constraints on Companion Planetary Masses from WIYN/NEID
Spectroscopy

Vinicius M. Placco, Arvind F. Gupta, Felipe Almeida-Fernandes, Sarah E. Logsdon, Jayadev Rajagopal, Erika M. Holmbeck, lan U. Roederer, John Della Costa, Pipa Fernandez, Eli Golub,
Jesus Higuera, Yatrik Patel, Susan Ridgway, Heidi Schweiker

In this work, we present high-resolution (R~100,000), high signal-to-noise (S/N~800) spectroscopic observations for the well-known, bright, extremely metal-poor, carbon-enhanced star BD+44 493. We
determined chemical abundances and upper limits for 17 elements from WIYN/NEID data, complemented with 11 abundances re-determined from Subaru and Hubble data, using the new, more accurate,
stellar atmospheric parameters calculated in this work. Our analysis suggests that BD+44 493 is a low-mass (0.83Msun) old (12.1-13.2Gyr) second-generation star likely formed from a gas cloud enriched
by a single metal-free 20.5Msun Population Ill star in the early Universe. With a disk-like orbit, BD+44 493 does not appear to be associated with any major merger event in the early history of the Milky
Way. From the precision radial-velocity NEID measurements (median absolute deviation - MAD=16m/s), we were able to constrain companion planetary masses around BD+44 493 and rule out the
presence of planets as small as msin(i)=2MJ out to periods of 100 days. This study opens a new avenue of exploration for the intersection between stellar archaeology and exoplanet science using NEID.
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o~ t @ Table 1. Properties of BD+44 493
Quantity Symbol Value Units Reference
Right ascension a (J2000) 02:26:49.74 hh:mm:ss.ss Gaia Collaboration et al. (2022)
Declination 0 (J2000)  +44:57:46.5 dd:mm:ss.s  Gaia Collaboration et al. (2022)
Galactic longitude 14 140.134 degrees Gaia Collaboration et al. (2022)
Galactic latitude b —14.699 degrees Gaia Collaboration et al. (2022)
Gaia DR3 ID 341511064663637376 Gaia Collaboration et al. (2022)
Parallax w 4.8661 + 0.0226 mas Gaia Collaboration et al. (2022)
Inverse parallax distance 1/w 206.8759 pc This study”
Distance d 204.371§ pc Bailer-Jones et al. (2021)
Proper motion («) PMRA 118.221 + 0.021 mas yr- Gaia Collaboration et al. (2022)
Proper motion (4) PMDec —32.068 + 0.020 mas yr~ ' Gaia Collaboration et al. (2022)
V' magnitude V 9.075 £ 0.005 mag Henden & Munari (2014)
GG magnitude G 8.863 £ 0.003 mag Gaia Collaboration et al. (2022)
BP magnitude BP 9.209 +£ 0.003 mag Gaia Collaboration et al. (2022)
RP magnitude RP 8.327 £ 0.004 mag Gaia Collaboration et al. (2022)
Color excess E(B—-V) 0.0230 + 0.0009 mag Schlafly & Finkbeiner (2011)
Bolometric correction BCy —0.50 £+ 0.03 mag Casagrande & VandenBerg (2014)
Signal-to-noise ratio @3800A S/N 93 pixel ~* This study
@4560A 432 pixel ~* This study
@5180A 574 pixel ~* This study
@6580A 797 pixel ~* This study
Effective Temperature Terr 5351 + 51 K This study
5430 + 150 K Ito et al. (2013)
Log of surface gravity log g 3.12 + 0.07 (cgs) This study
3.40 £+ 0.30 (cgs) Ito et al. (2013)
Microturbulent velocity £ 1.45 4+ 0.10 km s™! This study
1.30 = 0.30 km s~! Ito et al. (2013)
Metallicity [Fe/H] —3.96 + 0.09 dex This study
—3.83 £ 0.19 dex Ito et al. (2013)
Radial velocity RV —150.445 + 0.016 km s~ ! This study
Isochronal-based age 10.37%% Gyr This study
Kinematical-based age 13.1J_r8:g Gyr This study
Constrained age range [12.1,13.2] Gyr This study
Mass M 0.837002 Mg This study
Galactocentric coordinates (X,Y,Z) (48.36,+0.13,—-0.03)  kpc This study
Galactic space velocity (U, V,W) (4+33.5,—181.5,+51.5) kms ' This study
Total space velocity Vot +191.6 km s~ ! This study
Apogalactic radius Rapo +8.623 + 0.002 kpc This study
Perigalactic radius Rperi +1.366 £ 0.011 kpc This study
Max. distance from the Galactic plane zmax 1.286 £+ 0.001 kpc This study
Orbital eccentricity ecc 0.726 4+ 0.002 This study
Vertical angular momentum Lz (+0.728 £ 0.004) - 10°  kpc km s~'  This study
Total orbital energy E (—=1.7794+0.001) - 10°  km? s™2 This study

9Using w@,p = —0.0314 mas from Lindegren et al. (2020).
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Figure 1. Normalized flux as a function of wavelength (in A) for selected regions of the NEID spectra, highlighting a few
absorption features of interest for stellar parameter and chemical abundance calculations. The solid black line represents the
combined spectra and the white lines show the range of normalized fluxes for the individual exposures.
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Figure 2. Top: Radial velocities for BD+44°493 from the literature (left) and from NEID (right). Individual measurements
and references can be found in Tables 2 and 9. Bottom: Zoom in for the NEID radial velocities, with the median and median
absolute deviation values annotated. The thickness of the horizontal line is proportional to 1o.




1l

5 L3R ME B

Table 4. LTE Abundances for Individual Species

Species logeg (X) loge (X) [X/H] [X/Fe] o N  Ref.
Li1 1.05 0.86 —0.19 3.77 0.10 11
ca 8.43 5.87 —2.56 1.40 0.10 11
N 7.83 3.90 —3.93 0.03 0.20 1 2
o) 8.69 6.25 —2.44 1.52  0.20 2 2/3
Na 1 6.24 2.61 —3.63 0.33 0.03 2 1
Mg 1 7.60 4.25 —-3.35 0.61 0.12 8 1
Al1 6.45 1.94 —4.51 —0.55 0.10 11
Si1 7.51 3.90 —3.61 0.35 0.10 11
P1 5.41 1.04 -4.37 —0.41 0.21 3 4
St 7.12 3.37 —3.75 0.21 0.41 3 4
Ca1 6.34 2.73 —3.61 0.35 0.11 71
Sc 11 3.15 —0.61 —3.76 0.20 0.10 11
Ti1 4.95 1.39 —3.56 0.40 0.07 7 1
Ti 11 4.95 1.19 —3.76 020 0.04 10 1
Vi 3.93 —0.15 —-4.08 —0.12 0.15 2 2
Cr1 5.64 1.28 —4.36 —0.40 0.03 2 1
Cr 11 5.64 2.06 —3.58 0.38 0.21 2 4
Mn 1 5.43 0.40 -5.03 —1.07 0.03 2 1
Mn 11 5.43 0.75 —4.68 —0.72 0.02 3 2
Fe 1 7.50 3.54 —3.96 0.00 0.09 123 1
Fe 11 7.50 3.57 —3.93 0.03 0.09 6 1
Co1 4.99 1.47 —3.52 0.44 0.07 4 1
Co 11 4.99 1.55 —3.44 0.52 0.23 4 4
Ni 1 6.22 2.34 —3.88 0.08 0.05 2 1
Ni 11 6.22 2.09 —-4.13 —0.17 0.21 3 4
Cu1 4.19 —1.04 -5.23 —1.27 0.15 1 2
Zn 11 4.56 0.33 —4.23  —0.27 0.24 1 4
Sr 11 2.87 —1.41 —4.28 —0.32 0.10 2 1
Ba 11 2.18 —2.53 —-4.71  —0.75 0.10 2 1
Eu 11 0.52 < —262 < —3.14 < 0.82 11

References—(1) WIYN/NEID (This work); (2) Subaru/HDS (Ito et al.
2013); (3) HST/STIS (Placco et al. 2014b); (4) HST/COS (Roederer et al.

2016).

% No evolutionary corrections from Placco et al. (2014a).

Table 5. NLTE Abundances for Individual Species

Species logeg (X) loge(X) [X/H] [X/Fe] o N
Lil 1.05 0.87 —-0.18 3.59 0.10 1
Nal 6.24 2.60 —3.64 0.13 0.04 2
Mg I 7.60 441 —319 058 012 8
All 6.45 254 -391 -0.14 0.10 1
Sil 7.51 4.01 -3.50 0.27 0.10 1
Cal 6.34 2.88 —3.46 0.31 0.14 6
Till 4.95 1.27 —-3.68 0.09 0.04 10
Crl 5.64 2.09 -3.55 0.22 0.05 2
Mn I 5.43 1.35 —4.08 —-0.31 0.05 2
Fel 7.50 3.73 =3.77 0.00 0.10 120
Fe II 7.50 3.57 =393 -0.16 0.10 6
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Figure 6. Distribution of percent differences in equivalent
width (in mA) for the 138 absorption features in common
with the Ito et al. (2013) analysis. The mean and median
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Table 7. Parameters of BD+44°493 and other UMP stars with
similar orbital properties. All parameters were derived in this
work, except for the metallicities of SDSS J0140, HE 1012—1540,
LAM J1253, which were compiled by Sestito et al. (2019). Star
names SDSS J0140 and LAM J1253 are abbreviated names for
SDSS J014036.21+234458.1 and LAMOST J125346.09+075343.1,

respectively.
Star ecc zZmax E/10° L,/103 [Fe/H]
X [k ] kpc km? s 2 kpckm™! dex
C

P BD+44°493 0.73 1.28 —1.78 0.541 —3.96 £+ 0.09
SDSS J0140 0.70 1.85 —1.64 0.796 —4.00 £ 0.30
HE 1012—-1540 0.83 1.74 —1.58 0.558 —4.17 £ 0.16
LAM J1253 0.69 1.27 —1.61 0.885 —4.02 £+ 0.06




5.4. Kinematical Age

We have also estimated a kinematical-based age for
EF_'_' BD+44°493 from its heliocentric Galactic U, V', W ve-

locities. The dispersion of these velocities for a group

of stars has long been known to correlate with stel-
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I SOCh rone 75\ b j:"L '/:F_' lar ages (Wielen 1977). Based on this characteristic,
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Figure 9. Top left: Kiel diagram for BD+44°493 (yellow Age [Gyr]
star-shaped symbol) and the MIST model grid used in this
work (grey area). For guidance, we highlight three isochrones Figure 10. Top: Age PDF obtained for BD+44°493 from

of 10 Gyr and three different metallicities (—4.0, violet; —2.0,
blue; 0.0, cyan). We also show the offset applied to the mod-
els (for simplicity, this is shown only for the —2.0 metallicity

the heliocentric UVW Galactic velocities using the method
from Almeida-Fernandes & Rocha-Pinto (2018a). Bottom:

isochrone, represented by a dashed blue line). The observa- The median age obtained by the kinematical and isochronal
tional errors for BD+44°493 are shown in the bottom-right methods is represented by blue and golden CiI‘ClGS, respec-
corner. The right-side panels display the PDF's obtained by tively. The blue and golden lines represent the 16th and 84th
our method for effective temperature, surface gravity, and . . .
metallicity for the original models (solid lines) and the off- age percentiles obtained for each method. The constrained
set models (dashed lines), along with the true observational age interval (shown as a black line) corresponds to the inter-
values (vertical yellow lines). The bottom-left and bottom- section of the age intervals from the previous methods.

center panels display the obtained age and initial mass PDF's,
for the original and offset models (solid and dashed lines, re-
spectively).
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Figure 11. Upper panel: Generalized Lomb-Scargle peri-
odogram of the NEID RV measurements of BD+44°493. No
signals are detected above the 1% false alarm level threshold.
Lower panel: Results of injection-recovery tests for NEID RV
measurements of BD+44°493. Blue points are injected plan-
ets that are successfully recovered, and red points are those
that would not be detected. The background shading indi-
cates the recovery fraction across the mass-period grid that
was tested, where white corresponds to a 100% recovery rate
and deep red is a 0% recovery rate. We also show the 50%
recovery threshold as a black line.



