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ABSTRACT

We present a simple model for low-luminosity active galactic nucleus (LLAGN) feedback
through winds produced by a hot accretion flow. The wind carries considerable energy and
deposits it on the host galaxy at kiloparsec scales and beyond, heating the galactic gas
thereby quenching star formation. Our model predicts that the typical LLAGN can quench
more than 10% of star formation in its host galaxy. We find that long-lived LLAGN winds
from supermassive black holes (SMBH) with masses > 108M, and mass accretion rates
M > 1073 Mgqq (0.002M/yr) an prevent gas collapse and significantly quench galactic star
formation compared to a scenario without AGN, if the wind persists over 1 Myr. For sustained
wind production over timescales of 10 Myr or longer, SMBHs with 108 M, or larger masses
have important feedback effects with M > 10™*Mgqq (0.0002M /yr).
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1 INTRODUCTION

Once an early-type galaxy forms, that does not mean it will re-
main quiescent forever and ever. Early-type galaxies have abundant
gas (e.g. Binette et al. 1994) and should also accrete fresh amounts
of it. If all this gas cooled and led to star formation, the global
stellar mass density should currently be larger than observations by
a factor of a few (Benson et al. 2003). Furthermore, the number
of galaxies in the red sequence is steadily growing since the peak
epoch of quasars and starbursts (e.g. Bell et al. 2004; Bundy et al.
2006). This implies that galaxies are still transitioning to quies-
cence. Taken together, these are evidence for an unceasing feedback
process which suppresses star formation in red sequence galaxies
and keeps it quenched.

In this work, we explore the possibility that the feedback mech-
anism keeping these galaxies quiescent is due to winds from accret-
ing supermassive black holes (SMBH) hosted in low-luminosity
active galactic nuclei (LLAGN). This idea is quite promising be-
cause most SMBH activity in the nearby universe is happening in
LLAGNS (e.g. Ho 2008). These SMBHs are weakly accreting via ra-
diatively inefficient accretion flows (RIAF; Yuan & Narayan 2014).
RIAFs are prone to producing profuse winds (e.g. Yuan et al. 2015;
Almeida & Nemmen 2020; Yang et al. 2021). In addition, there is
increasing evidence of a new class of early-type galaxies hosting
galaxy-scale LLAGN winds from spatially resolved spectroscopy
(Cheung et al. 2016; Roy et al. 2021; Sénchez et al. 2021) and radio
observations (Roy et al. 2018).
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Given the potential importance of AGN winds in quenching
star formation at late times, here we perform an analytical study
of LLAGN winds as a feedback mechanism. We build a simplified
model of RIAF winds based on the latest results from numerical
simulations and analyze how the presence of an LLAGN could
impact the gas and stellar content of a galaxy.

RIAF winds are very hot, subrelativistic and non-collimated.
They carry considerable energy, with powers up to 1% of the rest
mass energy Mc2 associated with accretion (Almeida & Nemmen
2020). The kinetic and thermal energy of the ejected wind must
be deposited in the environment, and its most plausible fate is de-
positing its energy in the interstellar medium. By exploring the
properties of these winds and their impact on the host galaxy, we
tackle the following questions: Are LLAGN powerful enough to
quench star-formation in an early-type galaxy? Can LLAGN winds
keep a red-and-dead galaxy quiescent?

This paper is structured as follows. In section 2, we present
the details of the model. In section 3 we present the results, which
include the predicted relation between LLAGN power and star-
formation quenching. We compare our results to the literature in
section 4. Finally, section 5 presents a summary and some perspec-
tives.

2 MODEL

In order to quantify the effect of LLAGN feedback, we ap-
proximated a galaxy as an isothermal sphere of dark matter with a
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fixed fraction of gas. The wind itself is an expanding sphere. In the
following subsections, we describe our model in more details.

2.1 Galaxy

We followed Silk & Rees (1998) and modelled the galaxy as
an isothermal sphere characterized by a velocity dispersion o. Stars
dominate the total mass of the galaxy’s central region, and only a
small fraction is gaseous corresponding to a fraction fg ~ 0.05-0.1
of the total mass. The gas density profile is described as

fg0'2
R) = . 1
P(R) = 3 (1
The total gas mass enclosed in a radius R is
R 2fg0?R
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and is in the form of atomic hydrogen. The gravitational binding
energy Egy is

3G Myota1 Mgas 6MG0'2

Egal(R) = 5R = 5 (3)
Adopting fg = 0.05 and replacing equation (2) in (3) gives
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The system is isothermal with a temperature of TG, = 1.5 X
1060'2200 K where o7y = 0-/200km/s.

2.2 LLAGN Energy Output

The LLAGN is able to inject a AE amount of energy into the
galaxy via winds given by AE = L, At. Being L,, the wind power
and At is the LLAGN lifetime. We parameterise the wind power
as a fraction of the Eddington luminosity, L, = nLgqq. Following
Almeida & Nemmen (2020), the wind power is ~ 0.1 — 1 per cent
of the rest-mass energy Mc¢? accreted by the SMBH. Given that for
a LLAGN we expect M < 1073 Mg 4 and Lggg = 0.1Mpgqc?, we
have < 10~4. Thus, in our calculations we assume n= 10~* and
thereby

AE=4><1056( 1 )(MBH )( Ar )erg. (5)
1074/ \10°Mg / \ | Myr

With these considerations, the impact of the AGN on the host
galaxy increases trivially with its lifetime and decreases with the
distance from the SMBH, as can be seen by taking the ratio of
the LLAGN energy output with the galactic gravitational binding
energy,

-1 0.22
AE At R M,
FaGN = :0.24( )( ) ( BH ) , (©6)
Egal 1 Myr ) \ 1kpc 10° Mg

where we have used the M — o relation from McConnell et al.
(2011),

M, o 5.12
( BH ): 1.95(—) . (7
108 Mg 200 km s~ !

As we will see, the LLAGN energy output can be comparable to the
galactic gravitational binding energy.

2.3 Star-formation

Star formation usually occurs in giant molecular clouds
(GMC), massive reservoirs of cold gas prone to star formation.

In our model, we assume that the entirety of the wind kinetic
power couples to GMCs and is converted to thermal energy. This ap-
proximation amounts to fagN translating directly into the fractional
temperature increase caused by AGN feedback.

We describe the protostellar core mass function as
dN NO( M

- )7§(M<M) 8
dinm ~ " %\a) T R TOR ®)

following Rosolowsky (2005); Dib et al. (2008). Equation (8) gives
the distribution of protostellar cores inside GMCs as a function
of mass and sizes. We considered in our model dense clouds with
My < 100Mg and 0.3 < ¢ < 2.7 (Drapatz & Zinnecker 1984;
Rosolowsky 2005; Dib et al. 2008; Mok et al. 2020; Rosolowsky
et al. 2021).

Cores able to generate stars are those with masses exceeding
the Jeans mass

My =20M®(I(ZWK)LS(lOO:m%)_O-S' ©)

Assuming, in our model, a constant external pressure around
the cloud and n = 100 cm~3, equation (9) simplifies to M; =
20Mo(T/10 K)2.

3 RESULTS
3.1 Energetics

Figure 1 illustrates the characteristic values of fagn for a
range of AGN timescales and distances. The figure indicates that
an LLAGN can inject a significant amount of energy into the inner
10 kpcs of the host galaxy. The effect is more prominent in galaxies
with more massive SMBHs. For instance, a galaxy hosting a 103 M,
SMBH can undergo a 10% temperature increase in the innermost
2 kpc in one million years; a 10° Mo SMBH active over 2 Myr
with achieve a heating fraction higher than 50%. Moreover, if the
LLAGN is active for 5 Myr or longer, the galactic heating within 5
kpc will be energetically relevant regardless of the mass.

3.2 How far does the wind reach?

Simulations suggest strong winds coming from RIAFs, with
powers reaching up to one percent of the rest mass associated with
accreted gas (Almeida & Nemmen 2020). These winds have thermal
energies greater than the gravitational binding energy, which means
they have enough energy to escape the black hole’s gravitational
sphere of influence. Nevertheless, the spatial extent of these winds
remains an open question. We investigated the wind extension using
two different approaches. In the first one, we model the wind as
expanding bubble which cools via bremsstrahlung. In the second
one, we consider a central heating source and a heat transfer through
the gas—here, the wind carries only energy and not mass.

In the first scenario, we computed the distance travelled by the
bubble front over the cooling time, Rying = VZcool, Where we assume
v = 300 km s~ ! (Cheung et al. 2016; Almeida & Nemmen 2020)
and that the density follows pying < . The resulting expression
is

59%x 1079 o2 M@\ T
- 200
Foind = | T e (o
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Figure 1. Energy injected by LLAGN winds scaled by the galactic binding energy as a function of distance to the supermassive black hole, based on equation
6. Different AGN durations and black hole masses are displayed in the different panels, with the mass in solar masses.

where we assume 7 ~ 1074, related to the efficiency of the wind
production. This is roughly

R . 3 kpe,a < -0.1 (11
wind =1 100 kpe, @ < 0.3

We find that for @ < 0, the wind can reach distances larger than ten
kpc which are beyond the visible size of most galaxies.

For the second case, we numerically solve the one-dimensional
radial heat transfer equation for a sphere made of hydrogen with a
central heat point source,

1 cp r?
S0 (r20,T) = FL 0T + Qaon (12)
We modelled the AGN impact as a spherical boundary with constant
temperature and hotter than the medium. This can be translated as
the boundary condition in equation (13) and initial condition in
equation (14). For practical reasons, we assumed ragn = 0 since

the AGN scales are too small compared to the galaxy.
T(r =raoN) <TaGN: (13)
TAGN: T STAGN

T(t=0,r) = { . (14)

Toas T >TraGN
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Solving equation (12) and assuming the characteristic values from
Fabian et al. (2005) (their equation 4), we found that the resulting
temperature profile follows T(R) o« R™!. This is the same radial
dependence as in equation (6). After about 5 Myr, even gas at
kiloparsec scales will undergo a 20% temperature increase. For this
model Ry, is the radius at which lim, g, T(7) = Tgy. We find
that typically Rying = 1 kpc.

Both models indicate that winds can get to the galactic out-
skirts, reaching distances up to kpc. We stress that the multiscale
physics of the ISM and its interaction with hot winds is quite com-
plex. We leave the numerical modeling of these phenomena for a
future work.

wind

3.3 Star formation quenching

The number of protostellar cores able to collapse and form
stars can be calculated using equations 8 and 9 as

My
N(MZM])=/ N(M)dM. (15)
M,

We use N to quantify the impact of LLAGN feedback in quenching
star formation by computing it in two different ways: N\ is the num-
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Figure 2. The quenching fraction as a function of the average heating of the
region. As the temperature increases, the fraction of shut-down stellar for-
mation sites increases. The different lines represent the different distribution
possibilities for the protostellar cores (see equation (8)).

ber of protostellar cores able to collapse into stars when the AGN
effect is not taken into account, whereas Nagn is the corresponding
quantity with the AGN turned on. In particular, we are interested in
comparing how much lower Nagn is compared to A as a function
of the main accreting BH parameters: the BH and mass accretion
rate. When estimating N\, we consider a temperature 7pc ~ 10K
and corresponding Jeans mass is denoted by M (see equation (9));

for Nagn, we adopt TI?CGN = (1 + fagN)Tpc as the AGN increase

: ;o 1JAGN
the average temperature and the appropriate Jeans mass is M}~

This implies that My < M}\GN. Protostellar cores with masses in
therange My <m < M ?GN will suffer gravitational collapse when
the impact of the AGN is not considered; they would not if the
LLAGN is taken into account.

We define the fraction of star formation quenched by the

LLAGN—the quenching fraction Q—as

_NaoN _ _ 1= (Mg /M) =€ (1+ fagn)*"*¢

0=l No 1—(My/Mp)!=¢

16)

where ¢ is a power-law index and M) is the mass scale related to the
protostellar core mass distribution, (see equation (8)). The meaning
of Q is the following: in the extreme case when Q = 1, the entirety
star formation is aborted due to AGN feedback; on the other hand,
when Q = 0 there is no quenching at all. Therefore, Q and the
star-formation rate are inversely correlated.

We plot in figure 2 the relation between star formation quench-
ing and the AGN heating fraction fagn, where we explore the de-
pendence on the parameter € (equation (8)). As expected, quenching
becomes more pronounced as the amount of energy dumped by the
LLAGN increase though this proceeds in a nonlinear fashion.

Figure 3 illustrates the dependence of quenching on the SMBH
mass accretion rate. Each shaded region with a different color cor-
responds to a given SMBH mass, with the interior spanning all
allowed ¢ values assuming R = 20 kpc (a typical galaxy size). The
different panels explore the impact of the duration of the LLAGN
activity varying from 1 Myr (upper left panel) to 50 Myr (bottom
right panel). For illustration, let’s consider a SMBH accreting at the
1073 Mpqq level. If its mass is 108Mg (10°Me) and the wind is
produced for only 1 Myr, it can quench less than one per cent (5%)
of star formation in the host galaxy; now, if the LLAGN is active
for 10 Myr, it can quench up 10% (30%); moreover, if it is active
for 50Myr, the quenched grows to 40% (60%).

Figure 4 displays the SMBH activation function for effective
AGN feedback, as predicted in our calculations. This figure displays
the family of accreting SMBH parameters required to produce a ten
per cent quenching of star formation, i.e. the combination of mass
accretion rates and masses that resultin Q = 0.1. Figure 4 shows that
a 103M¢ or 10° Mo SMBH that experiences an accretion episode
lasting 1 Myr with M > 4 x 1073 Mpqq will be able to abort more
than 10% of star formation in its host galaxy. For an accretion
episode lasting 10 Myr, a 108 Mo SMBH needs M > 4x 10™* Mgyq
to significantly impact its host galaxy via winds; a 10° Mo SMBH
needs M > 3 x 10™*Mgqq.

Correspondingly, Figure 5 displays the wind power resulting
in effective AGN feedback with Q > 0.1. Similarly to the story told
in Figure 4, a 108Me SMBH that produces a wind lasting 1 Myr
with power larger than 5 x 103erg s~ will be able to abort more
than 10% of star formation in its host galaxy. For winds lasting 10
Myr, a IOSM@ (109M@) SMBH needs a wind power larger than
4x103erg s~ (2 x 103%%erg s1) for effective quenching.

Overall, the LLAGN will only have an impact larger than ten
per cent on the host galaxy if it persists for durations longer than
10 Myr, regardless of the SMBH mass. This timescale is one order
of magnitude larger than the typical quasar lifetime. Long LLAGN
durations are needed in order to significantly suppress star forma-
tion.

4 DISCUSSION

Going back to the questions posed at the beginning of this
work: Are LLAGN powerful enough to quench star-formation in an
early-type galaxy? Can LLAGN winds keep a red-and-dead galaxy
quiescent? With our simple models we find that the answer to both
questions is yes. The quenching intensity, however, depends on the
black hole mass, accretion rate and on the duration of the accretion
episode.

The accretion rate is a crucial parameter in our model. By
converting the Eddington units to solar masses per year (Mg/yr),
we obtain:

Mggq =2.23 (];4()331\41”3;’ ) Mo yr". (17)
For a black hole with a mass of 108 Mg accreting at 10_3MEdd, the
total mass accreted per year is 0.002Mg /yr. In our extreme case of
a 109 M black hole accreting at IO_ZMEdd, the required amount of
gas is approximately 0.2M /yr. The mass necessary to trigger our
winds is highly feasible, considering the dense nature of the central
regions of galaxies. Now, if we consider the total amount of gas
needed to sustain these two scenarios for a duration of 1 Myr, we
would require ~ 103 Mg and ~ 107 Mo, respectively. These values
still remain significantly below the mass scales of the supermassive
black hole or the stellar mass of the galactic centre.

Let’s consider now the particular case of the “Akira” galaxy.
Cheung et al. (2016) reported evidence for winds emerging from the
LLAGN in Akira. The authors dubbed this putative class of objects
“red geysers” (e.g. Roy et al. 2018). Our work supports the notion
that LLAGN winds can indeed be energetic enough to originate the
red geyser phenomenon. Cheung et al. (2016) find that Akira hosts
a 108 Mo SMBH currently accreting with A = L/Lggq = 4 x 1074
and that the wind lasts at least 10Myr. This value of A corresponds
toM =3x IO_BMEddy for a typical RIAF radiative efficiency of 1%
(Xie & Yuan 2012). Our model predicts that LLAGN winds in Akira
can reach quenching fractions of about 30% if those accretion rates

MNRAS 000, 1-7 (2023)
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Figure 3. The plot shows the quenching fraction inside a region of 20kpc as a function of the LLAGN accretion rate. The increase in the accretion rate has a
significant effect on the gas. Each colour represents a different SMBH mass. We can observe the importance of the system’s total mass; the quenching only
occurs for the most massive SMBHs. The three different panels refer to the LLAGN activity time Az, long-lived LLAGN have a much more substantial impact
on the gas temperature and subsequent quenching. The denoted regions represent the different distributions of the protostellar cores (see equation (8)); they are

the region delimited by the lines shown in figure 2.

are sustained over 10 Myr, and potentially much more for longer
times. Star formation in the so-called red geyser galaxies can be
significantly impacted by winds produced from underfed SMBHs.

We explored two different assumptions on the radial expansion
of the wind. Both of them indicate that the kinetic and thermal en-
ergies can be carried over kiloparsec scales way beyond the SMBH
gravitational sphere of influence.

An important parameter in our results is the activity time of
the LLAGN. If we want to explain the quiescence of the local
universe galaxies as the effect of a steady and weak wind from a
very faint AGN, this object must be active for a very long time.
In figure 3, we can see in the left panel that only SMBHs with
mass MsMBH 2 10°Mg and riv > 5% 1073 can noticeably impact
the star-formation in Arfagn = 1Myr. However, for a longer time
10Myr, one LLAGN with m > 1073 and masses
MgmpH 2 108 Mg can turn off more than 50% the stellar formation
sites. The star formation can be severely suppressed if the galaxy
inflow can sustain the LLAGN accretion rate for a long enough time.

as AfagN =

MNRAS 000, 1-7 (2023)

One limitation of our model is that we are unable to give
more details on specific types of stellar populations arising after
quenching by the LLAGN winds. Modeling the vast dynamical
range and the nonlinear physics involved in star formation is complex
problem and outside the scope of this work — a simulation of effect
feedback for an elliptical galaxy treated in much more detail can
be seen in Yuan et al. (2018). One broad brush consequence of the
suppression of star formation is that there will be a smaller amount
of heavy elements being spewed out throughout the galaxy. Thus,
galaxies under the influence of LLAGN feedback will have smaller
metallicities. At the same time, and for the same reasons, we expect
a smaller number of younger stars, so LLAGN winds tend to redden
the host galaxy.

Our model assumes a smooth wind that interacts with molecu-
lar clouds, heating them up over Myr timescales. In a more realistic
setting, outflows likely strip gas clouds. The ensuing cloud mass
decrease would further boosting the quenching fraction to higher
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the values measured for the Akira LLAGN.

values than we reported in figure 3. This possibility remains to be
investigated in the future.

Another aspect worth discussing is the feedback impact on the
black hole mass supply itself, i.e. does the LLAGN feedback reduces
significantly M? According to Bu & Yang (2019) at first feedback
inhibits M, which also leads to a reduction in the wind strength;
feedback then becomes less important and accretion eventually is
reestablished to its previous levels. Bu & Yang (2019) find that this
cycle occurs on timescales orders of magnitude shorter than those
we consider here. For instance, when the M valus reported on Bu
& Yang are averaged over timescales longer than 10° years, the
accretion rate is well-behaved (cf. their Figure 2c). This supports
our assumption that M does not vary much over timescales longer
than 1 Myr.

Furthermore, another argument can be made that M is not
severely impacted by the LLAGN feedback. Keeping the assumption

of a spherically symmetric, stationary accretion flow, we consider
the outflow depositing energy at the Bondi radius rp. By solving
the one-dimensional fluid conservation equations with appropriate
boundary conditions (cf. appendix in Di Matteo et al. 2003), the
Bondi radius is modified due to the outflow heating as

GM 2Hrg
rp=—— =
2¢2 3 (3

, 18

where the first term on the right side is the usual Bondi radius and
the second term represents the heating effect; H is the heating rate in
units of erg s~} g~ given by H = L, /Mg where Mg ~ 4ﬂr%p/3;
p and ¢y are evaluated at rg. Since L,, = pMc? and assuming
M = eMpg, i.e. the BH accretion rate is a small fraction of the
Bondi rate per ADIOS scenarios, we find to first order:

2
GM c
rp =~ 1-2 E(—)
ZC% [ 7 Cs

being c is the speed of light. Assuming typical wind feedback values
of n ~ 0.01 (e.g. Almeida & Nemmen 2020), € ~ 0.01 (e.g. Yuan
& Narayan 2014) and ¢/cg ~ 103, we find that rg could be reduced
by ~ 10% due to the LLAGN feedback. Given that M o r%;, this
implies that the accretion rate is affected only at the per cent level.
This is not enough to impact our assumption of a constant M in the
feedback calculations of the paper.

The focus of our model is on the evolutionary processes of a
single isolated galaxy. The consideration of events such as mergers
or interactions with other galaxies, which can result in material
transfer between them, falls outside the scope of this study. We
adopt a fixed gas mass fraction ranging from 0.05 to 0.1 of the total
system mass. While we recognise that even isolated galaxies can
experience gas infall from the surrounding environment over time,
the typical infall rate at redshift z ~ 0 is generally not significantly
larger than 1M /yr (Sancisi et al. 2008; Molld et al. 2016). This
rate has a minimal impact on the assumed value for the gas mass
fraction within the timescales considered in our study. It is worth
noting that gas infall plays a more substantial role on much larger
scales than those investigated in this work.

, 19

5 SUMMARY

The main conclusions of our investigation can be summarised
as follows:

(1) Low-luminosity active galactic nuclei can have important
feedback effects in their host galaxies by quenching star forma-
tion. This occurs via winds emerging from the hot accretion flow
which are able to heat up protostellar clouds and prevent them from
gravitationally collapsing.

(ii) The relevance of star formation quenching by LLAGN
feedback is a function of the SMBH mass, mass accretion rate and
the duration of the accretion episodes. In general, quenching is only
relevant for accretion lasting longer than 1 Myr.

(iii) For an accretion episode lasting 1 Myr, a 103 Mg or 10° M
SMBH needs M > 1073Mpqq to abort more than 10% of star
formation.

(iv) For an accretion episode lasting 10 Myr, a 108M¢g or
10°Mo SMBH needs M = 10™*Mggq to significantly impact its
host galaxy via winds.

(v) LLAGN winds can reach kiloparsec scales, and beyond.

Our model is subject to the limitations of our assumptions,
mainly: the assumption of a spherical isothermal galaxy, steady

MNRAS 000, 1-7 (2023)



state, lack of details on the treatment of the interstellar medium
and the wind physics. Despite these idealizations, we hope that our
calculations can offer insights on the galaxy-SMBH coevolution.

In conclusion, our model demonstrates that feedback via winds
from LLAGNS is an important suppressor of star formation in red
sequence galaxies. LLAGNSs, despite their low Eddington ratios,
will keep a red-and-dead galaxy quiescent at late times. Winds
from underfed SMBHs offer a third mode of AGN feedback, in
addition to the quasar or radiative mode relevant at the peak of
galaxy mergers, and the radio or jet mode relevant for radio galaxies
in galaxy clusters.
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