
Active Galactic Nuclei disks:

The largest population of planets in the Universe?

Wladimir  Lyra

New Mexico State University

Las Cruces NM, USA

StarPlan, May 27th, 2026





3



4

Credit: LIGO/Caltech/MIT/R. Hurt (IPAC)

Gravitational wave event GW 190521

Possible EM counterpart

Flare alert:    ZTF19abanrhr 

AGN:     J124942.3+344929 

- z~0.438

- LIGO 78% spatial contour

Peaked ~50 days later

Abbott et al. (2020), Graham et al (2020)

Hierarchical merging

First intermediate-mass black hole

Progenitors not products of stellar evolution. 

Suggest progenitors themselves result from previous mergers
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Active Galactic Nuclei accretion disks

Lyu & Rieke (2022)



Structure of AGN Disks 

Broad lines and narrow lines

Broad lines, Hα, Hβ, Mg: 1,000–10,000 km/s
Narrow lines, [ΟΙΙΙ], [NII] : 100–1000 km/s

(broad and narrow lines)

(only narrow lines)

Runco (2015)



Structure of AGN Disks 

The dust torus

Strong mid-infrared bump, hot and warm dust (~<1500K), 10 μm silicate feature.

Sajina et al. (2022), Lyu & Rieke (2022)



AGN Unification 

List of acronyms

LERG: Low excitation radio galaxy

HERG: High excitation radio galaxy
BLRG: Broad Line Radio Galaxy

SSRQ: Steep-Spectrum Radio Quasar

FSRQ: Flat-Spectrum Radio Quasar
OVV: Optically Violently Variable

NLRG: Narrow Line Radio Galaxy

NELG: Narrow-Emission-Line Galaxy
QSO: Quasi-Stellar Object (Quasar)

Thorne et al (2022)



Supermassive Black Hole in the Galactic Center



Supermassive Black Hole in the Galactic Center



A cartoon AGN accretion disk



The AGN channel for black hole mergers

The AGN nuclear cluster Migration Traps

Circumstellar Disks

McKernan et al. (2011, 2012, 2014, 2018, 2019), Leigh et al. (2018), 
Secunda et al. (2019, 2020), Nasim et al. (2023), Cook et al. (2026) 

Lyra. Paardekooper & Mac Low (2010)

Horn, Lyra, 

& Mac Low 

(2012)



Why can’t we simply 
sed ‘s/protoplanetary/AGN/g’

Ionization
• AGN fully ionized; ppdisks poorly ionized

Relativity
• Unimportant in ppdisks, 
• But even for AGNs only important for the central engine

Retrograde and highly inclined orbiters
• Inexistent in ppdisks

Feeback
• Stellar (SN) / sBH



Structure of AGN Disks

The Sirko-Goodman model

Sirko & Goodman (2003)
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Hopkins et al. (2024)

Magnetized dust torus

• Hopkins et al. (2024) “flux-frozen” disk 

• Cosmological simulations resolving galaxy and AGN torus

• Magnetic flux is brought in from the galaxy

• Generates a magnetically supported torus of β<<1

• Cold enough to allow for dust

• High Q prevents catastrophic star formation



Base (magnetized) AGN disk model



Fragmentation and Drift

vfrag = 1 m/s

m



Fragmentation and Drift

vfrag = 10 m/s

StSI = 10-2

Possible, but may hit AGN lifetime

vfrag = 1 m/s

StSI = 10-3

Higher fragmentation speed threshold

Lower streaming instability St clumping threshold



Mass of Filaments

Yang & Johansen (2016), Li et al. (2018), Liu et al. (2019), Lorek & Johansen (2022), Schafer et al. (2024)

width

length

column
density



Typical planetesimal mass

Schafer et al. (2017), Liu et al. (2020), Klahr & Schreiber (2020)

Liu et al. (2020)

Klahr & Scheiber (2020)

Thermal mass propto Mh3

Typical masses

• From Jupiter masses to solar masses

• Pure dust

• Structure? 

• Degenerate interior

• Magma ocean surface





Exotic objects: stellar mass objects of pure dust





Planets per filament



Cumulative number of planets

2 x 105 – 3 x 106 planets per AGN



Solar System Analogy: Kuiper Belt



Fate of the seeds – Pebble accretion?

Mp, iso – pebble isolation mass

mp – typical planetesimal mass

M2D – 3D/2D transition

MHB – Hill-Bondi transition

MBG – Bondi-Geometric transition

• Seeds generally start at 3D Bondi

• Rarely get to 2D accretion

• Pebble isolation mass beyond hydrogen burning limit
• If gas accretion occurs, pebble accretion 

is terminated by stellar feedback, not by 
gap opening.



Pebble accretion

Progression from: 

Hill, Hill/Bondi, Bondi, and Bondi/Geometric

as the central mass object decreases



Pebble accretion

vfrag = 10 m/s

Higher Stokes number means 2D accretion becomes possible

Efficient 2D Hill accretion on much of the parameter space of 109 Msun SMBH



Concurrent pebble and gas accretion

vfrag = 10 m/s

vfrag = 1 m/s

Negligible gas accretion

Also low dust accretion

Significant pebble and gas accretion

Possible “core accretion” channel

for star formation.

Ratio mxy /mz propto mp
2

Gas accretion will catch up 

if mz increases by factor ~30

. .

Pollack et al. (1996)



“Core accretion” channel for star formation

ChatGPT
“hallucination slide”



Previous work

Wada et al. (2019, 2021)

Based on the fluffy pebble model



Conclusions

• AGN dust tori are cool enough for dust survival

• Regions of the parameter space allow for grain growth, 

• Other regions grind down dust grains

• Streaming instability can be triggered across a wide range of SMBH masses 

(10⁷–10⁹ Msun)

• Filaments contain solar masses of pure dust.

• Tens of millions of "planetesimals" can form per AGN disk, ranging from 

Earth to super-Jupiter masses

• Largest planet population in the universe 

• Planets are born predominantly in the 3D Bondi pebble accretion regime, 

with mass-doubling times of 10³–10⁷ yr 

• Core accretion channel for star formation: Gas accretion occurs 

concurrently; crossover mass can be reached.

• Massive enough objects can collapse into IMBHs (>300 Msun)

•AGN tori a plausible IMBH formation site 

• Pebble isolation mass exceeds the hydrogen burning limit

• Accretion is halted by stellar feedback, not gap carving 

• Exotic stellar-mass objects composed of pure dust: "degenerate lava drops" 

with no known analogs 

• Observational tests: search for occultation and microlensing signatures in 

AGN X-ray/UV lightcurves
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