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研究成果の概要（和文）：銀河が衝突・合体し、星間ガスから多くの星が生まれることで銀河は成長していく。
銀河の中心のブラックホールは時折、ジェットを放出し、銀河内の星の形成速度を変化させる。この現象は、銀
河と中心ブラックホールの共進化における重要なプロセスであるが、よく理解されていない。従来は、ジェット
がガスを吹き飛ばし、星形成を一時的に停止させると考えられていたが、そのためには高いジェットパワーが十
分な頻度で発生する必要がある。本研究では、3次元高解像度シミュレーションを用いて、低出力ジェットでも
有効な新しいフィードバック過程を発見した。それは、ジェットが星間ガスの乱流を誘発し、銀河の星形成に影
響するというものです。

研究成果の概要（英文）：Over cosmic time, galaxies grow as more stars form from interstellar gas, 
and as galaxies collide and merge. At the center of each galaxy is a black hole that also grows as 
it accretes interstellar gas, stars, and other black holes.The black holes occasinoally emit 
extremely powerful jets that impact the gas in the galaxy and changes the rate at which stars form 
in the galaxy. This phenomenon, termed active galactic nucleus feedback, is an important process in 
the coordinated evolution of galaxy and central black hole, which is not well understood. 
Conventionally, it was though that the jets drive out gas which temporarily halts star-formation. 
However, this requires high jet powers occurring often enough to be effective. We have, through our 
work using 3D high-resolution simulations, discovered a new mode of feedback which is effective also
 for low-powered jet: the jets induce and modify the turbulence in the interstellar gas which 
affects the star-formation in the galaxy.

研究分野： Astrophysics

キーワード： galaxy evolution　HPC　supermassive black holes　interstellar medium　relativistic jets　turb
ulence　CFD

  １版

令和

研究成果の学術的意義や社会的意義
Our discovery that supermassive black holes at the center of galaxies can affect the turbulent 
galactic gas dynamics through jets has not been appreciated or investigated prior to our work. Our 
models have direct implications for the understanding of how, when and where stars in a galaxy are 
born.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

 

The current universe is filled with galaxies with an immense diversity of sizes, masses, 

morphologies, stellar content, and interstellar matter. The galaxies formed at different 

epochs and with different stars, colliding and merging, and producing more and more stars 

from interstellar gas. Galaxy formation and star-formation would be runaway gravitational 

processes were it not for galactic scale outflows driven by jets and radiation from the 

supermassive black holes (SMBH) that exists at the center of every galaxy. This SMBH 

“feedback” process was thought to be the primary mechanism by which SMBH control the 

star formation in a galaxy, as implied by the tight relationship between black hole mass and 

galaxy bulge velocity dispersion, called the M-σ relation, and the co-evolutionary growth of 

SMBH and galaxy as evidenced by evolution of the SMBH accretion rate and star-formation 

rate over cosmic time. 

 

Observations and simulations have shown, however, that driving sufficiently strong outflows 

of molecular gas – the source of star formation – through SMBH jets is not an easy feat 

because the molecular clouds are very dense and they compactify into clumps when hit and 

compressed by diffuse fast-flowing jet plasma. A complete theory of jet-mediated SMBH 

feedback has been eluding astrophysicists. 

 

 

２．研究の目的 

 

Our group has been at the forefront of performing simulations of SMBH jet feedback and, for 

the reasons stated in §1, we saw the need to investigate a new channel of feedback that 

occurred to us: the modification of turbulence in molecular clouds through interactions with 

jets. This theory has never been posited or explored before, but it is a strongly motivated 

hypothesis because star-formation in molecular clouds is known to be regulated by the 

turbulence; if SMBH jets can modify molecular cloud turbulence, they can control the star-

formation rate in the galaxy. An attractive feature of this hypothesis is that it may work very 

well even for low-powered jets, which fail to launch outflows. 

 

The aim of this project was, therefore, to examine the possibility that, instead of driving 

outflows, the jets precipitate and modify the turbulence of the interstellar gas, which, in turn, 

affects the star-formation rate. 

 

 

３．研究の方法 

 
The objectives to reach the aims in §2 were to conduct a series of high-resolution relativistic 

magnetohydrodynamic simulations of jets interacting with a galactic disc containing clumpy 

dense interstellar gas, representing molecular clouds, and to compare these with 

observations of galaxies in which jet feedback appears to be operating without creating 

massive outflows. The steps included: 

1. Construct initial conditions of a magnetized two-phase interstellar medium and 

magnetized jet; 

2. Perform simulations with the magneto-hydrodynamical code PLUTO; 

3. Analyze magneto-hydrodynamical simulations in terms of how jets modify 

thermodynamics and the turbulence in the interstellar medium; and 

4. Compare analysis results with new observations of galaxies hosting young jets. 

 
 
４．研究成果 
 
The main outcome of this research was summarized in the papers Meenakshi et al. (2022a,b), 

Mandal et al. (2021), Nesvadba et al. (2021), Murthy et al. (2022), and Audibert et al. (2023).  

 

Our simulations and analysis showed that SMBH jets affect the star-forming gas in galaxies 

in was that radiation cannot (Meenakshi et al., 2022a) and in much more dynamically 



complicated ways than previously known (Meenakshi et al., 2022b; Mandal et al., 2021). The 

key new insights gleaned were as follows: 

 

1. Shocks driven by jets are much more effective in ionizing dense, star-forming gas 

than radiation from SMBH accretion discs (Meenakshi et al., 2022a). 

 

2. We have discovered that plasma percolating through the porous interstellar medium 

compress and disperse clouds in a manner that modifies the turbulence within. This 

has profound effects on when, where, how many, and how fast stars form in the galaxy 

(Mandal et al., 2021). This is a novel, distinct form of feedback by SMBH that has 

never before investigated theoretically in the literature. 

 

3. The new theory of SMBH jet-regulated turbulence appears to be operating in the 

radio galaxy J2345-0449, which, through our investigations comparing simulations 

and new ALMA data, is turning into a prime example of this new, efficient mode of 

feedback. 

 

4. We have discovered new signatures of jet feedback in galactic discs for inclined jets 

(Meenakshi et al., 2022a), including a chimney effect - which we are beginning to see 

and understand in new observations with state-of-the-art telescopes (MUSE on VLT, 

ALMA Murthy et al., 2022; Audibert et al., 2023). 

 

These new insights have changed our understanding of how the regulation of star-formation 

by SMBH jets operates. Outflows are only a part of the picture, and gas ionization and the 

modification of turbulence in the interstellar clouds are likely crucial mechanisms in how 

run-away star-formation is prevented in galaxies. 

 

The discovery of this completely independent channel of SMBH feedback through the 

precipitation of turbulence may be the beginning of a paradigm shift in one of the pillars of 

galaxy formation theory: the co-evolution of SMBH and galaxies through cosmic time through 

SMBH feedback. The traditional view that jet-driven outflows are responsible for regulating 

star-formation and, thereby, ensuring co-evolution, needs to be updated to include the effects 

of jet-mediated turbulent regulation of star-formation. 

 

Furthermore, the newly discovered effect needs, therefore, also to be included in large-scale 

cosmological simulations that attempt to simulate a representative section of the universe 

and obtain statistical predictions of galaxy properties, an endeavor pursued by some of the 

biggest theoretical astrophysics groups in the world. The results from our project provide 

valuable input into the SMBH and galaxy physics that these simulations do not resolve. 
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