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A multi-scale, multi-physics problem
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A multi-scale, multi-physics problem

from Schneider+20
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In 10 years of business as usual:

Hrom ILLUSTRIS-TNG ~16x cost with 2x increase in resolution

| < 2X computing power increase every 18 months
> 1 Mpc : Factor ~4 gain resolution in 10 years!

from Schneider+20

~ 100 kpc

from Semenov+ 24
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The ‘Subgrid Model’ Family Tree
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Energy- vs. momentum-driving

Talk by K. Zubovas

Reverse shock Shocked wind does not cool:
Streaming wind Shock-heated ambient gas “Energy-driven”
4 —1 : Not the shocked wind! —1
ve ~ 104 kms™! > c. > ( / Vi Vou
\ 0.1c¢ ) \ 1000 kms-!
E King (2005), Zubovas & King (2012), Faucher-Giguere &
— —_— Quataert (2012), Zubovas & Nayakshin (2014), Costa et al.
~ (2014, 2020)
Shocked wind cools:
\5 / \ “Momentum-driven”
Shock-heated wind Forward shock P out/ P ~ 1
T ~ 1.2 x 10" v K King (2003)
3x104kms!

Theoretical expectation is that shocked wind component does not cool radiatively and
outflows should be predominantly energy-driven on large-scales.

Schiano (1985), Silk & Rees (1998), Haehnelt, Natarajan & Rees (1998), King (2003, 2005), Zubovas & King (2012), Faucher-Giguere & Quataert (2012), Costa et al. (2014, 2020), King &
Pounds (2015), Richings & Faucher-Giguere (2018a,b), Zubovas et al. (2024), Ward et al. (2024)
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Measurements of kinetic power and momentum flux commonly used to constrain AGN
feedback mechanism and estimate its impact.




Theory vs. Observations
9

Ward, Costa et al. (2024)
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Mass outflow rate is extremely sensitive to any velocity cut.



Theory vs. Observations
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“Energy-Driven”

5 } “Momentum-Driven”

Momentum flux is low for cool phase, often < L/c even though outflow is energy-driven.



Theory vs. Observations

Ward, Costa et al. (2024)
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Hot (> 107 K) phase is energetically dominant and closest to feedback power.



What this means

Energy Losses Missing Phases Missing Velocities

Ward, Costa, Harrison &
Mainieri (2024)
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Tracing the Hot Bubble
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Cool gas phase “knows” about invisible hot bubble pressure:
scaling relation between cool outflow density and outflow power




Poster by Houda Haidar

Poster by Samuel War

HOUDA HAIDAR, TIAGO COSTA,CHRIS HARRISON,
DAVID ROSARIO & GATOS

DUSTIN
SHOCKS

THE MISSING LINK IN AGN FEEDBACK

AGN-Driven Outflows in a Clumpy ISM

Flatiron Institute)

{“ng%g?gittl; ! EZ=3Newcastle
{.] FLATIROI\! D | %/ University

Samuel Ward (Center for Computational Astrophys
Tiago Costa (Newcastle University), Chris Harrison Newcastle University) & Vincenzo Mainieri (ESO) !
In this study, we perform a series of numerical experiments featunng an idealised
galaxy diso, with 2 controlled distribution of ISM ¢lumps, and a spherical AGN wind

Radial Velogity

Motivation The small-scale AGN wind

oty el JWST Reveals Jet-Driven Dust Heating

. JWST/MIRI imaging of nearby active galactic nuclei (AGN) reveals warm dust
extending up to hundreds of pcs from the nucleus & along AGN-driven winds and jets.
- A striking morphological link between warm dust, [SiVI] emission, and radio structures

! indicate they may be shaped by similar processes.
SINFONE[SiVI] / - SED fitting demonstrates that AGN photoionization alone cannot heat the dust to 150-180

JWST: dust

S0 ne
shock SS0RC
region =

Th v feedback from AGNis an
essenti component of  galaxy
formation simulations. However, these
simulations have limited spatial
resolution, leaving the ISM unresolved,
and rely on phenomenological subgrid
models for AGN feedback that are
calibrated to match population-level
observables ra than derived from
first principles.

launches a kpc-scale
bipolar outflow and a
slower equatorial outflow
travelling through the disc

ationally, quantities such as
momentum boost and kinetic energy
coupling are calculated to understand
the impact of an outflow. However,
these calculations assume a
homogenous medium and shell-like
outflow. In a realistically clumpy ISM,
this shell assumption breaks down,
resulting in incorrect estimates for
these important quantities,

Low-density channels
allow the wind to vent
out of high-velocity
chimneys

model. These are then evolved using the AREPO hydrodynamic code (Springef10).

-

lump)

( L
w

We use the PyFC béékage to create We use the BOLA madel (Costa+20)

Wing Dehsny fractal clouds (Wagner+12) where a sphere of cells is fixed at the
These are shaped into a disc to black hole position

produce a two-phase ISM Mass, momentum and energy fluxes are
We also modify the size distribution of then injeated across the boundary layer
the clouds to explore different ISM +  We use fiducial values of

conditions L = 10%ergsand v = 104k s~

(Haidar+24) &\a Cylze_f; .
A - Haidar,

Number Density

Modelling
dust destruction

sputtering
Radiative cooling g3
results in the initial cold
clumps fragmenting
into small (~10pc)
clouds which become
entrained in the outflow

(Draine&Salpeter79,
i&Mathe

An open question in the field of galaxy outflows is v cold clouds can survive

acceleration without being destroyed. In our simulation, we find small, cold clo

We use the Arepo code (Springel+10) - - R, o / A ; /é
and build on the Ward+24 simulations, L - (\Q i
which model AGN winds (BOLA, Costa+20) e g E \\ x Dubois24)
minteracting with a clumpy ISM. We extend imwmmﬂw,w_x"
this setup by adding dust as a passive
scalarto the gas, allowing us to investigate o/ To accurately capture dust mass loss due to
the conditions under which it can survive. . ' : ¥o . " sputtering, | developed a new 4™ order Runge-
» ¢ S . Kutta integrator, providing a close match to the
9 exact analytical solution at each timestep.

surviving on > 5 Myr timescales. To investigate this, we can use the X-ray emission o
: the gas to trace how the gas is cooling to form these outflowing clouds.

Wae split the gas into three phases

( : and

Efficient radiative ) based on
cooling allows the cold
clumps to survive on
> 5 Myr timescales

and we can trace this o
s 3 In the case of a clumpy ISM, the ISM
cooling using X-rays

phase dominates
X T a. AO t { =
the X-ray emission, confirming that e Senall Cames
this mixing is driving the cooling =5

and survival of the cold clouds. 107 107 107
Ward+ (in prep.) Wind tracer (P)

g tim
onsskics :
4 DIRAC D -~ -
% (dp317, P Costa) - - ; oﬁ the density of the passively
> -

e 7 Dust survival in
AGN outflows

advected wind tracer injected Mixed
2 Mixe
alongside the AGN flux. wind

The clumpy outflow
differs significantly t=2Myr
from a shell-like
morphology

dust

radio = = -
Grain composition & size

influence sputtering timescales:

1) Silicate survives longer | detection
than graphite. threshold

2) Larger grains (>0.1 ym)
endure better than
small ones ( 0.005 pi

ble?

The integrated X-ray emission
ninosity an (0.5 — 10 keV) from this

ro for the mas k £ 7 > =
4 > 3 - process is comparable to that

Cooling Rate

Dust-to-Gas Ratio

produced by

. Dust survives in cool
(SFR =~ 10— 100Mgyr ™).

cloudlets forming in turbulent
mixing layers with cooling
times < sputtering times.

X-rays from the AG!
A wind tracer -7 4.1 itself are still dominant but
B Ny fluid a!lows usto
cools : \?vli’na: tllgl\r:he
interaction spatially resolved by high-
=1 Myr 4 resolution X-ray telescopes such
as Chandra and AXIS:

Under radiative cooling, dust
appear as a point source.

can persist in fast outflows up
to 500km/s.

The mixing region can be

More than just

a passive tracer

Dust survival in outflows probes the coupling of AGN feedback to the ISM and
constrains models of multi-phase structure formation in large-scale outflows.
It also determines the ability of outflows to produce a molecular phase. Its
temperature traces internal heating processes in AGN outflows. Its presence
provides additional channels for AGN feedback (e.g. radiation pressure).
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Dust Survival X-ray emission and high-ionisation lines
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Profound, long-term quenching is difficult, particularly in high-z massive galaxies

Sutherland & Bicknell (2007), Zubovas & Nayakshin (2012), Wagner et al. (2013), Silk (2013), Gabor & Bournaud (2014), Costa et al. (2014b, 2018b, 2020),
Bieri et al. (2015, 2016), Hopkins et al. (2016), Zubovas & Bourne (2017), Nelson et al. (2019), Torrey et al. (2020), Mercedes-Feliz et al. (2023a, b), Sivasankaran et al. (2024)




Radiation pressure-driving

Y  re-emitted IR photons

Costa et al. (2018b)
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Radiation pressure on dust boosts outflows in obscured AGN in compact galaxies. A
great, understudied high-z AGN feedback mechanism.

Fabian (1999), Murray et al. (2005), Roth et al. (2012), Novak et al. (2012), Thompson et al. (2015), Ishibashi & Fabian (2015), Bieri et al. (2017),
Costa et al. (2018a, b), Barnes et al. (2020)



Quenching & Impact on CGM
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Massive galaxy quenching goes hand-in-hand with a suppression of the CGM density:
“Preventive feedback” required for long-term quenching.

Choi et al. (2014), Bower et al. (2017), Davies et al. (2019, 2020), Terrazas et al. (2020), Zinger et al. (2020), Oppenheimer et al. (2020), Ramesh et al, (2023), Voit et al. (2024)



Jets: not just “maintenance”

back most relevant to compact radio sources: [Fhefinteracs Vaoner et al. (2016)
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Jets, in fact, can interact significantly with host galaxy, causing a combination of ejection
and positive feedback (like in “quasar mode”) in addition to regulating cooling.

Wagner et al. (2011, 2012, 2016), Mukherijee et al. (2016, 2018, 2021), Cielo et al. (2008), Mandal et al. (2021), Tanner & Weaver (2022), Talbot et al. (2021, 2022, 2023), Sala et al. (2021),
Husko et al. (2024), Borodina et al. (2025)
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Tanner & Weaver (2022)
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Super-Eddington

Ratio of publications mentioning “super-Eddington” AND either “quasar” or “supermassive black holes”
to publications mentioning either “quasar” or “supermassive black holes” (from ads)
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High-z quasars and AGN have generated growing interest in super-Eddington accretion.



Lupi et al. (2024)

Super-Eddington
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Super-Eddington growth helps not just with producing more massive (even overmassive)
black holes: it helps with suppressing star formation earlier on.

Massonneau et al. (2023), Rennehan et al. (2024), Bennett et al. (2024), Lupi et al. (2024), Juodzbalis et al. (2024), Husko et al. (2025), Quadri et al. (2025),
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Add a boundary surface & model a wind/jet through Almeida, Costa et al. (in prep.)
appropriate boundary conditions. Quasar

Jet

Winds: Costa, Pakmor & Springel (2020), Accretion: Costa, Pakmor & Springel (in prep.)
https://www.mas.ncl.ac.uk/tiago.costa/BOLA_documentation.pdf
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« Mass, momentum and energy fluxes for small-scale wind.
* Large-scale outflow dynamics, energetics and phase structure predicted with high level of physical
detail. Momentum- and energy-driven outflows predicted based on any small-scale wind/jet.



Bridging scales s

Koudmani et al. (2019) Hopkins et al. (2024a, b, c)
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Improvements, e.g. hyper-refinement, now probe >8 orders of magnitude in physical
scale. But restricted to short time-scales or to steady-state solutions.

Curtis & Sijacki (2015, 2016), Prieto & Escala (2016), Costa et al. (2020), Angles-Alcazar et al. (2021), Talbot et al. (2021, 2022), Franchini et al. (2022), Hopkins et al. (2024a, b, c), Cho
et al (2023, 2024), Guo et al (2024, 2025)



Main Lessons
A personal take

Effective AGN feedback has to proceed via energy-conserving outflows.

A single feedback mechanism operates through multiple channels. Line
between “quasar” and “kinetic/maintenance” modes is blurry.

The driving force behind AGN outflows is a tenuous, volume-filling
extremely hot and invisible phase.

Long-term quenching requires clearing out the CGM -> need preventive
feedback. Quenching via ejection only possible with high covering factor
for cold gas and is short-lived unless CGM is also ejected.

* Very confident

Quite Confident

Quietly confident



