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Roman & Some Unsolved Problems In Galaxy Formation
Philip F. Hopkins (Caltech), with Isabel Sands, Sam Ponnada, Raphael Skalidis, Nadine Soliman, Jaeden Bardati



1. Cosmic Rays

SNe/strong shocks
AGN “radio” mode

Power: ~10% ejecta energy 
   (leptons ~ 0.1 x hadrons at GeV)

Power: ~%  of   ?  
    (jet leptons ~ 0.05 - 50 x hadrons at GeV?)

·MBH c2

~ equipartition energy in ISM
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FIG. 4.— Illustration of the LISM radioactive-to-stable ratios (10Be/9Be here) dependence on CR scattering halo size. Each line is a model from static
CR transport code GALPROP (other codes give very similar results; Table 4), marginalizing over all CR transport parameters, loss rate parameters, and free
parameters like streaming/advection speeds, source rate distributions and source spectra (within tolerance allowed by direct SNe observations), magnetic field
strength, etc., fitting to all CR spectra except Be. The models are then used to predict 10Be/9Be. Without an extended CR scattering halo, or in plane-parallel
or leaky box (non-global) models, fitting the grammage X ⇠ ngas c�tres requires production of 10Be continuously alongside 9Be within the disk between source
and LISM, predicting much-too-large 10Be/9Be. In global models with a halo, secondaries produced in the disk at R < R� take longer excursions into the halo
on their way to the LISM, decaying away the 10Be while preserving B/C. So long as the halo size is & few kpc and the model is global, the prediction becomes
insensitive to its size and agrees well with measurements.

TABLE 4
FITS TO LISM CR DATA

Reference Code ↵inj 29
eff,k h�i Hhalo Notes

Di Mauro et al. (2024) GALPROP 1.8-2.4 1-14 0.4-0.7 4.2⇤  varies with height z
Silver & Orlando (2024) GALPROP 2.00-2.37 1.5-3 0.4-0.5 4⇤ Varying injection+losses below GV
Korsmeier & Cuoco (2022) GALPROP 2.3-2.4 3.3-4.3 0.44-0.5 4⇤ Non-negligible convective term
Zhao et al. (2021) GALPROP 2.3-2.36 1-1.5 0.6-0.7 8 (4.8-11.4) Different disk/halo  allowed
Korsmeier & Cuoco (2021) GALPROP 2.1-2.4 1.2-3 0.43-0.55 7 (4-9) Full (LiBeBCNO) fits
De La Torre Luque et al. (2021) GALPROP 2.0-2.4 2.0 0.44 6.9 Fits with Be
De La Torre Luque & Linden (2024) DRAGON2 2.0-2.4 3.1 0.5 8 (6-12) Spiral arms (3D) ! larger , Hhalo
Tovar-Pardo et al. (2024) DRAGON2 2.0-2.4 2.6-2.9 0.49-0.53 4.72⇤ (Weak)  variation with Rgal
De La Torre Luque et al. (2021) DRAGON2 2.0-2.4 2.3 0.42 6.8 Fits with Be
De La Torre Luque (2021) DRAGON2 2.0-2.4 2.2 0.43-0.55 7.1 Sub-GV inversions in ↵inj,  allowed
Ramírez et al. (2024) PICARD 1.9-2.4 1.5 0.4 4⇤ 3D gas models important at low-Ecr
Hopkins et al. (2022b) GIZMO 2.0-2.4 2-7 0.5-0.7 1 CR-MHD cosmological dynamics
Weinrich et al. (2020a) USINE 2.3⇤ 1.2-2.4 0.45-0.55 4-17 Favored Hhalo ⇠ 6 depends on dataset
Weinrich et al. (2020b) USINE 1.8-2.5 0.8-2 0.4-0.6 5⇤ Injection fitted by species
Derome et al. (2019) USINE 2.3⇤ 1.8-2.3 0.45-0.65 10⇤ Varying cross-sections, production
Recchia & Gabici (2024) Custom 1D 2.35⇤ 2.3⇤ 0.7⇤ 4⇤ Inhomogeneous  in disk
Jacobs et al. (2023) Custom 1D 2.3⇤ 2-4 0.4-0.7 7.5 (6.4-8.5) Non-uniform  important
Evoli et al. (2020) Weighted Slab 2.3 2.2-4.5 0.54 9 (6-12) Simplified analytic model, Be fit
a Recent fits to Galactic+LISM+Solar system CR datasets. (1) Study. (2) Code/method: GALPROP/DRAGON2/PICARD solve steady-state

Fokker-Planck in a 3D global galaxy model; USINE/Custom 1D/Weighted Slab use semi-analytic 1D transfer with halo+corrections for global
terms.; GIZMO uses 3D CR-MHD dynamics in an evolving galaxy (includes small-scale turbulent u, B, & streaming v̄A). (3) Estimated injection
slope at &GV, dNcr/d pcr / p

�↵inj
cr (best-fits for set of models considered; ⇤ values fixed from previous studies). (4) Effective

spectrally-integrated, CR path-integrated parallel diffusivity eff,k, in units of 1029 cm2 s�1. (5) Effective �, for �tescape / �1
eff / R�h�i

cr from
⇠ 1�100 GV. (6) CR scattering halo “size” above which CRs free-escape, in kpc. (7) Additional notes.

Example: Cosmic Ray “Weather” / Inhomogeneous Transport
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Voyager 1 & 2

AMS02, PAMELA,  
CALET, etc.

PFH, Butsky+

MW CR ionization: vs. GMC properties

Fitz-Axen+ 24, 25

∞ (Heff ∼ 5)

MW -ray spectra & maps,  
Fermi bubbles, GC excess

γ

Sands+ 25abc 



Consequences in circum/inter-galactic medium?

-1 Mpc

Blue =  
Inflow

-100 kpc

10 kpc

z=0.00

10 kpc

z=0.00

CRs do nothing 
(escape CGM)

green = warm gas
red = hot gas

CR-pressure 
dominated 

(trapped in CGM)

+100 kpc +1 Mpc

Red =  
Outflow

Temperature Map Velocity Streamlines

L* galaxies: Chan+ 19
Quenching: Su+ 19, 20, 21

ISM: PFH+ 20, 21, Chan+ 22
CGM: Ji+ 21,22, Butsky+ 18,22

Eqs/Methods: PFH+ 22,23, Ji+ 22

Iryna Butsky



CR halos?

vcr ∼ vescape, ISM
cr

IX−ray ∝ ∫ ee
cr nCMB

GeV+CMB inverse Compton  keV X-ray→Sam Ponnada Emily Silich

eROSITA 
   observed

MW-mass

M31-mass

2x M31-mass

CRs escaping MW

 Cannot be thermal (tSZ,  
   absorption, spectra,   
   baryon/metal budget): 
 
  Silich+25, Ponnada+25, Zhang+26,  
     Lau+25, Vladutescu-Zopp+25 
 
  (& Yao+10,vandeVoort+16,Romero+17,Chadayammuy+22, 
     Wijers+22,Das+22, Truong+23,Ponti+23,ZuHone+24, 
      Zhang+24,Bhattacharyya+24…) 
 
 
    (TNG, Illustris, SIMBA, Eagle, Flamingos, Smuggle,  
     Magneticum, FIRE, Nihao, Marvels, TEMPEST, Foggie)

• Group scale: “S8 tension”  
      CRs pushing baryons at ~Mpc? 

• Cluster scale: Are cool cores tricking us? 
     new radio + RMs + tSZ + ionization 
         = strong CR pressure & (maybe) IC X-ray?



Group scale: the “S8 tension” Quataert & PFH ‘25

Mhalo ∼ 1013.5 M⊙

simulations without 

   CRs (fit to X-rays)

CRs?



Group scale

Cheng, Ponnada,  
& PFH ‘26

Vary  , ·Ecr(t, x) κeff(t, x)

• /  VERY large ( ) 

•  very low ( ) 

•  too large (  Gyr) 

•  too late ( )

κ vst vst ≫ 1000 km s−1

Ecr ≪ 10−3MBHc2

Δtinject ≫
tinject z ≲ 1

“Weak”:

“Explosive/Thermal-like”:
•  small +  large +  smallκ Ecr Δtinject

“Interesting”:
• everything else?

Mhalo ∼ 1013.5 M⊙

Sun+2009 (X-rays)

No FB

Radius [comoving ]h−1 kpc

Sun+09
 (X-ray)

Universal

No  
FB

G
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z ~ 0
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Hadzhiyska+2025
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Massive Groups & Clusters

PFH, Sands, Ponnada, Silich,  
 Quataert, Sayers 25, 26 



Clusters: What Would This Look Like?

AGN

jets &  
  cavities

CR IC mimics cool core (CC)

no CR-IC,  
  virialized gas

radio 
 minihalo

“injection zones” 
       (GHz+hard)



2. “Bursty” Star Formation & Disk “Settling”

Bright High-z: 
Samuel +22, 23, 26 
Sun+ 23 
Shen+ 23 

Yu+ ‘21

Magenta: cold 
Green: warm (ionized) 
Red: hot

Milky Way Progenitor

Gas

DM Cores/ 
  TBTF:  
Brook+ 12 
Pontzen+ 12 
Onorbe+ 15 
Wheeler+ 15 
Chan+ 15 
Di Cinto+ 16 
Wetzel+16, 18 
Garrison-Kimmel+18 
Lazar+ 20, 24

Stronger Winds/ 
  Missing Sats:  
Walch+15 
Muratov+ 15 
Kimm+ 15 
Martizzi+ 16 
Grudic+ 16 
PFH+ 18

Thick Disks:  
Ma+ 15,16,17,18 
Wetzel+ 16       Gurvich+ 21,23 
Hafen+ 20,21    Yu+ 21, 22

Dwarf kinematics,  
   Z-Profiles, UDGs: 
Wheeler+ 14 
Ma+ 15, 16, 18 
El-Badry+15, 17  
Chan+ 17 
Santos-Santos+ 18 
Mercado+ 21 
Sands+ 24 

SF Scalings: 
Sparre+ 15 
Hayward+ 16 
Flores-Velazquez+21

Sands+24 
(26 in prep)



JWST galaxies not universe-breakers!

“Reference Model” 
(fixed  )M* − Mhalo, LUV/M*

UV Luminosity

SF More  
Efficient

Metallicity 
Effects

Misc.  
Obs 
FX AGN

Burstiness 
(Shen+ 23, Sun+ 23) 

Observed

Shen+ 23

No 
Burstiness

Predicted 
Burstiness 

( )σSFR ∼ dex

Sun+ 23

FIRE (w/o dust)
FIRE (w dust)

“Smoothed” SFRs

Xuejian

(Jacob) Shen



Temperature Gas Density

Stars Stars

200 kpc kpcCan also cause challenges

Seeds Don’t Sink 5

Figure 3. Sample orbits of several test particles (overlaid on top of the mass density distribution, shown in the blue colorscale) in the z = 7 snapshot of
“z5m12b” (upper) and its “spherically smoothed equivalent” (lower) where we take the identical enclosed mass profile Menc(< r) and re-distribute the mass
to be a perfectly-spherically-symmetric potential. The thin lines show the trajectories and the black cross shows the final positions of test particles. We find
that in the high-z galaxy, the most massive test particles do sink to the galactic center within a Hubble time at z = 7 (⇠ 1Gyr), while the low-mass seeds are
simply experiencing chaotic orbits. In the smooth galaxy, the sinking behaviour is not very different for these five samples, yet for the massive seeds which are
able to sink, their sinking time reduces drastically. This suggests that clumpy galactic backgrounds generally inhibit the sinking of massive seeds.

Figure 4. The evolution of the magnitude of the BH velocity as a function of
interaction time for our integration of a 8.7⇥ 107

M� test particle. We see
that in both the clumpy and spherical smoothed galaxy, the velocity decays
within 1 Gyr. But in the smooth galaxy the decay time is lower by about one
order of magnitude than the clumpy case, suggesting again the clumpy and
chaotic nature of early galaxies may drastically increase the sinking time of
seed BHs.

ground potential for our orbit integration. So, by definition, this has
the same spherically-averaged Menc(< r) and circular velocity pro-
file, but no substructure.

In Figure 3 we show several sample orbits for test particles of
different masses in the z = 7.0 snapshot of “z5m12b” overlaid on
its mass density distribution. The orbits in the original snapshots
are shown in the upper panel, while in the lower panel we show
the trajectories integrated from the spherically smoothed version of
this snapshot, with the same test-particle initial conditions. The thin
lines show the trajectories and the black cross shows the final posi-
tions of test particles. The test particles follow chaotic orbits in the
clumpy snapshot with no significant dynamical center (as we would

expect for a high-z galaxy). It appears that for the most massive
test particles M & 108

M�, their velocities significantly decrease
within a Hubble time at z = 7 (⇠ 1Gyr), and their final positions
lie within the very central region of the galaxy. But there is no sig-
nificant sinking for low-mass test particles. In the smooth galaxy
the particles behave similarly, yet it takes a shorter interaction time
for the most massive test particles to sink. The velocity evolution
of one particular test particle of 8.7⇥107

M� is shown in Figure 4,
and it is shown that the velocity decay timescale is about one order
of magnitude shorter in the smooth galaxy compared to the clumpy
galaxy. This suggests that the clumpy nature of early galaxies may
increase the sinking time of seed BHs by an order of magnitude, by
introducing chaotic dynamics to their orbits. In Figure 5 we show
the initial and final positions of all test particles we integrate in
this particular snapshot, and its spherically smoothed version. We
also show their initial and final velocity magnitudes as a function
of mass in the lower panel. In the clumpy galaxy, while the test
particles are randomly distributed in the galaxy initially, those with
M & 108

M� show clustering behaviour near the center after the in-
tegration, and their speeds decay to less than a few kilometers per
second, indicating that they sink to the galactic center after the inte-
gration. The remaining low-mass particles remain scattered around,
with no significant decay of their speeds. The smooth potential re-
duces the minimum sinking mass to ⇠ 107

M�, when test particles
are integrated over an order of the Hubble time at z = 7.

It appears that the clumpy nature of early galaxies may in-
crease the “minimum sinking mass” by one order of magnitude.
It is worth noting that the sinking massive particles in the clumpy
galaxy also do not sink exactly to the same place near the center (as
they do in the smooth galaxy). This implies that a clear definition
of galactic center with resolution of a few hundred pc is still am-
biguous for these galaxies, and has potentially major implications
for the demographics of BH-BH mergers at high redshift.

In Figure 6 we show the initial and final magnitudes of galacto-
centric distance r and velocity v of all our test particles across
different snapshots. The colored points show the final velocities
and distances of test particles while the thin grey lines connect

MNRAS 000, 000–000 (0000)

Linhao Ma 
Sinking (It’s a Big Deal): 2101.02727 
New Dynamical Friction Formula: 2208.12275

• Observed: wandering BHs (in dwarfs) 
• Anchor some seeds: massive star clusters? 
• Form SMBHs “late/massive”: after “settling”?



PFH+Shen et al. 24

(see also Semenov+ 25, 26)What Does Control Bursty-ness? 

Disc-burst tests 7 

MNRAS 00, 1 (2023) 

Figure 1. Images of representative test dwarf galaxy simulations from Table 1 at z = 0. We show mock ugr HST composites with the pink alpha layer 
showing H α emission, projected f ace-on ( fir st from left ) and edge-on ( second ) to the total AM vector, and three-band gas images showing different phases (cold 
gas at ≪ 10 4 K, ma g enta ; w arm at ∼10 4 K, green ; hot at ! 10 5 K, red ; typical densities for the circum-galactic warm and hot phases are ∼ 10 −2 cm −3 and 
∼ a few 10 −4 cm −3 , respectively) face-on ( third ) and edge-on ( fourth ). Rows show different simulations. Top: Default: This produces a system that is spheroidal 
(not discy) and has bursty SF. Second from Top: ρ0 = 10: Adding a more extended deep potential produces results that are spheroidal but with a smooth SFH. 
Third: M 0 = 2: Adding a concentrated central potential/mass profile produces a discy system with bursty SF. Bottom: V 0 = 100: This features a deep potential 
and centrally concentrated mass profile that is discy with smooth SF. 
the star formation model (making star formation less/more efficient 
per freefall time, and/or changing the densities at which gas is allowed 
to turn into stars) has very weak effects on both the ‘burstiness’ of star 
formation and the ‘disciness’ of the resulting galaxies. None of our 
simulations with varied feedback or star formation physics directly 
produces any significant enhancement in ‘disciness’ of gas or stars 
(neither visually nor measured in any way we can quantify it), and 
none produces significantly smoother star formation – in fact, one 
v ariant (lo wering the critical SF density to n crit = 1 cm −3 ) produces 
somewhat more bursty behaviour. We stress that this has already 
been shown repeatedly in previous studies (see discussion abo v e), 
which systematically varied feedback and star formation models and 
assumptions to a much greater extent than we consider in this study 

here. We simply include it here for the sake of completeness and 
because it illustrates some important and potentially non-intuitive 
physics. 

It might seem at first glance as if our extremely weak feedback 
runs ( ηfb ! 0.1 models in Table 1 ) are an exception to this, as they 
form discs and have smooth star formation at late cosmic times. 
Ho we v er, e xamination of their time-history and rotation curves in 
Fig. 5 immediately shows that this is a non-linear effect akin to our 
‘concentrated mass profile’ models. After restart, these simulations 
do not exhibit discs nor smooth SF. Ho we ver, gi ven the weak 
feedback, they form a huge number of stars in each ‘burst’ before self- 
regulating. This builds up an extremely large, compact central stellar 
mass – already in severe violation of any reasonable observational 

Xuejian

(Jacob) Shen



What Does Control Bursty-ness? 

PFH+Shen et al. 24

(see also Semenov+ 25, 26)

100’s of controlled experiments: 
  ARBITRARY: 
     - Cooling curves, temperatures 
     - Masses, gas fractions, accretion rates 
     - Stellar evol times, FB “strength” 
     - SF laws, CGM gas properties, spin 
     - Potential shapes/depths  





Yanlong

Shi

Rapid BH Growth in Dense Clouds 3

Table 1. Initial conditions (ICs) of our “fiducial” reference simulations. Here we show three groups of simulations with low,
medium, and high initial mean surface density (⌃̄0). In each group, the clouds have radii (Rcl) of 5, 50, 500 pc.. Subse-
quent columns give the approximate initial total cloud mass (Mcl), initial free-fall time (tff, c), gas cell mass/resolution (mgas),
Plummer-equivalent force softening for star particles (✏star

soft), and for BHs (✏bh
soft), and additional notes.

⌃̄0 [M�/pc2] Rcl [pc] Mcl [M�] tff, c [Myr] mgas [M�] ✏star
soft [pc] ✏bh

soft [pc] Notes

130 5 104 2 0.005 0.04 0.04
130 5 104 2 0.04 0.09 0.09 No-feedback (low-resolution) variant
130 50 106 6 0.5 0.21 0.21
130 500 108 20 50 0.96 0.31

1300 5 105 0.6 0.4 0.19 0.19
1300 50 107 2 40 0.89 0.31
1300 500 109 6 500 2.06 0.31

13000 5 106 0.2 0.5 0.21 0.21
13000 5 106 0.2 4 0.41 0.31 Varied metallicity test series
13000 50 108 0.6 6 0.48 0.31 Highest resolution; Mbh 2 (10,100)M�
13000 50 108 0.6 50 0.96 0.31
13000 50 108 0.6 400 1.91 0.31 Varied BH seed number test series
13000 500 1010 2 40000 8.89 0.31

Figure 1. An example visualization of the simulations at different scales. The simulation starts with a massive dense gas complex of Mcl = 108 M�, Rcl = 50 pc,
and 2563 resolution, and we choose the snapshot where the seeds have the highest accretion rate. Here we show the distribution of the gas surface density
as the black-red-orange color map. As stars, we show the BH seeds that undergo most significant growth. Left: Visualization of the whole complex; we see
the BHs that accrete most are located at the dense region near the center of the system. Middle: 10 times zoom-in centered on the BH that shows the most
significant mass growth at this time. Right: Further zoom-in of the region near the BH and the velocity field of gas (vectors, length proportional to magnitude
of |~vbh �~vgas|) in the vicinity of the BH. Here the circle denotes the sink radius. We see a dense clump intersecting the sink radius, with a the relative velocity
that is quite small near the BH.

However, as we noted above and will show more rigorously below,
the accretion rates from such diffuse gas are orders-of-magnitude
below Eddington, and (even if well-resolved) would contribute es-
sentially nothing to the total BH accretion in our simulations. There-
fore consider instead the “best-case” scenario for accretion: since
the turbulence in the molecular clouds has rms Mach numbers
Mcl ⇠ vcl/cs ⇠ 10 � 100, radiative shocks can produce regions
with very high densities ⇢ ⇠ h⇢iM2

cl, and low relative velocities
�V . cs (Vazquez-Semadeni 1994; Padoan et al. 1997; Mac Low &
Klessen 2004). Under these conditions, the Bondi radii will be well-
resolved (�r . RBondi) so long as N & M�8 (Mcl/Mbh)

3 – a huge
relief (/ M8) in resolution requirements (which would be easily
satisfied by every simulation in this paper). As we will show, re-
gions akin to this idealized example dominate the actual accretion
in the simulations.

In practice, we choose a sink radius by estimating a “charac-
teristic” Bondi radius bc by assuming Mbh, c = 100M�, and consid-
ering two limits: �V . cs (assuming a mean temperature of 100K,
typical in our simulations) so b1 = GMbh, c/c�2

s , and �V ⇠ vcl � cs

so b2 ⇡ (Mbh/Mcl)Rcl, and then take bc = min(b1,b2). We have ver-
ified in post-processing that in all cases which produce “interesting”
runaway BH growth, the Bondi radii during the phase where the BH
actually accretes rapidly is at least marginally resolved, as expected
from the argument above.

2.2 Initial Conditions

We sample spherical, turbulent, and non-rotating molecular clouds
or cloud complexes with different initial mean surface density
(⌃̄0 ⌘ Mcl/⇡R2

cl ⇡ 100,103,104 M�/pc2) and initial radius (Rcl =
5,50,500pc) following the setup and results of G18, where each
group with the same surface density was shown to have similar
star formation efficiency. Note that these parameters are motivated
by massive, dense star-forming cloud and “clump” complexes seen
in high-redshift galaxies and starburst galaxy nuclei, with only the
smaller and lowest-⌃̄0 clouds analogous to massive GMCs in the
Milky Way. Each initial cloud is uniformly magnetized, we also set
Eturb/|Egrav| = 1 and Emag/Egrav = 0.1, where Eturb, Emag, and Egrav

are the turbulence (kinetic) energy, magnetic field density, and grav-

MNRAS 000, 000–000 (0000)

Kyle 
Kremer

• Hyper-Eddington Accretion: Y. Shi+ ’23 & ‘24 
    Dense massive galaxy nuclei, ~1000x Eddington  
      onto  BHs1 − 100 M⊙

3. “Seeds” & Early Growth of SMBHs:

• Runaway Stellar Mergers: Shi, Grudic, PFH+ ‘21 
   Dense, massive GCs?  

• Dissipative Dark Matter Collapse: Xiao, J. Shen+ 21 
   Up to ~  in extreme early DM halos

≪ 1000 M⊙

108 − 1010

…. or: even more extreme seeds!

Xuejian

(Jacob) Shen



Temperature

Stars

Super-Eddington: IMBHs & LRDs? Shi+24,26 
(also : Biernack+17;  

Rodriquez+20; Bruel+23,25;  
Gonzalez+24; Rantala+26;  

Paiella+25; Spurzem+23; Kritos+24;  
McLean+26; Liempos+26)

9

Pre-star forming giant molecular 
cloud complex with seed BHs.

Stellar feedback destroys the gas 
reservoir and prohibits seed BH 
growth in the complex.

(a) Early star formation with starburst 
and fragmentation into sub-clusters. 
BH growth is dominated by stochastic 
encountering with dense gas clumps.

(b) BH seeds are “captured” in 
subclusters as subclusters rapidly 
hierarchically merge.

(c.1) Mergers make a nuclear star
cluster/proto-bulge, migrating BHs 
rapidly to the center, and pairing
the binaries.

(d) Peaked density profile 
captures and supplies a 
hyper-magnetized, flux-
frozen gas disk which 
sustains super-Eddington 
accretion. Binaries get 
equalized in mass and 
brought further together.

(e) Relics: high-redshift little 
red dots (LRDs) with BH 
accretion or starburst, or dense 
galactic nuclei with an 
overmassive SMBH (e.g., M60-
UCD1). 

(c.2) Proto-bulge grows and 
deepens its potential well, 
triggering further gas inflow.

Low
-surface density

High surface 
density: efficient 
seed BH growth 
is possible

Time

Lo
g 

(M
as

s)

(a)

(b) (c)

(d)

(e)

BH seed
Stars

Figure 5. Illustration of this scenario of seed BH capture, growth, migration, and pairing in the star-forming GMC complex.
The evolution of the star-forming complex is largely determined by the surface density, while low-surface-density clouds are
expelled by stellar feedback, halting possible seed BH accretion (upper left ! lower left). In high-surface-density clouds,
seed BHs may undergo steps (a) ! (e), corresponding to the qualitative trend of star formation and BH mass growth (lower
middle panel; also see Fig. 2). Image credits – M42 (upper left panel): NASA, ESA, M. Robberto (Space Telescope Science
Institute/ESA) and the Hubble Space Telescope Orion Treasury Project Team; M60-UCD1 (panel e): NASA, ESA, and the
Hubble Heritage (STScI/AURA).

a coherent center and angular momentum, so it
forms a large-scale accretion disk extending well
beyond the BH radius of influence (to & pc scales).
Accretion transitions from stochastic/turbulent
clump-clump encounters to disk feeding.

6. As gas is captured with modest pre-existing tur-
bulent magnetic fields, the toroidal field lines
are stretched and form a magnetically-dominated,
flux-frozen disk. The disk pressure comes from the
toroidal field, with plasma � ⇠ 10�3 in the mid-
plane. This stabilizes the disk against catastrophic
fragmentation and star formation and allows it to
exist at all, while simultaneously ensuring strong
Maxwell and Reynolds stresses that support ex-
tremely large accretion rates ⇠ 1 � 10 M�yr�1 for
&Myr timescales, orders of magnitude larger than
the usual Eddington limit.

7. The disk rapidly builds the BH from IMBH to
SMBH masses, reaching & 2⇥106 M� in ⇠ 1 Myr.
Moreover if pairing has occurred, the inner BH
binary appears to undergo the expected process

whereby the secondary accretes more rapidly un-
til the two BHs are brought to nearly equal mass,
and they appear to grow at nearly identical rates,
promoting near equal-mass BH-BH mergers.

This scenario therefore provides a natural explana-
tion for the origins and rapid formation of high-redshift
quasars in the early Universe. It also has critical im-
plications for mergers of supermassive BHs in the LISA
bands, and if the processes above can operate at even
higher mass scales (⇠ 109M�), it could also provide
an explanation for the seemingly-high rate of inferred
SMBH mergers from pulsar timing (Agazie et al. 2023).
We also note that we see a hyper-magnetized, flux-
frozen disk akin to those in Hopkins et al. (2024b) but
under very different physical conditions and with dis-
tinct numerical methods and resolution and detailed
physics treatments (as did e.g. Gaburov et al. 2012)
which suggests these are robust and can indeed power
super-Eddington mass accretion rates. It also demon-
strates that one can quickly reach true supermassive BH
masses without invoking exotic channels such as “direct
collapse” (Volonteri & Rees 2005; Natarajan & Treister
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4. AGN feedback

• Non-equilibrium ion/
atomic/molecular 
thermo-chemistry 

• Multi-band NLTE 
EUV-FIR radiation 
(& opacities) 
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• Self-gravity & high- 
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Figure 2. Disk density contours depicted over five orders of magnitude in scale separation for simulation PRHS at time t =. The full extent of
the disk (outer radius ⇡ 5⇥ 104 rg/6400au) is shown in the top left. Subsequent zoom-ins follow the gas down to the event horizon (black),
shown in the bottom right. We also show the ergosphere (shaded pumpkin-shape) for the nearly maximally rotating (a = 0.9375) BH. In each
panel we also draw contours of the square root of the axisymmetrized poloidal magnetic flux (Eq. 4), with solid/dashed lines indicating loops
of opposite polarity. The large scale (& 200rg/26au) disk contains field loops of alternating polarity, while closer to the horizon the field is
dipolar.

H24 carried out their simulation using the GIZMO (Hop-
kins 2015) code, which is Newtonian and evolves gas quan-
tities on an unstructured mesh of finite elements. H-AMR
(Liska et al. 2022) is a general-relativistic code and uses
a non-uniform grid with both static and adaptively refined
meshes, so our interpolation must negotiate these differences.
We describe this in detail in Appendix A and provide a brief
overview here.

We remap the following GIZMO quantities: the gas density
(⇢), the thermal+radiation pressure (pt+r ⌘ pt + pr), the veloc-
ity (vi), and the magnetic field (Bi). H-AMR evolves the gas
internal energy density, ug, which we relate to the GIZMO
pt+r via the equation of state for a perfect, ideal gas,

u(H-AMR)
g = p(GIZMO)

t+r /(� - 1), (1)

where we are converting the sum of radiation and thermal
pressure in GIZMO to the thermal pressure only in H-AMR.
This is justified since the emission timescales in the disk are

short, so the radiation module in H-AMR rapidly converts
thermal energy into radiation. Since pr � pt through much
of the disk, we adopt an adiabatic index � = 4/3 in Equation
1.

We interpolate to H-AMR by first organizing the GIZMO
resolution elements into a tetrahedral mesh using the soft-
ware TetGen (Si 2015). We load this mesh into H-AMR, and
then find the tetrahedron that hosts each H-AMR grid point.
Then, we interpolate the data associated with the tetrahedron
onto the grid point. Afterwards, we transform the interpo-
lated vector quantities (Bi, vi) into spherical coordinates. We
then transform the vectors from Newtonian spherical coordi-
nates to general-relativistic coordinates via the relation,

Bi =
p

giiBi,

vi =
p

giiui,
(2)

where Bi is the contravariant magnetic field vector, ui is the
contravariant four-velocity, gµ⌫ is the covariant metric, Latin

Kaaz+ 24To the horizon!

Nick Kaaz
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Figure 5. Top row: 1D rms Mach number in gas with T > 107 K (averaged over the last 50 Myr of the runs) as a function of radius for the non-overheated
quiescent runs. Bottom row: 1D rms velocity dispersion for the same gas. All thermal and CR jets with 6 ⇥ 1043 erg s�1 result in a similar boost of the
turbulent velocity, reaching . 400 km s�1 in the core region, which is slightly higher than the (limited) observational constraints. Kinetic jets with wide
opening-angle or precession also boost the turbulent velocities to a similar value, and the velocity boosts extend to larger radii. Long-precession-period jets
(100 Myr) further boost the turbulent velocity around 10-70 kpc when the opening-angle reaches 30-40�, but only by a factor of . 2. The ‘CR6e42’ run has
slightly lower turbulent velocities, roughly 100 km s�1, which is broadly consistent with observations of the Perseus cluster (Hitomi Collaboration et al. 2016,
2018).
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Active galactic nucleus (AGN) jets can suppress cooling 
flows (and therefore quench star formation) in massive 
galaxies if the following three criteria are met. 

1. Moderate jet energy flux
Enough energy for cocoon expansion to balance gas 
cooling, but not so much energy as to exceed escape 
velocity at Rcool.

2. Long cooling time within jet cocoon
Longer than time to reach Rcool.

Can be achieved by thermal or kinetic jets
with high specific energy or CR jets.

3. Wide jet cocoon
Width of cocoon at Rcool is enough to suppress
the cooling flow over a wide solid angle.

Can be achieved by jets with a high non-kinetic component, 
very light kinetic jets, or jets with initially wide angles.

tcool[Rcool] > texpansion[Rcool]  

~
Rcocoon

zcocoon Rcool
>  1

½RR2coolv3exp >  Etot,J >Mcoolv®[Rcool]2~ ~

Cooling flow suppressed

Cooling radius (Rcool)

Figure 6. A cartoon picture of the criteria for successful jet models.
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Garrison-Kimmel+ (arXiv:1806.04143)
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or “cusp core” problem[s]
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Many Morphological Types “Straightforward”
Ma+ ‘16

El-Badry+ ’17, 18



Example: Diversity Problem & Rotation Curves Oman+ 15, 
SPARC+ 17/18/19/20, 

Sales+ 22
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Example: Diversity Problem & Rotation Curves Oman+ 15, 
SPARC+ 17/18/19/20, 

Sales+ 22
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Star formation 
histories

Dense Objects (at low masses) are Actually the Challenge
ONE SUBSET OF THE “DIVERSITY” PROBLEM?

The dense
things are hard!

Shen+ ’21,22

CCDM has no problem
making fluffy things

FIRE Dwarf



Baryons self-regulate: many predictions are surprisingly robust
GOOD AND BAD FOR US

Shen+ ’21,22

Wheeler+ 19

Applebaum+ 21
Munshi+ 21

Outmezguine+ 22

Jiang+ 22

Necib+ ’19

Size vs Mass

Dispersion/Rotation
vs Size

Velocity vs Size

Fitts+ ‘18

Bullock & Boylan-Kolchin ‘17



Highly Non-Monotonic Behaviors Shen+ ’21,22

(also Alysons talk)
eSIDM: 

low ! intermediate ! high !very low !
cusps

(CDM-like) small cores big cores cusps
(gravothermal)

dSIDM
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