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From the death of stars to the dawn of lite

Dynamical offects of mass loss around high-mass stars



FROM THE DEATH OF STARS TO THE DAWN OF LIFE

How STABLE ARE PLANETARY ORBITS AROUND A SUPERNOVA7
ARE ROGUE PLANET MOONS RETAINED, CAN THEY HAVE SUBSURFACE OCEANS?
HOW TO FORM A WIDE BINARY WITH A MASS-GAP BLACK HOLE?
| .CAN SUBSEQUENT SUPERNOVAE EXPLAIN DOUBLE NEUTRON STARS?

|S THE EXCEPTIONALLY HIGH ECCENTRICITY OF WOLF-RAYET BINARIES PRIMORDIAL?

SHUTTERSTOCK/VAN VAN : | VECTEEZY/ EMIILIA BIELKINA



EXOTIC PLANET AND STAR SYSTEMS

PULSAR PLANETS
WoLszCczAN & FRAIL (1992)
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EXOTIC PLANET AND STAR SYSTEMS

PULSAR PLANETS DOUBLE NS-SYSTEMS
WoOLSzCzAN & FRAIL (1992) HULSE & TAYLOR (197/5)
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EXOTIC PLANET AND STAR SYSTEMS

PULSAR PLANETS
WoLszCczAN & FRAIL (1992)
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REGALY ET AL. (2022)
FROHLICH & REGALY (2025)

DOUBLE NS-SYSTEMS |
HULSE & TAYLOR (197/5)
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EXOTIC PLANET AND STAR SYSTEMS

REMNANT + RG STAR
WANG ET AL. (2024)

PULSAR PLANETS
WoLszCczAN & FRAIL (1992)

DOUBLE NS-SYSTEMS |
HULSE & TAYLOR (197/5)

NEUTRON STAR
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ECCENTRIC WR BINARIES
LIEB ET AL. (2025)
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ROAMERS OF THE GALAXY - ROGUE PLANETS

STARLESS PLANETS ON THE ROADS OF THE MILKY WAY

HUNDREDS DISCOVERED
PEARSON & MCCAUGHREAN (2023)

CAUSES FOR EJECTION:

1) EARLY DYNAMICAL INSTABILITIES ,
HOLMAN & WIEGERT (1999) , FORD & RASIO (2008)

2) HEAVY MASS LOSS AT STELLAR DEATH
REGALY, FROHLICH & VINKO (2022), FROHLICH, REGALY &

"
»

VINKO (2023), REGALY, FROHLICH & VINKO (2025), FROHLICH
& REGALY (2025) | bt

. SHUTTERSTOCK



PULSAR PLANETS
REGALY, FROHLICH & VINKO (2022)
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VARIABLE MASS FEW-BODY PROBLEM

NUMERICAL SIMULATIONS 3 il GNZ_Z iR
SELF-WRITTEN N-BODY CODE : 1 b b S e
: | AT . ‘ Fi rO‘ ‘ Fi — I |

8TH ORDER RUNGE-KUTTA INTEGRATOR
HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION

VARIABLE CENTRAL MASS: M. .(¢)
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INITIAL CONDITIONS:
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VARIABLE MASS FEW-BODY PROBLEM

NUMERICAL SIMULATIONS ; =T pam it
SELF-WRITTEN N-BODY CODE e G Maiy G ),
8TH ORDER RUNGE-KUTTA INTEGRATOR
HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION

VARIABLE CENTRAL MASS: M. (1) ¢ :

3
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ANALYSIS
INITIAL CONDITIONS:
- ORBITAL ELEMENTS, MASSES, EJECTA SPEED
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VARIABLE MASS FEW-BODY PROBLEM

NUMERICAL SIMULATIONS
SELF-WRITTEN N-BODY CODE

8TH ORDER RUNGE—KUTTA INTEGRATOR

HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION
VARIABLE CENTRAL MASS: M, _ .(7) | '

ANALYSIS
INITIAL COND
- ORBITAL E
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VARIABLE MASS FEW-BODY PROBLEM

NUMERICAL SIMULATIONS ; =T pam it
SELF-WRITTEN N-BODY CODE i = G MG ) —r G
8TH ORDER RUNGE-KUTTA INTEGRATOR
HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION

VARIABLE CENTRAL MASS: M. (1) < :

| i — 1o

ANALYSIS
INITIAL CONDITIONS:
" ORBITAL ELEMENTS, MASSES, EJECTA SPEED

20 1
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NEW ORBITAL ELEMENTS: a, e
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VARIABLE MASS FEW-BODY PROBLEM

NUMERICAL SIMULATIONS ; il GNZ_Z =
SELF-WRITTEN N-BODY CODE : s ] in,1 1~ — rg ‘3
8TH ORDER RUNGE-KUTTA INTEGRATOR | '

HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION
VARIABLE CENTRAL MASS: M, _ .(7) | '

ANALYSIS .
INITIAL CONDITIONS: 0
- ORBITAL ELEMENTS, MASSES, EJECTA SPEED

Y [CSE]

POST-EXPLOSION PARAMETERS:
NEW ORBITAL ELEMENTS: a, e

COMPONENT VELOCITIES-

-40 1
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PULSAR PLANETS

- ~9% CHANCE FOR STAYING BOUND

NEED ECCENTRIC (E > 0.4), NEAR-APOCENTRE EXPLOSION

SEMI-MAJOR AXIS GROWS SIGNIFICANTLY (> 4 AU)
OBSERVED PSR PLANETS' ORBITS ARE TIGHTER!

UP TO 275 KM/S ROGUE PLANET VELOCITY

DETLEV VAN RAVENSWAAY
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URABILITY

HABITABILITY (LAMMER ET AL. 2008)

SURFACE LIQUID WATER -

SUSTAINMENT OF LIFE

URABILITY (DEAMER ET AL. 2022)

LIFE SPROUTING CAPACITY?

MINIMUM FOR LIFE TO EMERGE
(TEMPERATURE, SOLVENT, ETC.)

NOTE: LIFE AS WE KNOW [T!

SHUTTERSTOCK/UNIVERSAL BLACKPINK
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WHERE TO LOOK?

ELUSIVE EXOMOONS

EXOPLANETS AND SOLAR SYSTEM MOONS APLENTY...

ONLY FALSE POSITIVE EXOMOONS SO FAR
(TEACHEY & KIPPING 2018, FOX & WIEGERT 2021, KIPPING ET AL. 2022)

URABILITY OF MOONS

TIDAL HEATING IS A SIGNIFICANT ENERGY SOURCE
SUBSURFACE OCEANS OF ICY MOONS

WHAT ABOUT A MOON .OF A ROGUE PLANET?

INTERIOR CROSS-SECTION OF EUROPA

ME MATERIALS

NASA JPL

16



PLAN e MOON SYSTEMS

FROHLICH & REGALY (2025)

SN PROGENITOR e S

1



PLANET-MOON SYSTEMS

-ALMOST ALWAYS EJECTED
MOONS STAY BOUND AND. CAN BECOME ECCENTRIC

TIDAL HEATING IS SIMILAR TO EUROPA OR
ENCELADUS IN UP TO 15% OF MODELS

ECCENTRICITY CAN LAST FOR BILLIONS OF YEARS

SHUTTERSTOCK
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BLACK HOLE SUN, I.E. GAIA 3425

REGALY, FROHLICH & VINKO (2025)

SN || PROGENITOR

— —
— 4

— — —

- PLANET / STELLAR COMPANION

NS - GIANT STAR

" BH - GIANT STAR
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BLACK HOLE SUN, I.E. GA|A3425

ORBIT TOO WIDE FOR BINARY INTERACTION

SN 1| WOULD'VE ENGULFED THE COMPANION

SN IB/C (HIGH E, APOCENTRE) OR FAILED SN R g8
REPRODUCE ORBIT .

UNSEEN COMPONENT IS MORE LIKELY A BH

SHUTTERSTOCK




DOUBLE SN i EXPLOSIONS

FROHLICH REGALY & VINKO (2023)

NS-STAR BINARY

BINARY PROGENITOR T RS R

LONESOME NS AND STAR e

DOUBLE NS

LONESOME NSS

7
\",

®
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DOUBLE SN Il EXPLOSIONS

' ~4.5% FORM DOUBLE -NEUTRON STAR SYSTEMS
REQUIRE ECCENTRIC, NEAR-APOCENTRE EXPLOSIONS
ORBIT CIRCULARISATION IS POSSIBLE

BUT: NEED ORBIT-SHRINKING MECHANISM!

NASA

22



ECCENTRICITY IN WR BINARIES

FROHLICH & REGALY (2026)

WR STAR

CIRCULAR ORBIT

ECCENTRIC ORBIT °

CIRCULAR ORBIT

23



ECCENTRICITY IN WR BINARIES |

SIGNIFICANTLY HIGHER E THAN FIELD BINARIES

NEITHER CONTINUOUS, SLOW MASS LOSS OR TIDALLY- -
ENHANCED MASS LOSS CAN DRIVE OBSERVED E |

ECCENTRICITIES ARE PRIMORDIAL

' LIEB ET AL (2025)

24



- o .

WV ETH-APOPHIS

NUMERICAL SIMULATIONS ON FLY-BY RESPONSE, COMPOSITION, COLLISIONAL HISTORY @ UNIBERN WITH MARTIN JUTZ

CLOSEST ENCOUNTER 2029.04.13 (FRIDAY) - APOPHIS SEEN AS A 3MAG STAR CROSSING THE SKY IN A FEW HOURS



TAKE-AWAYS...

SN || ARE AN EFFECTIVE FORMATION
CHANNEL OF ROGUE PLANETS

-

URABILITY DESCRIBES THE MINIMAL
CONDITIONS FOR LIFE TO EMERGE

MOONS OF ROGUE PLANETS MIGHT BE
ABUNDANT AND URABLE

WR ECCENTRICITIES ARE PRIMORDIAL

26
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HOMOLOGOUS EXPANSION

HOMOLOGOUS MEANS THAT...

SPEED OF LAYERS IS A LINEAR FUNCTION OF DISTANCE FROM STAR, U..N r

“Max

OUTERMOST LAYER TRAVELS WITH A CONSTANT SPEED, v

' ENVELOPE DENSITY PROFILE DOESN'T CHANGE WITH TIME

VARIABLE CENTRAL MASS
To — ALL MASS WITHIN COMPANION ORBIT
T1 — ENVELOPE CORE WITHIN COMPANION ORBIT

T2 — ENVELOPE CORE PARTIALLY/FULLY OUTSIDE COMPANION ORBIT

140

0.8 ;

0.6

0.4

0.2]

0.0

»

to

-----------------------------

-----------

Regaly. Frohlich & Vinkéd (2022)

'l._-_-

- .
-l-’-{---:—-------

251 =

201 :

— Vmax = 1000 km/s
— = Vmax = 5000 km/s
wasas Vmax = 10000 km/s

Mpn = 3M g
Msec = 1M g
ainit = 10 au
Eeinit = 0.8
v=r1

600 800 1000
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BOUND PSR PLANETS:

REQUIRES INITIAL ECCENTRICITY >0,4 + A NEAR-APOCENTRE

EXPLOSION

ORBIT SEMI-MAJOR AXIS AT LEAST DOUBLES

ONLY PSR PLANETS WITH A > 4 AU ARE EXPLAINED (OUCH!)

ORBIT CIRCULARISATION IS POSSIBLE FOR BINARY STARS

FOR A DNS: ECCENTRIC, NEAR-APOCENTRE TIMING FOR BOTH SN

GROWING SMA — KNOWN SYSTEMS WERE NOT FORMED THIS WAY!

L

o

3.51

3.01

2.5

2.0

1.5

1.0

PSR PLANETS AND ROGUE PLANETS

v__=1000kms”, e =04

Regaly, Frohlich & Vinké (2022)
v__=1000 kms, e =08

init

unbound

bound

3n 2n 0 8 n 3 2n
V

Vo= 10000 kms™, e, =04 v __=10000 kms™, e  =0.8

3.5

3.0

2.5

2.01

1l5‘

1.0
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1T bound

2n

o
|

=-
Ng
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DOUBLE NEUTRON STAR SYSTEMS

Frohlich, Regaly & Vinkd (2023)

(a) ()
' 10000 - raw B weighed || n—
SEMI-MAJOR AXIS GROWS DURING. BOTH SN 8000-
_ 6000- — 200001
SECOND SN CAN CIRCULARISE ORBITS oy
. . | 10000-
FOR A DNS: ECCENTRIC, . 2000-
: . | 0- ! 0
NEAR-APOCENTRE TIMING 0 n/4 2n/4 37!/4‘)1 n 5n/4 6n/4 Tn/4 0 n/4 2n/4 3n/4 vrzr 5n/4 6n/f4 Tn/4
' (b) )
40001
KNOWN SYSTEMS WERE NOT FORMED THIS WAY! 3000- 3500
g 3000+
NEED A MECHANISM TO SHRINK ORBITS =y Z 2500-
(I.E. BINARY.INTERACTION) 1000 2000
0- ! 1500-
0.2 0.4 0.6 0.8 1.0 02 04 06 08 10
€1 e,
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URABILITY

A SET OF CONDITIONS THAT CREATE A WINDOW OF OPPORTUNITY FOR LIFE
TO EMERGE

URABLE ZONES START SMALL (E.G. HYDROTHERMAL VENTS)

THEY EXPAND + DIVERSIFY AS LIFE BECOMES ABLE TO ADAPT TO CHANGING
.CONDITIONS |

— [THERE IS A TIME-DEPENDENCE

NOTE: PRESENT UNDERSTANDING = SUBSET OF POSSIBLE CONDITIONS
WE ONLY.KNOW OURSELVES'

ARE THERE FACTORS THAT ARE-UNIVERSAL TO ALL FORMS OF LIFE?

31



WHAT MAKES A BODY URABLE?

(GEOPHYSICAL FACTORS
SIZE, ROTATION, MOON, PLANETARY CORE, VOLCANISM,
HYDROLOGICAL CYCLES, LIGHT ENERGY, MAGNETOSPHERE,
PLANET-STAR DISTANCE, STELLAR AND TECTONIC ACTIVITY,

Environment

Rotation .
MINERAL INVENTORIES, HYDROTHERMAL ACTIVITY A g go;pmnlo&s
- : a ass
| Magnetic Field Lumi,:';ssiw

CHEMICAL FACTORS
. ANOXIC ATMOSPHERE, LIQUID WATER, IONIC

Actiyi Stellar Effects

ectrum

CONCENTRATION, CATALYSTS, ACIDITY, SOURCES OF | Luminosity OrtIt
SR ' ' ~ Outgassing Semi-major Axi Jblateness
SYNTHESIS OF AMINO ACIDS AND NUCLEOBASES AND Therma ol °“|';§n.sm Eccentricity
Magné proai = 0bliquity
'PHOSPHATE, SOURCES FOR MEMBRANES, ENERGY TYPES, Feld | T Planetary Properties ol
CONCENTRATION PROCESSES, STORAGE OF ENERGY, ORGANIC Biology
‘ : Escape
COMPOUND MIXTURES, HOMOCHIRALITY, ENCAPSULATION, i R T
. __Egliien Sincture Inhomogensities o
COMBINATORIAL FACTORS D Ao R adius ooy
N , Isotopi - W Climate Mass Temperatt grcean
ENVIRONMENTAL STRESS TO DRIVE SELECTION, CAPABILITY - Ratios 3¢k opiclding Composition Vveatering

TO SPREAD PROTOCELLS, ENOUGH TIME



TIDAL HEATING MODELS

CONSTANT TIME LAG

TIDAL BULGE FOLLOWS THE MOVEMENT OF BODIES
WITH A TIME DELAY

CONSTANT PHASE LAG

THE AXIS OF THE TIDAL BULGE IS NOT ALIGNED |
WITH THE PLANET-MOON AXIS

ANALYTICAL CALCULATIONS:

TIDAL.LUMINOSITY

MOON EFFECTIVE TEMPERATURES FROM
STEFAN-BOLTZMANN LAW

Ltidal,CPL =—lr=r e

-~
~

-

VA » ¥
Liigar,cTL = 315 i 7 Jm
. 5

k2,m pys) R 5
m

q15/2

2 0

Y ) o o
—
—

~
5

f=v1-é
M>(M, + M, )R>a™

255 A RR e EIS
el s el 4% 3 orror 5
3 16 64
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ECCENTRIC PLANETS AND MOONS

ECCENTR.IC PLANETS . ECCENTRIC MOONS
- MOON ECCENTRICITY GROWS WITH PLANET S A e
ECENTRICITY | : | | ' _ .
. ' MOON ECCENTRICITY UNCHANGED AFTER SN
e <3%107° | ' -
102 _ o 1073
| 8 104 |
10_3‘5 % P :
| ' ' _ 10—5 . o ®
1074, $ SF 1E
= ‘ . . | 1076 : ' : 0 .
Q _ . = . .
10-5. O %
. 1077 o
10-° e 108 '
- |
7l S , 1 | 10-9 e ——
107" 00 0.2 0.4 0.6 0.8 ' 0 1074 1079 1072 10~

' 0
el el



RESONANT SYSTEMS

2:1, 3:1, 3:2 MEAN MOTION RESONANCES

RESONANT CONFIGURATION PERSISTS AFTER SN 300-
g <diie s _ | 250-
' N st S . 200+
E.G.: 2 | ~ -
et - X1 '
/ > - z 150
// o A e X2 ' \\ :
: 2 \ ¢ 1001 -
/ \
: / \ \
. : gy 50-
\ / | 2
\
\ ¢ { /
\ N 2 & g / O



SPECIFIC TIDAL LUMINOSITY AS A URABILITY PROXY

- 1.0
Om =3000 kg m3 : Om=3000 kg m~3 i 25
l [
I
LET'S DERINE URABIIHIPY A s 3 1 20
c ‘ o
=
SPECIFIC TIDAL LUMINOSITY IS 5 15 7
SIMILAR TO THAT ON EUROPA e .
~ OR ENCELADUS
25
| : :
THIS IS ACHIEVED IF g | B
e > 1073 s o
m
qg 15 7
5

12-15% ©F MODELS ARE URABLE
. e




URABILITY BASED ON TEMPERATURE

EXPANDED PARAMETER SPACE 1 04« R
PARSEC STELLAR EVOLUTION MODELS

adus

URABILITY REQUIRES

PRE-SN: T(IRR+TIDAL) < 373 K

POST-SN: T(TIDAL) > 273 K Urabi\it strip

ACHIEVED IF

NOTE: URABILITY DEPENDS ON R TR
COMPOSITION! s - 10 10 10

1.0
Tirr T Ttidal (K) loglo(ap)(‘”



TIMESCALE OF URABILITY '

EQUALS TO THE ECCENTRICITY DAMPING TIMESCALE

IN THE CONSTANT PHASE LAG MODEL

4 M_ ([ a, g u O
D=t
e Mp R n

m
6.
3!

- DEPENDS HEAVILTY -ON PLANET-MOON SEPARATION, & a

SURPASSES THE AGE OF THE SOLAR SYSTEM IF an,', 2 10R, |

10 20 30 40 50
dm (Rp)
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Final eccentricity

BLACK HOLE SUN, .I'.E.. GAIA 3425 '

RED GIANT SLI'AR + "UNSEEN COMPONENT"

ORBIT IS CIRCULAR, BUT WIDE FOR BINARY INTERACTION

WHAT WAS THE PROGENITOR SYSTEM LIKE?
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S
"

SN Il WOULD'VE ENGULFED THE COMPANION

SN IB/C (HIGH E, APOCENTRE) OR FAILED SN REPRODUCE ORBIT

UNSEEN COMPONENT IS MORE LIKELY A BH

T » 'i ‘l oJ
L
Vo= 180° & b " . b
. ¥
] [ a L3
+ | »
. ] o ’
* | 2
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0.4
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FUTURE: SN IN TRIPLE SYSTEMS

A) CIRCUMPRIMARY PLANETS B) CIRCUMBINARY PLANETS

‘STARS CAN TRAP PLANETS IN
SINGLE-STAR ORBITS!

NO STABLE PLANETARY ORBITS! |

C) CIRCUMSECONDARY PLANETS

RUNNING... WANT TO JOIN?

40



PLANET TRAPS

MAIN COMPONENT CAPTURES PLANET

NEW ORBIT: ~ REQUIREMENTS:
g eb > 0,3 , ¥ MSCC Z 4M®

» a,=10*—10°CSE > ¢, > 04
» S PLANET =l Mo

> v, . > 5000km/s

SECONDARY CAPTURES PLANET

NEW ORBIT:

@ eb > 0,3

» a, = 10* = 10°CSE

REQUIREMENTS:

>

Msec Z 2M®
i, > 0,6
PLANET ~ 1 Mg,...

v, < 5000km/s
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