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Three Reglmes of Atmospherlc Escape Mass Loss for Close in Planets i
1 Borl-off o ;_;;,: s e e %
2. Core-powered mass loss e e

3 Photommzatlon-dmren (a.k.a. photoeVaporatron)

EE a -;Espec1a11y strong around young stars wh1ch are X~ray + Extreme
ik UV (XUV ) actlve » o

e _;'Can dnve observable outﬂows o
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tlon drlven Parker W|nd

X-ray photons ( 100 eV to1 keV)

= enough energy to ionizé X2

Fast 1D Atmo. Escape Model w/ Metals & X-rays

EUV phOtOHS (10 tO “-100 eV) = enough enelgy to ionize *

photons can:
' penetrate .
- deeper*.

-Atmo. can’t cool

efficiently at
~ those depths, so
' heating drives

~outflow.

' *STILL UPPER.’LAYE’RS‘ QF'ATMOSPHERE )
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ot - :Ta'i,l._ of.dLitﬂoWing’,',‘ ‘
.. ionized gas

" Pressure °
. gradient * -
. drivesa .
. transonic |

.~ “Parker -

. ik NOT fd’lfi'.Ven bva'_eﬂ:‘, Bu.t*
- heating dueto

Madelyn Broome (mabroome®@ucsc.edu) Fast 1D Atmo. Escape Model w/ Metals & X-rays



mailto:mabroome@ucsc.edu

Photoevaporatlve (Neptune) Desert
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Mass Ioss is a part of the evolutlonary hlstory of "
~ close-in (P<100 days) planets :

Photoevaporatlve (Neptune) Desert i 4' G Penod Radlus Va]ley

Neptune Desertm‘ I e e

o
-
o

g ]

- T

e NP

Brande et al. 2024

- Number of Planets per Star
(Orbital period < 100 days)
2. 8

- lton ‘ot al. 2018
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Cannot directly observe mass loss rates, only infer from models

Lyman-a emission line broadening

Flux (x10!4 erg/cm?/s/A)

Velocity (km/s)

In the stellar reference frame
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_'EX|st|ng Tools

“ ‘Late Tlmes a few Gy rs‘ Photoromzatlon is EUV dommated energy 11m1ted b/c low ﬂux .-: :
5 (Garc1a Munoz 2007 Murray—Clay et al 2009) g : '

Smgle frequency/Pure H/no d1ffu51or1 no X—rays

file Earlv Trmes ( Mvrs) X~ray domlnated radlatlve 11m1ted and recombmatlon 11m1ted b/c h1gh
55 __ﬂux (Cecchl—PesteIhm 2006 Owen &]ackson 2012) |

Assumps (hke 1onlzatlon equ1 ) are only vahd in hrgh ﬂux hm1t or for hlgh der151t1es ]

Other fast codes have hrmtlng assumptrons (Owen &Jackson 2012) don t solve for M
e (p—wmds Dos Santos et al 2021) or have hmrted metath1ty (ATES Caldlroh et al 2021)

.;T1me~evolvmg 3D hydrodynamrc codes are conmderably slower codes
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' 1 Mass Iess |s 2 part of the evelutlenary hlstory ef
= eIese -in (P<100 days) planets |

2 Cant dlreetly observe mass Iess rates onIy mfer
s frem medels '

Madelyn Broome (mabroome®@ucsc.edu) - Fast 1D Atmo. Escape Model w/ Metals & X-rays



mailto:mabroome@ucsc.edu

Overwew

I Introductlon to photommzatmn—dnven
atmosphenc escape st o

2 Wmd~AE 1D relaxatlon model
3 The f A"'li‘ 'ts of energy-“if:;
4 Wmd»AE and obServables

i:"fted mass loss rates.: s

Madelyn Broome (mabroome®@ucsc.edu) - Fast 1D Atmo. Escape Model w/ Metals & X-rays



mailto:mabroome@ucsc.edu

Mass lossrate
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‘W’md ﬂt’

A 1D multlfrequency, multlspec:les
hydrodynamlc transonic Parker W1nd
steady state photommzatlon relaxation code :
based on Murrav ClaV et al (2009) =
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Important physics: 0
- Xeraysand Metals 2

Wavelength (nm)
1

° Young hot stars str_ong inthe
e Metals have large X—»ray
- 1omzat10n cross sectlons

Abundance-weighted ¢ (cm?)

000 1000 1500
Photon energy (eV)

Throngren et al. 2016
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: -Importa'nt' physics:
. X -rays and Metals

e 'Young hot stars strong in the

—_
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e Metals have large X—»ray
: 3 1omzat10n cross sectlons

"o Planets likely h1gh metalhc1ty

e Metalsmoutﬂows may be Wi Planet Mass (M,)
= robservable P ' AR

Throngren et al. 2016
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J"'User mput5° S Outputs. \ :
'_”_.’,°',.---'~.P1anet parameters’;,, Temperature |
| ¢ Metals/ Metalhc1ty Den51ty
|+ Stellar spectrum el Veloc1ty
e _j"_Boundary Iomzatlon fractlon
o j-'f"f:»;@COHdlthﬂS Celumn denSIty (T) s

X ;* Can be set to defaults ' R e
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leltatmns

Non-tlme eVolvmg i

No chffusmn or drag
s No magnetlc ﬁelds L sl |
Assumptlons only vahd up to Conohs (turmng) radlus: e :

Madelyn Broome (mabroome®@ucsc.edu) - Fast 1D Atmo. Escape Model w/ Metals & X-rays



mailto:mabroome@ucsc.edu



mailto:mabroome@ucsc.edu



mailto:mabroome@ucsc.edu

‘ i : ' 3 s 2 i . s < .

~ Energy Conservation

R .

eime b L R

L4

= Bolometric Padj

Molecular
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~ Assumes-some fraction, €, of incident photon energy is converted into outflowing: .-

Fast 1D Atmo. Escape Model w/ Metals & X-rays
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: Energy lelted Mass Loss Rates

% Typlcally R is taken to be R and 8 is O 15 04 1r1 the hterature L .

1% (times 4 tidal correction term). '\ B
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 Butwher st ey raly absor?

Fast 1D Atmo. Escape Model w/ Metals & X-rays
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‘Whereisthe XUV~
| 'en‘ergy absorbed?

| uiﬁteSsential system:

Planet HD 209458b (Hot- |

i ]up1ter)
Star Old (low ﬂux)
Atmo H He '

Energy Rates (erg s~! cm™3)

10-7 Mono (20eV)
ionization heating
_8 | Lyman-alpha cooling
10 ] PdV cooling
I bolometric heating
9 - bolometric cooling
10 _ advective heating
! advective cooling
JPET . - R | b
1.00 1.16 1.57 2.00 3.00

Radius (R,)
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: Where is the XUV
| 'en‘ergy absorbed?

| uiﬁteSsential system:

Planet HD 209458b (Hot- |

i ]up1ter)
Star Old (low ﬂux)
Atmo H He

Radius (R,)
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Lyman-a emission line broadening

Flux (x10!4 erg/cm?/s/A)

Features of a wind that affect observables

Velocity (km/s)
In the stellar reference frame
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So when |s |t appreprlate te use the energy I|m|ted
o ~ mass Iess rate?
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: Energy lelted Mass Loss Rates

% Typlcally R is taken to be R and 8 is O 15 04 1r1 the hterature L .

1% (times 4 tidal correction term). '\ B

Madelyn Broome (mabroome®@ucsc.edu) - Fast 1D Atmo. Escape Model w/ Metals & X-rays



mailto:mabroome@ucsc.edu

Mass loss rate grids - H/ He atmosp‘hé'res .
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Mass Ioss rate grlds H/He atmospheres

High flux
F\[\ =10~ IF

2.0 \ 2.0
| Low flux |

1.8} F_\'lf'l' ~ 10—(5F* / 1.8

1.6} 1.6
=11t “Energy-limited” g“Recombmatlon—hmlted”:
% 1.0 % 1.0 50
205l More energy = < ,;Radiative line cooling (e.g.,~
=~ =~

o5 more mass loss »Lyman-a) cooling efficient

| Ll . ‘ y

0.9 — . 1 0.2 — 01 ; 6.7

Planet Mass (M) Planet Mass (M)
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& M e) underestlmates_ |

Ellmlt( |
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H.m.t( s) overestlmates
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(R e) underestlmates

Ellmlt XUV’

Fractional difference from Mi;q.(Rxuv)
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: Conﬁrmmg WASP 12b Ha f T 'Su»pere'arth's T0I- 776b c'are
surprising non- detectlon Iosmg H, not H20 atmos
(Pal—Asnodkar et al 2024) o (Parke et al. 2025) |

Stellar XUV Iummosﬁy (erg s”

Normalized Flux

— Wind-E
—— p-winds, M =102 g/s
--- p-winds, M =10 g/s

WASP-121 b Ha absorption
from Borsa et al. 2021

—— Minimum retrievable signal

Hydrogen mass loss rate (gs~) ®

6561.5 7562.0 6562.5 6563.0 6563.5 6564.0 6564.5 6565.0 :
Wavelength (A) Ay lonization timescale (h)
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'. githuh.com/mibroome/wind-ae
Conclusmns
-l.. - XUV rad1at1on photoromzes atmospheres of close-m planets ]

. - driving observable outflows. . .
2. Wind structure and M sens1t1ve to 1nclus1on of X—rays & metals

v - | At Tow ﬂuxes M (R

-4, ‘MEhmlt( ) dramatlcally underest1mates mass loss for superearths and
. overestimates for large Hot Juplters (OK for typrcal HJs) :

XUV) is more accurate than M mlt( -'); o

o 5 .A'Outﬂowmg metals may explam HD 189733b’s 'unusually deep X—ray transrt
ek 6 : Future ngh metalhcrty gr1ds ' i
p_eCIal Ihil]l& Yao Tang ]onathan Fortney Renata Frelrkh lmperral Atmospherlc Escape Group (]ames

Owen Ethan Schreyer Matthaus Sehulik, Richard Booth, James Rogers, Laura, Harbach)
it ,...and the 2025 Eonxplorers and ExoGuldes e |
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SRS,
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H Ionizations

X-ray Considerations

Fraction

X-rays ionize certain species’ K-shells
(innermost shell) instead of outermost shell,
meaning a much larger ionization cross
section, o

X-ray photons carry much higher energy than
ionization energy (>100 eV relative to 13.6 eV Heating

to ionize H)

Leftover energy in photon can be used to
ionize another species OR to heat

Fraction

Madelyn Broome (mabroome@ucsc.edu) - Fast 1D Atmo. Escape Mo
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1 solar mass 1 solar Ium|n03|t

—— Hot Jupiter: 1.00 My, 1.70 R;
—— Neptune: 17.1 Mg, 3.9 Rg

o

Velocity (10 km/s)

o
o

——— Super Earth: 3 Mg, 1.85 Rb

Sonic Point
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10
Radius (R,)
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3
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3
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— M = 1.7e+10 g/s

—— M = 8.7e+09 g/s

—— M =19e+11 g/s

10
Radius (R,)
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: Agnostlc boundary condltlons (only depend on Lbom and p-ress-ure) :

e Lower BCS

min (PR ) = > —1 = a5 o e R R
| & ( Rmm) [GMP n(P(Rp)) +Rp] ¢ 5 B

Hmol
Ruin) = Pr._.
p( mln) len kBTSkln v/

M] T
20SBKIR i

Tskin = |:
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What do tides do?

a) Period (days)
2 5] 10 20 o0 100 200
1079 S —e—Older star (Fxyy ~ 107°F,)
\\\\ —— Young star (Fxyy ~ 107*F,)
1012k Energy limit
—/lf\ — == Tidal gravity energy limit
wn
EB 11
o 10~ F
<
—
7
2]
-
109_
108 L
0.03 005 0.1 ‘ 07

Semimajor axis (au)

‘,

1013

Mass loss rate (g s™!)
— — —
o o o
— — —
(==} - V]

—_
=}
o

—_
(e
o

———

p | i Murray-Clay et al. (2009)
——— Constant distance

| = Older star (0.03 - 0.4 au)
- Young star (0.03 - 0.7 au)

i
XUV flux (ergs s~ cm™2)

o

o

o
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g Photoevaporation  t=1Myr

< .. " FIXED CORE. .
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L Photoevaporation gt

“FORA .
' FIXED COR,E; :
‘ 13R

0% M
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Other pOSSIbI|ItIBS

Penod—Radlus Va]ley (a,k.a, Fulton o

— & T .Coremasses mayhaVe ,

-+ . underlying mass dlstnbutlon
" “that contributesto .. - %,
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