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Introduction

Supermassive black hole in its host galaxy center is an important element to the evolution of that
galaxy. Discovered relations between supermassive black hole (SMBH) mass and velocity dispersion
of their host bulge (Ferrarese & Merritt, 2000) raised a problem: what kind of mechanisms are able
to maintain such tight correlations? Active galactic nuclei (AGN) are bright and energetic sources of
radiation, and can be found in central parts of the galaxy - galactic bulges. Accreting mass on SMBH
feeds it and at the same creates powerful radiation source - acretion disk. Accretion disk is what drives
the wind in the AGN, then AGN winds push away surrounding gas and create outflows, a feedback
mechanism, which regulate the amount of gas and fragmentation in the galactic bulge. Outflows can
take form of elongated conical-structure gas, that are capable moving with radial speeds > 1000 km
s~!. Cicone et al. (2014) also show that parameters of outflows correlate with AGN luminosity.

Outflows were found, whose parameters (such as mass flow rates) did not correlate with AGN
luminosity and were named fossil outflows (Fluetsch et al., 2019). Analytical predictions (King et al.,
2011) show that outflows may remain a significant amount of time, compared to the AGN activity
duration. Realistic AGN episodes last from 10 kyr up to several 100 kyr (Schawinski et al., 2015).
In this work I run hydrodynamical simulations, with multiple random-uniformly generated AGN lu-
minosity histories, based on the mentioned realistic AGN episode range. I then compare them to less

realistic ones where AGN episode is continuous for a 1 Myr.

Aim
The aim of this thesis is to investigate the evolution of large-scale outflows in galaxies with mul-

tiple AGN episodes.

Objectives

1. Determine the morphological, kinematical, dynamical and energetic evolution of outflows dri-

ven by multiple AGN episodes and determine their phase structure.

2. Determine the salient differences between outflows in currently-active galaxies and galaxies

where the AGN episode ended recently.

3. Determine the effect that the episodic nature of AGN has on the propagation of galactic outflows

as compared to continuous energy injection.



1 Central supermassive black hole feedback on galaxy

This chapter is based on a Masters coursework Maskelitinas (2022).
The vast majority of galaxies contain supermassive black holes in the bulge (Kormendy & Ho,
2013), and important relations such as (Ferrarese & Merritt, 2000; McConnell & Ma, 2013)
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or MsMBH ©< Mfulge, where = 1.12+0.06 (Hiring & Rix, 2004; Kormendy & Ho, 2013) were found,
the SMBH mass is denoted MsypH, O is central velocity dispersion and Mpyge 1S bulge mass. These
tight correlations show galaxy and SMBH coevoliution. One of coevolution models suggest, that
when SMBH gets fed enough gas, active galactic nucleus (AGN) triggers, which heats up the gas
inside the bulge. AGN can work as a feedback mechanism, that consists of SMBH, accretion disk
that feeds the black hole and clumpy gas and dust torus around the SMBH. This mechanism can
be a direct consequence of merging galaxies (Springel et al., 2005) or secular processes (Smethurst
et al., 2019). In the event of mergers, cold gas are pushed towards the centers of galaxies, due to
tidal forces, and SMBH is being fed through accretion. The intense radiation that is emitted by an
accretion disk manifests in powerful winds, that shock the surrounding gas and thus create large-
scale gas outflows. However, in case of secular processes, local inflows from galactic disk to SMBH
trigger AGN, resulting in internal outflow feedback on the galaxy rather than the intergalactic medium.
Outflows, that move through the central bulge of the host galaxy, can regulate the amount of gas that
is in the galaxy. That is important, since the star formation and black hole accretion gravely depend
on the amount of cold dense gas, that is available in the ISM. Also, observational data indicate,
that parameters, which let us identify outflows such as mass flow rates, correlate with host galaxy

luminosity (Cicone et al., 2014)

1.1 Formation of outflows

Typically, outflows are a contributing factor to the Mgypy — O relation. For such phenomena to
occur, a feedback mechanism is necessary during the AGN episode. Dense gas, that fall to the black
hole, form an accretion disk, that feeds the SMBH. Subsequently, hot plasma that is in accretion disk,
generates intense radiation, that affects the surrounding gas by shocking it with powerful winds, thus
creating outflows, which also affect the interstellar medium (ISM) (Zubovas & King, 2019). Authors
also show that, the typical wind kinetic energy flow rate is:
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where m = M, /MBH is the ratio of wind mass flow rate and BH accretion rate, vy, - wind speed,
N ~ 0.1 - accretion disk radiation efficiency and 7 ~ 1 is optical depth.

The AGN generated wind energy in theory it can transfer ~ 5% of luminosity. Typically, such
winds, that travel at relativistic speeds, encounter interstellar medium, then shocks it at hypersonic
speeds. Afterwards, outflows can be separated into two kinds: momentum-driven or energy-driven.
Such outflows emerge, when AGN wind shocks the ISM. If the shocked wind gas cools faster com-
pared to the timescale of motion of the shock pattern, the momentum-driven flow occurs. However,
if the shocked wind gas cools inefficiently, the flow will adiabatically expand into a bubble. The later
case will be an energy-driven outflow. It is worth mentioning, that energy-driven flows are much more
energetic that momentum-driven outflows (Zubovas & King, 2012). Another important aspect, that
affects the outflows is the ISM structure itself. Hot gas, that adiabatically expands into bubble, travels
through the ISM and can encounter dense gas clumps, such ass molecular gas clouds. In that case, the
outflowing gas might escape through less dense channels allowing for the dense molecular clouds to
fall into the SMBH and feed it (Zubovas & King, 2019). It is also important, that AGN episodes last
up to several hundred thousand years and typically clustered in time (up to 107 yr.) (Hopkins et al.,
2005; Zubovas et al., 2022). Outflows can also persist for a significant amount of time (more than 100
years) compared to the AGN episode duration. Clusterization in time is defined by a parameter called
duty cycle Oguty, it is the ratio of total SMBH activity time and total time, that includes both activity
and inactivity periods between the active episodes. Values of g,y vary depending on the galaxy, for
galaxies with radio-mode feedback 6duty 2 0.69 (Birzan et al., 2012).

1.2 Fossil outflows

While it would seem that outflow parameters such as mass, momentum, and energy flow rates
correlate well with AGN luminosity (Cicone et al., 2014), i.e. the activity of the AGN, this is not
always the case. Observations of the Marasco et al. (2020) have shown that there are galaxies for
which the observed flow properties do not correlate with the analytically determined ideal theoretical
prediction. (Stuber et al., 2021) show that, from 90 observed galaxies around 20% had outflows,
and only half of these galaxies had an AGN. Such outflows, which do not show a tight correlation
with AGN luminosity L are called fossil outflows. Furthermore, observational data support such
phenomena, where 4 out of 45 observed galaxies contained fossil outflows (Fluetsch et al., 2019).
Authors also mention, that the low fraction of galaxies with fossil outflows is due to the biased sample
of analysed galaxies with strong AGN. These four galaxies were characterized by having outflows
with very high momentum rate. It was too high, even when assuming that AGNs were transmitting
their energy to surrounding gases with 100% efficiency or in other words 100% coupling rate. This led
to a conclusion, that such energetic outflows were most likely fossil. Therefore, when AGN activity
is decreased, energetic flows can still be observed. King et al. (2011) and Ishibashi & Fabian (2018)

theoretical models predict fossil outflow existence. In these models energy ratio € = E /L values can
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be equal to 1% and more (provided radiation trapping occurs due to high dust to gas ratio), where
E are outflows’ energy flow rate. This reveals in more detail which parameters can provide a good
description of fossil outflows, which in turn allow us to narrow down the duration of the (former)
AGN episode under study and to draw some boundaries. It also might be used as a tool to reconstruct:
what was the AGN luminosity during an episode of activity, what was the duration of the previous
AGN episode, what might have been the starting AGN luminosity etc. Using a neural network trained
on 1D simulated outflows, Zubovas et al. (2022) have shown that they can trace the history of AGN
episodes in 46 real galaxies, determine outflow features, and estimate the AGN activity duty cycle,
episode duration, bulge gas fraction, and outflow opening angle. It is important to note that typically
AGN episodes on average last around (1 — 1.5) x 10° yr. Analytical expectations predict that fossil
outflows may be detectable up to 10 times longer that the AGN episode itself (King et al., 2011). This

gives constraints to the fossil outflows longevity.



2 Methodology

2.1 Simulation setup

In this work, I use Gadget 3 to perform hydrodynamical simulations (Springel, 2005). This code
uses smoothed particle hydrodynamics (SPH) numerical method, which for simulation of fluid or solid
body mechanics in continuum media. Every SPH particle inside this media interacts with surrounding
particles through a defined kernel function W. The main characteristic of this function is smoothing
length - 4. The value of & determines the size of the smoothing region around each particle. Using an

interpolation equation (Dalrymple, 2007)
mj
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it is possible to interpolate the value of u at x = s coordinate, where m; is particles’ mass, p; is the
density in the vicinity of the particle. SPH method is good for astrophysical numerical simulations
(Price & Federrath, 2010), because it allows for good conservation of mass, momentum and energy. In
this work, simulations are calculated using an SPHS variant (Read & Hayfield, 2012) and Wendland
kernel is used (Wendland, 1995; Dehnen & Aly, 2012). The SPHS modification allows the mixing of
regions with different densities to be reproduced. The normal SPH code does not allow this. In this

work hydrodynamical adaptive smoothing lengths of 4;, for i-th particle are used:

4?%}113131' = NngbMsPH, 4)
where Npgp, = 100 is the SPH neighbour number, mgpy = 3700 M, is the SPH particle mass and p;
is the i-th particle density. The simulations begin by representing the central galactic bulge with a
symmetrical gas shell that is spherical in shape. A turbulent velocity field is then applied which is
based on (Dubinski et al., 1995) and (Hobbs et al., 2005). The turbulence is not driven throughout the
simulation. A SMBH is placed as a point object in the center of each simulation, and after 1 Myr the

AGN activity begins. The whole simulation lasts 5 Myr.

2.2 Initial conditions

In total, 14 simulations are run, divided into two groups distinguished by different velocity fields
applied to each simulation. That way it is possible to investigate stochastic differences in particle
positions and velocities in the simulation results. The o parameter characterizes the velocity disper-
sion of the turbulent gas. And it is the same throughout all the models vy, ~ 176 km s~!. This
parameters’ value is derived from the M — o relation (see Eq. 1). For these simulations a typical mass

of My, = 108 My, is chosen. From this, it is possible to calculate the bulge mass (McConnell & Ma,



2013):
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which is Mo, = 3.7 ¥ 10'0 M;,. The gas mass fraction of the bulge is set to 10% for a gas rich galaxy
(Guo et al., 2017), therefore I set Mg, = 3.7 X 10° M,,. Having these parameters it is possible to find

the radius for the bulge:
GMtot,b .

out — 262 5

where o is bulge velocity dispersion. I then set the boundaries from Rj, = 0.1 to Ry = 2.57 kpc

(6)

2.3 AGN luminosity

For these simulations 5 different AGN luminosity histories are generated. Each AGN luminosity

history is based on an existing approach of uniformly sampling AGN episodes (Zubovas et al., 2022):

4 <log(t/yr) <5.5 7

where ¢ is randomly uniformly generated length of a single AGN burst. These typically last from
ten thousand to a couple of hundred thousand years (Schawinski et al., 2015). In the same manner,
the pauses between the AGN episodes are generated, to reach the desired duty cycle of &4,y = 0.5.
Where duty cycle can be defined as:

tepisodes
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where in this case the sum of all AGN episodes iS Zepisodes = 1 Myr, and the activity distribution
length, that also includes pauses between episodes 1S fyctiviey = 2 Myr, spanning from 1 to 3 Myr in the
simulation. Figure 1 shows one of the generated AGN history, that is implemented in two simulations.
The visualisation depicts square wave like pattern, which shows the frequent AGN bursts and pauses

in between.



Table 1. Naming of simulations

A B
RI1A R1B
R2A R2B
R3A R3B
R4A R4B
R5A R5B
CA CB

control-A control-B

0.8

0.6

Lagn [LEegq]

0.0} — U

1.0 15

Figure 1. An example of one of AGN luminosity histories. Blue line, square wave like pattern shows
AGN activity over 2 Myr. The total activity time is 1 Myr, thus achieving the duty cycle of §gyy = 0.5.

These pseudo-random uniform AGN history distributions are seeded in order to replicate the same
AGN activity while applying a different velocity field. In total there are 5 different seeds and each
simulation is named from run 1 to run 5 (denoted by an R, following a number) respectively, as seen
in the Table 1 as they are separated by two velocity fields, which are named A and B. I also run 2
continuous (denoted by a letter C) AGN activity simulations, with a single episode, lasting from 1
Myr to 2 Myr, to better compare and evaluate the effects of multiple AGN episodes, while injecting
the same amount of energy into the simulation. Also, for comparison, control simulations with no

AGN activity are calculated. In all simulations, SPH particle count is N ~ 10° and during the first
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Table 2. Initial conditions

Initial conditions Values

Mgy, M, 103
LagN/Lgad 1.0

Rin, kpc 0.1
Rout, kpe 2.57
Viurb, Km/s 176
mspH, M@ 3700

Magas, Mg 3.7 % 10°

million years of evolution all particles that come closer than 0.1 kpc are eliminated. This allows for
the 1st AGN episode not to be fully suppressed by a vast amount of gas in the center, and for outflows
to form.

For the AGN wind feedback a spherical windgrid method is used (Tarténas & Zubovas, In prep-
aration). The propagation of wind is set to a constant speed vy, = 0.1c. When particles come into
contact with the wind, they receive a proportional share of its energy and momentum, corresponding
to their contribution to the density field in the relevant part of the grid. The grid structure used in these
simulations is the simplified version of SREAG grid (Malkin, 2019). The grid radius is about the same

size as the Rout, which is rgrig = 2.5 kpc. The radial resolution is

Ferid

Arpg = = 12.5pc )

ny
where n, = 200 is the amount of layers in the grid. The effective angular resolution is:

4
AVEft ang, = N—: - =0.0024 (10)
she.

where Ngpepp = 5216 is the amount of cells in the shell.

2.4 Gas fragmentation

In these simulations, heating and cooling functions for the AGN-affected gas are used. For gas
with temperature higher than 10* K Sazonov et al. (2005) function is employed. It allows for heating
and cooling optically thin gas that is affected by AGN radiation. For gas with temperatures lower
that 10* K, the Mashchenko et al. (2008) function is used. Furthermore, star formation is possible in
these simulations. Having it is necessary to ensure that the simulations do not slow down excessively
when dense gas clumps form. To avoid spurious fragmentation, density-dependent temperature floor

is implemented, so that gas of p cannot reach lower temperature than:

X 2
P 3/ Mgsph 3
_— K 11
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where (1 is mean molecular weight. This equation guarantees that Jeans mass is always resolved
for Nygp particles. Furthermore, SPH particles, that reach this temperature floor, are stochastically
converted into star particles with a probability of P = 1 —exp[—0.1A ¢/1¢|, where A ¢ is particles’
time-step and T is the local free-fall time. The star formation efficiency is 0.1 (Dobbs & Pringle,
2013).

10



3 Results

3.1 Morphological evolution and kinematics

In this section I present the qualitative evolution of the simulations. In Figure 2, two density maps
are shown, which are projection in the XZ plane. These maps show gas, which belong to -70 pc <y <
70 pc, therefore we can better see the inner structure of the simulation and certain properties of it. On
the left, the first snapshot of every simulation at # = 0 Myr is shown, as well as on the right - snapshot
att = 1 Myr is shown. Gas have a 1 Myr relaxation period, throughout gas with initial velocities form
a turbulent, uneven medium with both dense/clumpy and diffuse areas. We can also see fillament-like

structures, which are rather prevalent in all simulations.

t = 1.00 Myr

z [ kpc
z [ kpc

-2 0 2
X [ kpc

l0910[Zsiice / 9 €cM™2] l0g10[Zsiice / 9 cM™2]

Figure 2. Density evolution of A group simulations. Left is density slice at = 0 Myr. Right is density
slice at t = 1 Myr before AGN becomes active.

Next, I analyse a R4A density maps, which are seen in Figure 3. Here, a more zoomed in view is
presented. On the left panel at 7 = 1.5 (AGN is inactive), we see some outflows going to positive X
and both Y directions, the largest one being on the positive X side. Outflows may take many different
forms, but in this case it looks conical-shaped. In general, for outflows it is more easy to expand and
flow through more diffuse areas of the ISM, that is also the case in these simulations. Later, during
one of the AGN activity episodes (middle pannel) we can see the same outflow (going to positive X
direction), which has increased in size. Now it has taken more of a bubble form. In the same map
we can see an additional outflow going to negative X direction. In the last panel, which is at t = 2.5
Myr, during at the inactive AGN phase, we can see a different view - the evolution has progressed
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significantly, and now the outflows seem rather less expressed. That is also due to infalling dense gas,

that suppress the outflows.

t =1.80 Myr . t=2.50 Myr

0.5 0.5 0.5

] (e o ]
Q s Q Q
< 0.0 < 00 < 0.0
N N v N
-0.5 -0.5 -0.5
—-0.5 0.0 0.5 -0.5 0.0 0.5 —-0.5 0.0 0.5
X [ kpc X [ kpc x [ kpc
-3 -2 -1 0 1 -3 -2 -1 0 1 -3 -2 -1 0 1
l0g10[Zsiice / g cM™2] log10[Zsiice / g cM™2] log10[Zsiice / g cM™2]

Figure 3. Density evolution of R4A simulation. Left is density slice att = 1.5 Myr. Middle is density
slice at t = 1.8 Myr. Right is density slice at t = 2.5 Myr.

Figure 4 shows 3 velocity maps of the same simulation, with the same timestamps. They show
somewhat different view of the outflows. At = 1.5 Myr it is possible to see, the unseen in previous
density map, fourth outflow going to negative X direction. These outflows, if looked from this per-
spective, show a cross-like pattern. The most prominent outflow is the positive X outflow, which now
seems more conical/bubble-like, rather than taking a straightforward cone shape. We can deduce its
form more accurately from velocity maps, than from density ones. For this outflow velocities reach
Vrad > 300 km s~!. Other outflows flow slightly slower vg ~ 100 km s~ . These outflows can be
considered fossil ones, since the AGN at this particular time is inactive. After 300 kyr (middle panel),
we can see, that outflows have propagated further from the center, up to 0.6 kpc for the positive Y
outflow. However, there is some activity seen in the center, where more red color appears to be con-
centrated. This is because AGN is active at this particular time, and is inflating the top side outflow.
On the right, we see some stationary gas (white patches), which were a part of more massive outflow,
that was seen in previous snapshots going to positive X, as well as from smaller outflows, that went
to positive and negative Y directions. We can see that one more bigger outflow is still receding away

in the upper left corner of the map.
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Figure 4. Radial velocity evolution of R4A simulation. Maps show snapshots at r = 1.5,1.8, and 2.5

Myr.
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Figure 5. Radial velocity evolution of CA simulation. Left is density slice at t = 2 Myr. Right is

density slice at t = 2.5 Myr.

In Figure 5 the CA simulation radial velocity maps are shown. Since the AGN episode activity

inflates outflows continuously for a million years, they are larger (note the bigger scale of the map)

and overall faster in more directions than in previous R4A simulation, reaching v,q > 300 km g1
(left panel). They form the cross-like pattern (this is due to both: the projection I choose to view
these maps in and stochastic velocity field), expanding to all directions, while maintaining the cone-

like shapes. The smallest one being the one that is receding in the negative X direction, and the

2 biggest progressing towards positive X, and positive Y, negative X directions. Though, it is not
really clear whether the one, that is receding to negative X direction is small due to to the shortage
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of diffuse gas for the outflows to expand through near the AGN, or is it just because the projection
is only filtering a side slice of the bigger outflow. Later, after 0.5 Myr, we can see fossil outflows,
that move comparatively slower than before (at the end of the AGN episode). Velocities reach around
Viad ~ 100 km s~ 1. The outflow structures are still similar to the ones analysed before, and expand to

around r ~ 1.2 kpc.

3.2 Differences in Outflows between Galaxies with AGN and Galaxies with

Recently Quiescent AGN

In this part, main outflow parameters such as: mass flow rates (denoted by M), momentum flow
rates (denoted by p), and energy flow rates (denoted by E) are analysed. In general, these para-
meters allow to investigate outflow dynamics. They also can correlate with observed galaxies AGN

luminosities. These parameters are calculated by summing over small shells:

M(r)Ar =Y mivpag, i Mo yr '], (12)
iEAr
p(r)Ar = Z mw%ad’ i» P=Mv [Lggq C*I] (13)
iIEAr
. 1 . .
E(riar=Y Emivfad o E = Mv*/2 [Lggd] (14)
i€Ar

where M; represents the mass of the i-th particle and vy,q, ; denotes its radial velocity. Ar is the shell
radius which is 50 pc (results do not change significantly from this arbitrary value of Ar). For these

calculations particles were filtered with vy,q > 100 km s~!, which that belong to outflows.

100} —— AGN turned on | 100+t —— AGN turned on
/\ —— AGN turned off —— AGN turned off
80t ‘ 80t
T T
> >
60 60 1L
® © \ \ \
=407 s 40t | \
‘:\3‘ /\
20t 20t | AN
\‘,/\\
85 . 35 4.0 9% 15 20 25 30 35 4.0
t/ Myr t/ Myr

Figure 6. Both diagrams show mass flow rate dependence on time at 0.3 kpc. Left the R1A is shown,
on the right - R1B. Green parts indicate the when the AGN is active, while black means AGN is
inactive.

Here, I analyse the differences and similarities between the simulations in terms of main outflow
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parameters, when AGN is active and inactive. Figure 6 shows both R1A and R1B simulations mass
outflow rates at 0.3 kpc. The curves are inherently different, due to different velocity fields, that
were applied, which led to the formation of dissimilar turbulent medium in the first million years of
evolution. Therefore, the interaction between the outflows and the rest of medium result in relatively
lower M values in case of R1B while comparing to R1A. In R1A simulation, the peak value of M
reaches 97 M, yr~! at t = 1.5 Myr, while in R1B it only reaches ~ 60 M, yr—! at three different
times t = 1.3;1.6;1.8 Myr. The average mass flow rate at 0.3 kpc, while AGN is active, in R1A
simulation is M = 29 M, yr~!, which is simmilar to R1B: M = 28 M, yr—!'. However, slightly larger
difference is seen if compared when AGN is inactive, for R1A simulation M = 37 M, yr~! and for
RIBM =30M, yr .

Even though the values of M are different, it is possible to see some similarities. The mass outflow
rates peak in both diagrams after the AGN episode, during the inactive phase. This indicates a delay
in the outflowing gas, reaching the 0.3 kpc radius, which could be expected. Another common trend
that is seen is that the overall M values decrease over time, during the whole AGN activity period -
from 1 to 3 Myr. One explanation for this could be the fact that since the turbulence isn’t driven after
the start of the simulation, the gas starts falling to the center quickly, therefore quenching the outflows
and thus reducing the mass flow rates, even though the AGN can still be active. Another similarity
is that simulations R1A and R1B at 0.6 kpc have respective mass flow rates of 14 and 12 M, yr~!
during all the AGN activity phases and 13 and 12 M, yr~! while the AGN is inactive. This is due to
the fact that the further the outflows travel, the more quenched they become due to the infalling gas.

1.2 T T 1.2 : ;
—— AGN turned on —— AGN turned on
1.0} —— AGN turned off - 1.0t —— AGN turned off
=081 | o 081
U ‘\\ | 5
os| b o5l | [
= [\ = JU
2 0.4 ao0at [V V] )
0.2 / 0.2} | VS
0 ) . . \/K 0 . . .7 Y
'9.0 1.5 2.0 2.5 3.0 3.5 4.0 '9.0 1.5 2.0 2.5 3.0 3.5 4.0
t/ Myr t/ Myr

Figure 7. Both diagrams show momentum flow rate dependence on time at 0.3 kpc. Left the R1A is
shown, on the right - R1B. Green parts indicate the when the AGN is active, while black means AGN
is inactive.

Figure 7 shows the momentum flow rate dependence on time of R1A and R1B simulations. In
the R1A simulation, the first AGN episode, that occurs, does not show any particular feedback effect
during the episode and during the first inactivity period. The p values are 0 Lggq ¢! for the first
1.6 x 10° yr after the start of the first AGN episode. Only after the second AGN episode begins,

15



it is possible to notice the outflow activity at the 0.3 kpc, which then, further escalates and reaches
0.4 Lggq ¢! at the end of the second AGN inactivity phase. The latter pattern is also seen in Figure
6 for the R1A simulation. Referring back to Figure 7, it might seem that the first AGN episode is
too short to create outflows for R1A simulation, however it is not the case in R1B simulation. Here,
after the first AGN episode, we can notice a rather small delay of several thousand years during the
inactivity phase, followed by a rather steep climb of values to 0.2 Lggq ¢! at the end of the phase.
So the most evident explanation for this difference between the simulations is the dissimilar turbulent
medium in which outflows differently interact with it. Momentum flow rates reach peak values of
1.05 and 0.78 Lggq ¢! at # = 1.7; 1.55 Myr for R1A and R1B simulations respectively.

In Figure 8 energy flow rates of the R1A and R1B simulations are shown. While comparing these
two diagrams it is possible to see that energetic outflows emerge faster in B velocity field simulation
than A (this pattern is seen through out all B group simulations, see Appendix 17). However, in R1A
energy flow rates reach around 0.3% Lggq att = 1.6 Myr, and in R1B 0.2% Lggq att = 1.3;1.45 Myr.

—— AGN turned on —— AGN turned on
10~2¢ —— AGN turned off 1072¢ —— AGN turned off 1

105} | 1075
-6 ’ L L L L L -6 L L L L
10 1.0 1.5 2.0 2.5 3.0 3.5 4.0 10 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t/ Myr t/ Myr

Figure 8. Both diagrams show energy flow rate dependence on time at 0.3 kpc. Left the R1A is
shown, on the right - R1B. Green parts indicate the when the AGN is active, while black means AGN
is inactive.

Next, I analyse all of the AGN simulations with multiple episodes with reference to the previously
analysed parameters: mass, momentum, and energy flow rates. In Figure 9 the mass flow rates for
all of the simulations are seen. I averaged M values for episodes when AGN is active and inactive.
I choose 0.3 and 0.6 kpc as the radial distances to analyze at, because it is there, where outflows
usually peak and start to diminish in terms of mentioned parameters respectively. Also, colored dashed
lines that connect the dots do not show any dependence on the sequence of the runs since the AGN
luminosity history is generated pseudo-randomly, they are only there to show a particular distance at
which the parameter is calculated. On the left A simulation group is shown, and we can see, that for
the R1A simulation mass flow rates average ~ 29 M, yr—! while AGN is active, and higher values
of ~ 37 Mg, yr~! are seen when AGN is inactive. Following is R2A simulation, in which averaged
mass flow rate values reach ~ 33 and 32 M., yr~! for active and inactive AGN respectively. This is

1

similar to R4A simulation case, however, during the AGN phases on average M ~ 32 M, yr—! and
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33 M, yr~! for inactive phases. The biggest gap is seen in R3A simulation, at which the difference is
13 Mg, yr~!. When AGN is on, the average mass flow rate values at 0.3 kpc reach ~ 39 M, yr~!. The
RSA simulation M ~ 34 M, yr~! and 31 Mg, yr~! for active and inactive AGN. At 0.6 kpc values

I'except for R3A, in

for all simulations vary around the same value range between 13 and 14 Mg yr—
which the values reach a greater range, that is 15 and 12 M, yr~! for active and inactive AGN phases
respectively. In the right panel, we can see a different view and almost a pattern, where M values
are higher in most of the simulations at 0.3 kpc except for the R1B simulation. However, they are
relatively lower when comparing to group A simulations. For R1B simulation, the average mass flow
rates are 28 and 30 M, yr—! for AGN active and inactive phases, but for the rest of simulations in B
group while AGN is on, the values vary from 30 to 31 M, yr~! and while AGN is off M values range

from 25 to 26 M, yr— L.
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Figure 9. Calculated average mass flow rates for all simulations. Dashed blue line shows values
calculated at 0.3 kpc and orange at 0.6 kpc. Red dots show the averages that were calculated while
AGN was on and black dots show the averages when AGN was off. On the left are models with A
velocity field applied, on the right with B.

For the 0.6 kpc averaged mass flow rate, values vary from 10 to 13 M, yr~!, when the AGN is on
and off. In Figure 10 momentum flow rates are averaged and shown in the same manner as in Figure
9. In R1A simulation the momentum flow rate values are 0.26 an 0.4 Lggq ¢! when AGN is active
and inactive respectively. However, in R2A they are the same 0.32Lggq ¢! during both AGN phases.
In R3A p values differ almost twice - while AGN is on, momentum flow rates reach 0.4 Lggq ¢!,
and 0.23 Lggq ¢! while AGN is off. R4A and R5A share similar values that range from 0.3 to 0.34
Lgga ¢! during active and inactive AGN phases. At 0.6 kpc momentum flow rates share similar
values, that vary from 0.07 to 0.09 Lggq ¢! regardless of the AGN phase. Slightly lower values can
be noticed in the right panel regarding the 0.3 kpc distance. R1B p values, during AGN activity, are
lower than during the inactive phase, and attain only 0.22 Lggq ¢!, while other simulations’ averaged
p values range from 0.26 to 0.28 Lgqq ¢~ !. Quite the opposite pattern is seen for the values when AGN
is off. For values at 0.6 kpc, all runs share the same value range as the A group, except for R3B in

which momentum flow rates are 0.1 and 0.06 Lggq ¢~ ' when AGN is active and inactive respectively.
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Figure 10. Same as in Figure 9 but instead the p is averaged.

For averaged energy flow rates I analyse Figure 11 that was setup in the same manner as Figure
9. In A group at 0.3 kpc, the highest value of E reaches ~ 1 x 1073 Lg4q when AGN is active in R3A
simulation, and has the lowest value of E ~ 4 x 10~% Lgqq when AGN is inactive. Averaged values of
energy flow rates in the rest of the simulations when AGN is off are above the ones when AGN is on,
but are still similar, in R2A case - almost even. For 0.6 kpc distance, energy flow rates are almost the
same, around 1 x 10™* Lgqq and are similar to the ones in the B simulations group. At 0.3 kpc. the
values in B group range from 4 x 10™% to 6 x 10™* Lggq.
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Figure 11. Same as in Figure 9 but instead the E is averaged.

3.3 Outflow thermodynamical phases

In this section I will analyse the different gas phases in terms of temperature, that comprise the
outflows. Mass outflows are calculated using Equation 12. Gas particles are filtered with v,q >
100 km s~! and were sorted by temperature into three intervals: cold (T < 5 x 10* K), warm (5 X
10* < T < 1x 107 K), and hot (T > 1 x 107 K). This is done to separate atomic and ionised gas. Figure
12 shows just that. These are mass flow rate diagrams during three different times (r = 1.5;1.55;1.6
Myr) that depict a transition from inactive AGN phase to active in R1A simulation. In the left panel

we see that overall the mass flow rates reach around M = 90 M, yr~! around r ~ 0.3 kpc., however,
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the cold gas phase transfer largest amount of gas compared with other phases. That is to be expected,
since the AGN is not currently active. The hot phase is significant and mass flow rates reach M =
30 M, yr~! at r = 0.2 kpc. An insignificant amount of warm gas transfer only a few M, yr~!. When
AGN turns on (middle panel) we can see the decrease of M values of cold outflows, and increase in
warm component. The gas is heated by the AGN activity. We can also see the increase of mass flow
rate in the r < 0.1 kpc region. Here, gas particles are accelerated by the energetic AGN winds and
are hotter than T > 1 x 107 K. They comprise all of the M values in this region. This effect is more
prominent on the right panel at # = 1.6 Myr, while AGN activity is still ongoing. At r = 0.1 kpc
mass flow rates are M = 38 M, yr~! for the hot outflows, and past this radial coordinate values start
to diminish until 0.6 kpc. Cold gases transfer similar amount of mass at » = 0.3 kpc. For the warm
gases, their mass flow rates reach M =25 M, yr—! at r = 0.4 kpc. All outflow mass flow rates peak
at ~ 70 Mg, yr~! (r = 0.35 kpc). Overall, for this particular simulation the mass flow rates seem to
diminish after the fourth AGN episode starts.
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Figure 12. Mass flow rate dependency on distance (in kpc) in R1A simulation during # = 1.5, 1.55
and 1.6 Myr in the left, middle, and right panels respectively. Mass flow rates are divided into different
temperature intervals: all gas (black), T < 5 x 10* K (blue), 5x 10* < T < 1 x 107 K (green), T >
1 x 107 K (red).

In the following Figure 13 same temperature divided mass flow rate diagrams are shown. Mass
flow rates are overall larger due to continuous AGN episode, that lasts for 1 Myr. In the left diagram,
at r = 0.5 kpc values of mass flow rates peak at ~ 150 M, yr~!. However, most cold outflows do
dominate, since at the same distance, M ~ 88 M, yr—!. Lower values of ~ 54 M, yr~! are due to hot
outflows still transferring mass from the center, while AGN is still active at this time. 200 kyr after
the AGN becomes inactive, the hot outflowing gas are effectively cooled by surrounding infalling gas
and the small peak in the r < 0.25 kpc region is the comprised only of cold fossil outflows transferring
mass at a rate of 23 M, yr~!. Overall, fossil outflows start to diminish in terms of mass flow rate
and peak at ~ 125 M, yr~!, while cold outflows reach ~ 90 M, yr—!. The hot outflow phase is
diminished and reaches only 25 M, yr—!, while warm component attains M = 88 M, yr—!. In the
right panel, at t = 2.5 Myr hot and warm outflows are diminished, but the cold outflows are still
prominent and M reaches values of ~ 50 M, yr~! in the range of r = 0.5 — 0.7 kpc. The outflows
lose momentum due to collisions with regions of cold infalling gas, thus effectively cooling them and

reducing their capabilities to transfer more mass out of the bulge medium.
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Figure 13. Mass flow rate dependency on distance (in kpc) in CA simulation during t = 2, 2.2 and
2.5 Myr in the left, middle, and right panels respectively. Mass flow rates are divided into different
temperature intervals: all gas (black), T < 5 x 10* K (blue), 5 x 10* < T < 1 x 107 K (green), T >
1 x 107 K (red).

3.4 Outflowing mass

The following analysis will be about the amount of gas, that is pushed with outflows in various
simulations. In Figure 14 the left and middle panels a winding pattern of the curves is seen, due to the
multiple AGN activity episodes. However, in continuous simulation the curve is comparatively smo-
oth. That is to be expected, since the outflows are always driven during the AGN episode, therefore
they carry more mass than those created by an intermittent AGN episode. The amount of gas mass
that is being pushed from the R1A simulation center with outflows moving with speeds vy, > o at
t =2 Myris ~5x 10’Mg,. At this time average temperatures of these outflows reach Tpy, ~ 108 K.
These outflows dissipate at around # = 4 Myr. Quite a significant portion of these outflows are fast
and blue line in R1A simulation depicts that. Amount of mass moving with fast outflows fluctuates
from 1.5 to 2 x 10’M, from ¢t = 1 Myr to t = 2.5 Myr. Green line separates the hottest and most
energetic outflowing gases. Since the hot gases are diffuse, the do not transfer that much mass, so
overall values are relatively low and reach around M = 1 x 10’"M, at t = 2 Myr and comprise only
20% of all outflowing gas (red line) at that particular time. In R3A simulation, the M values are lower,
the red line peaks M = 4 x 10’"M, at t = 1.75 Myr. That could be because of the specific R3 AGN
luminosity history pattern, since in Figure 15, R3B simulation (middle panel), the outflowing mass is
very similar around the same time ¢ = 1.75 Myr. Ratio, however, between green and red line is higer
in R3A simulation, than in R3B. Green line comprises 26% of the red line, while in R3B its 22%.
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Figure 14. Outflowing mass M (M) dependence on time in R1A (left), R3A (middle), and CA
(right) simulations. Lines show different thresholds of velocity, by which gas are filtered and summed
afterwards through the whole simulation time.

In all of the simulations, except continuous ones, outflows diminish at around ¢t = 4 Myr. On
the left panel (see Figure 15) in R1B simulation, outflowing mass with radial velocities greater than
o reach M = 5.5 x 10’"M,. Around the same time at # = 1.75 Myr both blue and green lines peak
at ~ 2.25 and ~ 1.25M.. The average temperature for the gas that is moving with v.,q > 30 is
Tavg ~ 107-2 K. Green component comprises 21% of the red one. After the AGN episodes end at r =3
Myr, average temperatures for the same outflows remain the same, and for all outflowing gas with
velocities vy > 0, Toayg =~ 1063 K.

For the continuous simulations, the amount of outflowing mass in CA simulation with velocities
greater than o peak at + = 2 Myr, just at the same time AGN turns off. Outflowing mass is M =
1.3 x 108M,. Average temperature of these gases is Tovg ~ 1072 K. For the outflows with v;oq > 3 X G,
total outflowing mass is M = 2.5 x 10’M, and the average temperature is Tave ~ 1078 K. Relatively,
this green component comprises around 19% of the red one. Outflows also fade at around r = 4
Myr. Next in CB simulation, peak outflowing mass is M = 1.3 x 108M,,, however compared to
CA simulation, for the outflowing mass the values are slightly greater and reach M = 3.1 x 10’"M,.

Though, the average temperature is lower - Ty ~ 107 K and comprises 23%.
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Figure 15. Outflowing mass M(Mg) dependence on time in R1B (left), R3B (middle), and CB
(right) simulations. Lines show different thresholds of velocity, by which gas are filtered and summed
afterwards through the whole simulation time.

21



4 Discussion

Outflows take shapes of elongated cones before transforming into uneven bubbles. The aftermath
of these flowing bubbles colliding with infalling gas is the suppression outflows and reduction of their
radial velocity. Hot ouflows are the most energetic near the center at r < 0.3 kpc and tend to follow

the path of the least resistance in the turbulent medium, condensing surrounding gas into clumps.
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Figure 16. R3 AGN luminosity history. Blue line, square wave like pattern shows AGN activity over
2 Myr. The total activity time is 1 Myr, thus achieving the duty cycle of &4ty = 0.5.

Only a slight variation in overall values is seen due to stochastic turbulent field in the bulge me-
dium. Though, in group B simulations, outflows are able to escape the center faster than the group
A. However, more distinct patterns in outflow parameter results come from the pseudo-random AGN
luminosity histories. For example, outflowing mass distribution in timeframe of 2 Myr in R3 simu-
lations (both A and B groups) have very similar patterns and have relatively lower values than R1
simulations. However, we can notice in Figure 16 that the longer (periodic) AGN episodes are cluste-
red more in the middle of the whole AGN episode as oppose to the R1 AGN luminosity distribution
(see Figure 1), which is more uniform. Turbulent medium forms 1 Myr after the simulations start, but
after that, the turbulence is not driven, and gas fall into the center because of gravitational potential,
that was also applied to the simulations. That means, while the simulations evolve, turbulent medium
becomes less evident, and later on it becomes more difficult for outflows to move away in such me-
dium. That is why in R3 case, total outflowing mass is lower than in those simulations, that have
longer AGN episodes in the beginning; gas fall into the center and dense gases start circulating the
AGN, thus meaning more energy for outflows to push through these cold, dense gases is needed. If
the periodic AGN episodes are not long enough at the start of the whole AGN episode, it is harder for
outflows to escape in the long run, since the inner 100 pc might not have that many diffuse channels
for outflows to travel through. For the same reason, we see peaks of outflowing mass earlier in R1

simulations, rather than later in R3 ones.
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Fossil outflows are effectively cooled and consist mostly of cold gas. They should be detectable
between the episodes, and in some instances (R1A simulation) average mass flow rate values of fossil
outflows exceed the ones, of normal AGN episode driven outflows. One explanation for this could
simply be the delay, for outflows to propagate to certain distance, where I measure the properties.
However when the whole AGN episode ends, fossil outflows are not noticeable - they are effectively
stopped by infalling gas. However, if AGN episode is continuous and lasts for 1 Myr, fossil outflows
can be detected for more than 2 Myr (see Figure 15 right panel) which fit into analytical expectations,

that outflows may last up to 10 times the duration of the AGN episode (King et al., 2011).
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Conclusion

In this thesis 14 idealised hydrodynamical simulations were analysed, in which outflow evolution
was tracked during AGN episodes and after.

Models were grouped into A and B groups due to different stochastic turbulent velocity fields
applied to them. Each group comprised of 7 simulations: 1 control (without AGN), 1 continuous
(AGN is active for 1 Myr), and 5 simulations, with different AGN histories (lasting 2 Myr, with
Sduty = 0.5), which were the main focus of this work. Main conditions were that Mgy = 108M,,
LagN = Lggq, and that the gas were placed in a spherically symmetrical sphere, with a radius of
Rout = 2.57 kpc. More detailed initial conditions are described in Table 2. After qualitatively and
quantitatively analysing the outflow parameters and their dependence on time and distance, main

results are the following:

1. In group A simulations, the outflows are not as prominent compared to CA simulation in terms
of size and distance they travel from the center. In R4A simulation outflows fade more quickly,
though they can reach radial velocities of v;,q > 300 km s~ ! (see Figure 4). They reach distances
of around r = 0.6 kpc before they begin to fade. However, they are more concentrated near the
center at r < 0.3 kpc. Continuous AGN models have larger and more massive outflows reaching

around r ~ 1.2 kpc before begining to fade.

2. In R1A simulation mass flow rates peak values are M = 97 M, yr—! at r = 0.3 kpc, while
t = 1.5 Myr. Other simulations show lower peak values of mass flow rates, but in general, their
momentum and energy rates are similar. Next, the average mass outflow rates were calculated
for all of the AGN episodes and periods of quiescent AGN. In some simulations, when AGN
is off, mass flow rates on average can be higher that the ones with AGN on, in others it can be
the opposite. At 0.3 kpc averaged mass flow rates vary relatively more than at 0.6 kpc, however
they are greater and reach up to ~ 39 M, yr—!.

3. I separated the mass flow rates into cold, warm, and hot gas components, when analysing the
radial mass flow rate dependency: the outflows during AGN inactivity phase (R1A simulation)
are mostly comprised of cold (T < 5 x 10* K) gas component, but hot (T > 107 K) outflows are
still prevalent and reach M = 30 M, yr~! at r = 0.2 kpc. After 100 kyr mostly hot gas transfer
the mass from the center, while maintaining M = 38 M, yr~!. Regarding the outflowing mass,
R1A and R1B peak outflowing mass values are greater than of R3A and R3B, which means
the AGN luminosity history distribution can affect the cumulative outflowing mass at particular
times. Fast moving outflows (v;,q > 3 X 0) are hot and reach the average temperatures of
Tovg ~ 1072 K. They also comprise from 19% to 26% of generally filtered outflowing mass
(Vraq > ©). Continuous AGN simulations have peak outflowing mass of M = 1.3 x 108M@ with
(Vtad > O).
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Gediminas Maskelitinas
FOSILINIU GALAKTINIU TEKMIU TYRIMAS
Santrauka

Galaktikose esancios supermasyviy juodyjy skyliy masés koreliuoja su galaktiky charkteringais parametrais.
Tékmés - vienas i§ biidy paaiSkinti Msypy — O ir kitus panaSius sarySius. Tékmés, taip pat yra viena i§
griztamojo ryS$io formy i galaktika ir atsiranda aktyviam galaktikos branduoliui kuriant véja. AGN véjas stumia
dujas, kurios keliauja tolyn nuo galaktikos centro ir gali buti stebimos. Taip pat, tékmeés yra iSskiriamos ir }
fosilinés tekmes, kuomet AGN 3viesis ir tékmiy parametrai glaudZiai nekoreliuoja. Siame darbe buvo leidZiami
hidrodinaminiai modeliai skirtingomis pseudoatsitiktinai sugeneruotomis AGN S§viesio istorijomis. Jie buvo
lyginami su maZiau realistiskais modeliais, kuriuose AGN veiké 1 mln. m. Sio darbo tiklas yra istirti galaktiniy

tekmiy evoliucija esant daugeliui AGN epizody, i§vados yra §ios:

1. Modeliuose su keliais AGN epizodais, ttkmés néra tokios ryskios savo dydZziu bei atstumu, kurj gali
nukeliauti nuo centro, palyginus su pastovaus AGN Sviesio modeliu. Modelyje, su keliais AGN epizo-
dais, nors ir tékmés nuslopsta grei&iau, jos gali pasiekti grei&ius vg > 300 km s~! (7r 4 pav.). Tekmes
siekia iki r = 0.6 kpc pries pradedant nykti. Kita vertus, jos yra labiau koncentruotos ties r < 0.3 kpc.
Pastovaus Sviesio AGN modeliai pasiZymi didesném ir masyvesném tékmém, kurios siekia r ~ 1.2 kpc

prie§ pradedant slopti.

2. Modelyje su keliais AGN epizodais masés pernasos spartos didZiausios vertés siekia M = 97 M, yr—!

ties r = 0.3 kpc, t = 1.5 mln. m. laiku. Kity modeliy didZiausios M vertés buvo maZesnés, tatiau bendru
atveju, ju judesio kiekio bei energijos pernasos spartos buvo panaSios. Toliau, visiems modeliams su
keletu AGN epizody buvo suskaiciuotos vidutinés masés pernaSos spartos kuomet AGN buvo aktyvus
ir neaktyvus. Dviejuose modeliuose, kuomet AGN epizodas nevyko, masés pernasos spartos vertés
vidutiniSkai buvo didesnés nei esant AGN epizodams, kituose modeliuose - atvirks¢iai. Atstumu r = 0.3
kpc vidutinés M vertés buvo reliatyviai didesnés nei tos, suskaiCiuotos ties r = 0.6 kpc ir sieké iki ~
39 Mg yr L.

3. Analizuojant, buvo atskirtos masés pernasos spartos komponentés pagal temperatiira: Saltos, §iltos bei
kar$tos. Modelyje, su keletu AGN epizody, tékmiy M vertés daugiausia sudarytos i Saltos duju dujy
komponentés (T < 5 x 10* K), tadiau karStos (T > 107 K) tekmés yra reik§mingos ir siekia M =
30 Mg, yr~! ties r = 0.2 kpc (t = 1.5 mIn. m.). Po 100 takst. m. AGN epizodui prasidéjus, dau-
giausia karstos tekmés pernesa medZiaga $alia centro, masés pernasos sparta siekia M = 38 M, yr—'.
Greitai judancios t€kmés (vog > 3 X 0) modeliuose su keliais AGN epizodais yra karstos ir jy vidutiné
temperatura siekia Toye ~ 1072, Taip pat Sios greitos tékmés gali sudaryti nuo 19% iki 26% visy masg
perneSanciy tékmiu (vioq > ©). Pastovaus AGN epizodo modeliai pasiZymi masés, perneSamos tékmémis
(Vrag > ©), vertemis M = 1.3 x 105M.,.

Pagrindinés savokos: aktyviis galaktikos branduoliai, AGN, tékmés, turbulentiskos dujos, SPH.
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Gediminas Maskeliunas
INVESTIGATING FOSSIL GALACTIC OUTFLOWS
Summary

The masses of supermassive black holes in galaxies correlate with the galaxies’ characteristic parameters.
Outflows are one way to explain Msypy — O and other similar correlations. Outflows are a form of feedback and
are produced by the active galactic nucleus (AGN) creating winds. The AGN wind pushes gas that travels away
from the centre of the galaxy and can be observed. Some outflows are peculiar in that the AGN luminosity and
outflow parameters are uncorrelated. These outflows can be called fossil, due to the fact that by the time they
are observed, the AGN has become inactive. In this work I run hydrodynamical simulations of AGN feedback
on idealised turbulent gas shells, with multiple uniformly generated AGN episodes, and compare them to less
realistic ones where AGN episode is continuous for 1 Myr. The aim of this thesis is to investigate the evolution

of galactic outflows with multiple AGN episodes. The conclusions are the following:

1. In simulations, with multiple AGN episodes, the outflows are not as prominent compared to continuous
AGN episode simulation in terms of size and distance they travel from the center. In one of the simulation
with multiple AGN episodes outflows fade rather quickly, though they can reach radial velocities of
Viad > 300 km s~ ! (see Figure 4). They reach distances of around r = 0.6 kpc before they begin to fade.
However, they are more concentrated near the center at r < 0.3 kpc. Continuous AGN simulations have

larger and more massive outflows reaching around r ~ 1.2 kpc before begining to fade.

2. In a simulation with multiple AGN episodes, mass flow rates peak values are M =97 M, yr ! at r = 0.3
kpc, while r = 1.5 Myr. Other simulations show lower peak values of mass flow rates, but in general,
their momentum and energy rates are similar. Next, the average mass outflow rates were calculated for
all of the AGN episodes and periods of quiescent AGN. In some simulations, when the AGN is off, mass
flow rates on average can be higher that the ones with AGN on, in others it can be the opposite. At 0.3
kpc averaged mass flow rates vary relatively more than at 0.6 kpc, however they are greater and reach up
to ~39 Mg, yr .

3. Iseparated the mass flow rates into cold, warm, and hot gas components, when analysing the radial mass
flow rate dependency: the outflows during AGN inactivity phase (multiple AGN episodes simulation)
are mostly comprised of cold (T < 5 x 10* K) gas component, but hot (7 > 107 K) outflows are still
prevalent and reach M = 30 M, yr—! at = 0.2 kpc. After 100 kyr mostly hot gas transfer the mass from
the center, while maintaining M = 38 M, yr~!. Regarding the outflowing mass (in simulations with
multiple AGN episodes) fast moving outflows (v,g > 3 X ©) are hot and reach the average temperatures
of Toyg ~ 107-2 K. They also comprise from 19% to 26% of generally filtered outflowing mass (vraq > O).

Continuous AGN simulations have peak outflowing mass of M = 1.3 x 108M@ with (Viaq > O).

Keywords: active galactic nuclei, AGN, outflows, turbulent gas, SPH.

28



—— AGN turned on —— AGN turned on
1072 —— AGN turned off 4 1072 —— AGN turned off 1
103
3

iy

& 10
1073
10*6 L L L L L 1076 L L L L L

1.0 1.5 2.0 2.5 3.0 3.5 4.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t/ Myr t/ Myr

Figure 17. Both diagrams show energy flow rate dependence on time at 0.3 kpc. Left the R2A is
shown, on the right - R2B. Green parts indicate the when the AGN is active, while black means AGN
is inactive. R2B outflows emerge more quickly than R2A.
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