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FROM THE DEATH OF STARS TO THE DAWN OF LIFE
HOW STABLE ARE PLANETARY ORBITS AROUND A SUPERNOVA?  

   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?  

            IS THE EXCEPTIONALLY HIGH ECCENTRICITY OF WOLF-RAYET BINARIES PRIMORDIAL?
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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 
    REGÁLY, FRÖHLICH & VINKÓ (2022), FRÖHLICH, REGÁLY &  
     VINKÓ (2023), REGÁLY, FRÖHLICH & VINKÓ (2025), FRÖHLICH  
     & REGÁLY (2025)

SHUTTERSTOCK
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PLANET COMPANION

PSR PLANETS

ROGUE PLANETS

LONESOME NS

SN II PROGENITOR

PULSAR PLANETS
REGÁLY, FRÖHLICH & VINKÓ (2022)
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ANALYSIS 
 
  INITIAL CONDITIONS:  

    ORBITAL ELEMENTS, MASSES, EJECTA SPEED 
   POST-EXPLOSION PARAMETERS: 
    NEW ORBITAL ELEMENTS:  

    COMPONENT VELOCITIES

𝑎, 𝑒

NUMERICAL SIMULATIONS  
 
   SELF-WRITTEN N-BODY CODE 

8TH ORDER RUNGE–KUTTA INTEGRATOR 
HOMOLOGOUS, SPHERICALLY SYMMETRIC ENVELOPE EXPANSION 
VARIABLE CENTRAL MASS: 𝑀in,i(𝑡) EXAMPLE SIMULATION:

VARIABLE MASS FEW-BODY PROBLEM
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~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

PULSAR PLANETS

DETLEV VAN RAVENSWAAY

14



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 IT!
SHUTTERSTOCK/UNIVERSAL BLACKPINK REDDIT/MIDJOURNEY
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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

NASA JPL
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PLANET-MOON SYSTEMS

PLANET

MOON

SN PROGENITOR

Moon

Rogue planet

Lonesome NS

FRÖHLICH & REGÁLY (2025)

MOON

ROGUE PLANET

LONESOME NS
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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

PLANET-MOON SYSTEMS
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BLACK HOLE SUN, I.E. GAIA 3425

PLANET / STELLAR COMPANION

NS - GIANT STAR

BH - GIANT STAR

SN II PROGENITOR

REGÁLY, FRÖHLICH & VINKÓ (2025)
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ORBIT TOO WIDE FOR BINARY INTERACTION 

SN II WOULD’VE ENGULFED THE COMPANION 

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

UNSEEN COMPONENT IS MORE LIKELY A BH

BLACK HOLE SUN, I.E. GAIA 3425

SHUTTERSTOCK
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BINARY PROGENITOR

NS-STAR BINARY

LONESOME NS AND STAR

DOUBLE NS

LONESOME NSS

DOUBLE SN II EXPLOSIONS
FRÖHLICH, REGÁLY & VINKÓ (2023)
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~4.5% FORM DOUBLE NEUTRON STAR SYSTEMS 

REQUIRE ECCENTRIC, NEAR-APOCENTRE EXPLOSIONS 

ORBIT CIRCULARISATION IS POSSIBLE 

BUT: NEED ORBIT-SHRINKING MECHANISM!

NASA

DOUBLE SN II EXPLOSIONS
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ECCENTRICITY IN WR BINARIES
FRÖHLICH & REGÁLY (2026)

WR STAR

CIRCULAR ORBIT
CIRCULAR ORBIT

ECCENTRIC ORBIT
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SIGNIFICANTLY HIGHER E THAN FIELD BINARIES 

NEITHER CONTINUOUS, SLOW MASS LOSS OR TIDALLY-

ENHANCED MASS LOSS CAN DRIVE OBSERVED E 

ECCENTRICITIES ARE PRIMORDIAL

ECCENTRICITY IN WR BINARIES

LIEB ET AL (2025)
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LOOK UP!

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

CLOSEST ENCOUNTER 2029.04.13 (FRIDAY) - APOPHIS SEEN AS A 3MAG STAR CROSSING THE SKY IN A FEW HOURS
25



TAKE-AWAYS…

SN II 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
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HOMOLOGOUS EXPANSION

HOMOLOGOUS MEANS THAT… 

SPEED OF LAYERS IS A LINEAR FUNCTION OF DISTANCE FROM STAR,   

OUTERMOST LAYER TRAVELS WITH A CONSTANT SPEED,  

ENVELOPE DENSITY PROFILE DOESN’T CHANGE WITH TIME

𝑣 ∼ 𝑟

𝑣max

VARIABLE CENTRAL MASS 

T0 – ALL MASS WITHIN COMPANION ORBIT 

T1 – ENVELOPE CORE WITHIN COMPANION ORBIT 

T2 – ENVELOPE CORE PARTIALLY/FULLY OUTSIDE COMPANION ORBIT

             Regály, Fröhlich & Vinkó (2022)
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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!

PSR PLANETS AND ROGUE PLANETS
Regály, Fröhlich & Vinkó (2022)
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SEMI-MAJOR AXIS GROWS DURING BOTH SN 

SECOND SN CAN CIRCULARISE ORBITS 

FOR A DNS: ECCENTRIC,  

    NEAR-APOCENTRE TIMING 

KNOWN SYSTEMS WERE NOT FORMED THIS WAY! 

NEED A MECHANISM TO SHRINK ORBITS 
    (I.E. BINARY INTERACTION)

DOUBLE NEUTRON STAR SYSTEMS
Fröhlich, Regály & Vinkó (2023)
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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?
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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,  
  MINERAL INVENTORIES, HYDROTHERMAL ACTIVITY 

❖ CHEMICAL FACTORS 
  ANOXIC ATMOSPHERE, LIQUID WATER, IONIC  
  CONCENTRATION, CATALYSTS, ACIDITY, SOURCES OF 
ORGANICS,  
  SYNTHESIS OF AMINO ACIDS AND NUCLEOBASES AND  
  PHOSPHATE, SOURCES FOR MEMBRANES, ENERGY TYPES,  
  CONCENTRATION PROCESSES, STORAGE OF ENERGY, ORGANIC  
  COMPOUND MIXTURES, HOMOCHIRALITY, ENCAPSULATION, 

❖ COMBINATORIAL FACTORS 
  ENVIRONMENTAL STRESS TO DRIVE SELECTION, CAPABILITY  
  TO SPREAD PROTOCELLS, ENOUGH TIME
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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
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❖ ECCENTRIC MOONS 

❖  

❖ MOON ECCENTRICITY UNCHANGED AFTER SN

Δem ≲ 10−4

ECCENTRIC PLANETS AND MOONS

❖ ECCENTRIC PLANETS 

❖ MOON ECCENTRICITY GROWS WITH PLANET 
ECENTRICITY 

❖ 𝑒𝑚 ≤ 3 × 10−3
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RESONANT SYSTEMS

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

❖ RESONANT CONFIGURATION PERSISTS AFTER SN 

❖ 𝑒𝑚 ≤ 4 × 10−2

x2
x1E.G.:

35



SPECIFIC TIDAL LUMINOSITY AS A URABILITY PROXY

❖ LET’S DEFINE URABILITY AS: 

❖   SPECIFIC TIDAL LUMINOSITY IS  
  SIMILAR TO THAT ON EUROPA  
  OR ENCELADUS 

❖ THIS IS ACHIEVED IF 

❖  

❖ 12-15% OF MODELS ARE URABLE 

em ≳ 10−3
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URABILITY BASED ON TEMPERATURE

❖ EXPANDED PARAMETER SPACE  
PARSEC STELLAR EVOLUTION MODELS 

❖ URABILITY REQUIRES 

❖ PRE-SN: T(IRR+TIDAL)  373 K 

❖ POST-SN: T(TIDAL) > 273 K 

❖ ACHIEVED IF 

❖  

❖ NOTE: URABILITY DEPENDS ON 
COMPOSITION!

≲

𝑒𝑚 ≥ 0,1

Urability strip
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TIMESCALE OF URABILITY

❖ EQUALS TO THE ECCENTRICITY DAMPING TIMESCALE 

❖ IN THE CONSTANT PHASE LAG MODEL 

❖     

❖ DEPENDS HEAVILTY ON PLANET-MOON SEPARATION,  

❖ SURPASSES THE AGE OF THE SOLAR SYSTEM IF 

𝜏e =
4
63

𝑀m

𝑀p ( 𝑎m

𝑅m )
5 𝜇̃ m𝑄m

𝑛

∝ 𝑎6.5
m

𝑎𝑚 ≳ 10𝑅𝑝

 yr𝜏𝑒 = 4,5 × 107
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RED GIANT STAR + “UNSEEN COMPONENT”  

ORBIT IS CIRCULAR, BUT WIDE FOR BINARY INTERACTION 

WHAT WAS THE PROGENITOR SYSTEM LIKE?

BLACK HOLE SUN, I.E. GAIA 3425
SN II WOULD’VE ENGULFED THE COMPANION 

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

UNSEEN COMPONENT IS MORE LIKELY A BH 

      
      SN II                                                  SN IB/C Regály, Fröhlich &

 V
inkó 2025
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FUTURE: SN IN TRIPLE SYSTEMS

B) CIRCUMBINARY PLANETS C) CIRCUMSECONDARY PLANETSA) CIRCUMPRIMARY PLANETS

NO STABLE PLANETARY ORBITS!
STARS CAN TRAP PLANETS IN  

SINGLE-STAR ORBITS!
RUNNING… WANT TO JOIN?
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PLANET TRAPS

REQUIREMENTS: 

‣  

‣  

‣ PLANET ~  

‣

Msec ≥ 2M⊙

ebin ≥ 0,6

1MEarth

vmax < 5000km/s

REQUIREMENTS: 

‣  

‣  

‣ PLANET ~  

‣

Msec ≥ 4M⊙

ebin ≥ 0,4

1MJup

vmax > 5000km/s

NEW ORBIT: 

‣  

‣

eb > 0,3

ab = 104 − 105CSE

MAIN COMPONENT CAPTURES PLANET SECONDARY CAPTURES PLANET

NEW ORBIT: 

‣  

‣

eb > 0,3

ab = 104 − 105CSE
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