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(14] AGN feedback: The interactions of AGN radiation, jets and winds with the host galaxy

The supermassive black holes in the centers of galaxies accrete gas and launch jets, fast winds, or emit
copious amounts of radiation. The jets, winds, and radiation may impact the gas in host galaxy on scales
ranging from fractions of parsecs to hundreds of kiloparsec. This cycle of matter and energy affects the
evolution of galaxies and is termed the “feedback cycle of galaxy formation”. It leads to a regulated history of
star-formation, evidenced through the luminosity functions of galaxies, and to the co-evolution of the central
supermassive black hole and the galaxy, evidenced through the scaling relations such as the Magorrian
relation. We are pursuing a numerically intensive project running 3-dimensional relativistic hydrodynamic and
radiation-hydrodynamic simulations with multiphase gas aimed at elucidating the physics of the mass and
energy transfer in the feedback cycle and the effects of jets, winds, and radiation on star-formation and black

hole accretion. In recent work we:

1. studied the interstellar medium in the late-stage gas-rich galaxy merger NGC 6240 using a suite of
emission-line maps at very high resolution from the Hubble Space Telescope, Keck with Adaptive Optics,
and the Atacama Large Millimeter/sub-millimeter Array (ALMA). NGC 6240 hosts a superwind driven
by intense star formation and possibly two active nuclei; the outflows produce bubbles and filaments seen
in shock tracers from warm molecular gas to optical mildly ionized gas and hot highly ionized plasma

(see Fig. 5). In the most distinct bubble, we discovered that the molecular clouds are partly shielded

- 8-
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and survive all the explosive activity. The data in this work have provided in depth interpretations of
how multi-phase galactic gas is affected in galaxy collisions and the AGN feedback and star formation
mergers trigger. The results are summarized in Medling et al. incl. Wagner 2021, ApJ 923 2 160;

. discovered a spatially resolved, massive molecular outflow, carrying 75% of the gas in the central region
of the host galaxy of an AGN hosting a radio jet, B2 0258+35. The outflow coincides spatially with
the radio jet 540 pc offset from the core, unambiguously pointing to the jet as the driver of this
phenomenon. The modest luminosity of the radio source confirms predictions of our simulations that
jets of low-luminosity radio sources carry enough power to drive such outflows and significantly affect
nuclear gas reservoirs in their host galaxies. Figures 6a and 6b show the black hole jet interacting with
the gaseous disc and dispersing the gas in the central nuclear region of the galaxy. Sources such as B2
0258-+35 comprise the majority of the radio AGN population and represent an important mechanism of
the co-evolution of black holes and galaxies. These results were published in Nature Astronomy, with
our simulation results used as the cover illustration of the issue (Murthy, S., Morganti, R., Wagner, A.
Y. et al. 2022, Nature Astronomy, 6, 488 — 495);

. constructed models of the putative Milky Way AGN jet that is thought to have inflated the FERMI
bubbles. We identify vestiges of the interaction of the jets with the circumnuclear disc as well as clouds
on ~ 100 pc scales. We have constructed the first models to reproduce the new MeerKAT radio data
and eROSITA X-ray data of the inner regions of the FERMI bubble (see Fig. 7).These results have
been published in a very detailed Astrophysical Journal paper (G. N. Cecil, A. Y. Wagner, et al. 2021,
ApJ, 922, 2). The results provide predictions for the properties of the central supermassive black hole
of our galaxy (Sgr A*) inferred from recent Event Horizon Telescope observations, in particular the

black hole spin axis orientation;

4. established how AGN jet driven turbulence in gas-rich disc galaxies modify the star-formation rate

in the disc. The statistical theory of star-formation is built around the statistical properties of the
turbulent molecular clouds in which stars form. We applied this statistical theory of star-formation

to the turbulent discs of our simulated radio-galaxies and found that the effect of the modification of
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6: Simulated velocity maps resulting from jet-interstellar-medium

interactions of the gaseous disc in the galaxy B2 0258+35.
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(a) Superposition of multi- (b) Simulations of the remnants of the putative Milky Way jet that has interacted
wavelength  observational with the circum-nuclear disc. The jet slowly ablates gas from the circum-nuclear disc
evidence of jet-ISM in- and creates a highly turbulent environment. In cases where the disc is clumpy, the gas
teractions in the Milky fragments due to thermal instability and forms dense filaments. Some of the features
Way of our galaxy. The of the interactions may explain anomalous features seen in ALMA observations of the
cone shows our inferred jet circum-nuclear disc.

orientation.

7: Observational and simulation results from our hunt for signatures of the Milky Way’s putative central

black hole jets.

turbulence by the jets on star formation is complicated but non-negligible. Depending on the orientation
of the jet, star-formation can be slightly suppressed or slightly enhanced compared to the case without
jets. This is the first quantitative study of feedback by AGN-driven turbulence, which may prove to be
a new mode of AGN feedback, important in the majority of intermediate and low-mass galaxies which
tend not to harbour powerful AGN. These results were published in Mandal, A. et al, incl. Wagner, A.
Y., 2021, MNRAS, 508, 4, 4738.
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