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Abstract

Observations of the jet in M87 and its surroundings are used to constrain hydrodynamical
calculations of this object. These constraints include atmospheric profiles of the gas swi-
rounding M87, the observed point of recollimation at Knot A, the observed half-opening
angle of the jet (~ 3° before deprojection), the inferred inclination of the jet with respect
to the plane of the sky (~ 42°), etc. Many jets are simulated in a systemalic scarch for
the parameters which reproduce the opening angle and recollimation point of the M8T7 jet,
From those, estimates are made of the density and pressure of the M87 jot, and of such
quantities as mass flux, and power output. During this search it was also found that the
simulated jets did not obey the Mach angle relationship, and that recollimation of a jei

depends primarily on the ram pressure of a jet as opposed to the thermal pressure.



1 Introduction

The jet in M87 (NGC 4486, Virgo A, 3C 274) in the Virgo cluster is one of the closest
examples of an extragalactic jet {15 Mpc; only Centaurus A (NGC 5128) is closer; Hesser
et al. 1984) and has thus provided astronomers with a tremendous opportunity for close
ohservation. This means better models of the radio source associated with M87 can be con-
structed and tested with greater confidence than for objects further away. It is the purpose
of this thesis to present numerical simulations of the M87 jet and atmosphere which provide

insight into the physical properties (e.g. density and pressure) of the jet.

1.1 MBS87 Properties

An excellent review of the basic properties of the jet and surroundings of M87 can be found
in Biretta (1994). Some of the major points will be reviewed here, and certain relevant
features will be explored in greater detail. Specifically, the surrounding atmosphere, jet,
radio lobes, and galactic core region will be reviewed, as these are the most relevant to this
work,

M87 is one of two large dominant elliptical (E0/1) galaxies residing in the Virgo cluster.
M87 and its jet have been observed at frequencies ranging from radio waves to gamma
rays, at scales from 0,01 pc to greates than 50 kpc. The total information from all of these
observations is quite staggering, and is best presented by breaking the M87 system up into

its various components.



1.1.1 Atmosphere

MB7 is at the centre of a large cooling flow comprised of hot gas which radiates copiously
in the x-ray regime (Lea, Mushotzky, & Holt 1982, Canizares et al. 1982, Fabricant &
Gorenstein 1983, hereafter FG, Stewart et al. 1984). In two papers, Tsai (1994a; 1994b;
hereafter T94a and T94b) makes a detailed reanalysis of data from the Finstein Qbservatory
Image Proportional Counter (IPC), High Resolution Imager (HRI), Focal Point Crystal
Spectrometer (FPCS) and the Solid State Spectrometer (SSS).

In T94a spherically symmetric electron density profiles of the form

N rfa)™
ne(r) = L (r/ar) (1)
and temperature profiles of the form
T(r) = Too [ ——) :
(1) =T ) (2)

originally from Bertchinger & Meiksin (1986) were fit to the HRI and IPC surface brightness
profiles. Here, r is the distance in parsecs from the core (see Figure 1 for a sample fit).
Tucker and Rosner (1983; hereafter TR) from HRI and IPC data point out that the
density profile is consistent with a power law at small radii (n &< »~!!), and a different
power law at large radii, but with a somewhat larger negative slope (n x 7~13). Note
equation (1) has this property, n, & r=° at sn-all radii, and n, & r~*1=! at large radi,
although the difference between the two power law indices is greate, than in I'R. Previously
it has been determined that «; = 0.36 (FG), so Tsai fixes a; to this value for most fits,

including the fit used in this project (his case g). Both ¢y and ng are additional parameters
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of the fits. The position of the “break” hetween the two power laws is given by a;, and the
density scale of the system by ng. (Note when r = ay, n. = ng/2.)

FG has observed that at radii greater than ~ 6/, [PC spectral observations show the
temperature to be roughly constant, Lea et al. (1982) find this value to be 3.8 x 107 K.
However at small radii, TR suggest the temperature profile is consistent with a rising power
law based upon observations of low-temperature gas by the SSS (Lea et al. 1982), and the
FPCS (Canizares et al. 1982). The temperature profile given by equation (2) satisfies both
these behaviours. It gives a power law at small radii (index given by e ), and asymptotically
approaches a constant temperature (T, = 3.8 x 107 K). The “break” between these two
behaviours occurs roughly at r = ag, Both a3 and a; are free parameters of the fit,

Fits to equations (1) and (2) enabled Tsai to make predictions of the widths of the 7 keV
Fe K Line and compare them to FPCS data. Theoretical spectra were also constructed and
compared to spectra measured by the $SS. In fitting these spectra, oxygen abundance, [0),
was also a free parameter.

T94a also considers the effects of varying such factors as the element abundances in the
system (e.g. [Fe]), the assumed gas column density, Ny, to M87, differences in assumed
atomic emissivities, and the choice of density profile. Cases were also considered in whish
Teo was changed (to 2.2 x 107 K) in order to reflect the large uncertainties associated with
the experimental determination of this quantity (the effects on the fits were found to be
small.)

T94b perform similar fits in the context of a multiphase medium, in contrast to T'94a



Table 1: The parameters of the fit from T94A case g.

ay (kpe) a1 np(1072cm™3) ay (kpe) a2 To (107 K)
7.95 0.36 4,87 38.7 0.491 3.8

which assumes a single medium. T94b determined that if constraints from x-ray data were
considered only, then fits to a multiphase medium [in which a component of the cooling flow
cools, and drops out of the flow (White & Sarazin, 10°7)] gave mass dropout rates of zero,
and essentially recovered the fits of T94a. However, if the optical mass determinations of
Sargent et al, (1978) were included, multiphase models were required to fit the data.

For calculating the atmosphere surrounding M87, this project uses the parameters found
in case g of T94a (single phase), as it is this case that provides the best fit to the data
presented in his paper. The vest-fit model parameters are shown in Table 1. This case also
assumes an [Fe] = 0.5 abundance with respect to solar values, column density of hydrogen,
Ny = 3.18 x 10’ cm~2, and fits an oxygen abundance of [O] = 2.38 with respect to solar
values, Figure 1 shows plots of the profiles using the parameters of Table 1.

Note that simulations of the jet will concern mainly the inner few kiloparsecs of the
atmosphere, This means that the simulated jets will fall within the steadily increasing part,
of the temperature curve, well away from the asymptotic region. As for the electron number
density, the kink between the two power laws occurs at ~ 8 kpc, so work will be mainly in
the region described by the “inner” power law.

One other crucial assumption is made with respect to the atmosphere, It is assumed
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the atmosphere is neutral, and is comprised of electrons and protons. Thus equation (1)
also describes the proton number density, n, as a function of radius, and at any point the

density, p, would be given by
p = MpTlp + MeTle = MpNe + MM = Ne(Mp + M) (3)

where m, and m, are the mass of the electron and proton respectively.

1.1.2 Lobes and jet

One of the most distinguishing features of the M87 system is an ~ 2 kpc long jet. It is
interesting to note that this was also the first extragalactic jet ever discovered, originally
observed by Curtis (1918).

Because the jet has a remarkably similar morphology at both optical and radio wave-
lengths (Turland 1975; Owen, Hardee and Cornwell, '1989, hereafter OHC89; Ford et
al. 1994) these regimes provide the best clues to f'.e morphology of the jet. The jet is
comprised of a series of “knots” (Figure 1.1.2), areas of emission so named because they
were unresolved in the original radio images (Turland 1975). [The classical designations
of Neito and Lelievre (1982) for the various knots are used: A to 1 in terms of decreasing
radio intensity.] Despite the existence of knots along the length of the jet, further evidence
suggests that the inner jet is a continuous cone (OHCB89). It is found that . om the core
to knot A (a projected distance of ~1 kpc, hereafter referred to as the inner jet), the jet
is distinctly conical with an apparent opening angle of 6°0 full width quarter maximum

(FWQM) (not corrected for projection effects) from a 16 GHz VLA image at 071 resolution



Figure 2: Grey-scale 2 cm VLA image of the M87 jet. The labels indicate the position of
the knots. From Owen, Hardee & Cornwell (198%). Courtesy of Frazer Owen.

(OHCB89). This image also indicates that emission seems to be mainly from the surface as
evidenced by the edge-brightened morphology of the jet over most of its length, Filamentary
structures also seem to be wrapped around the surface of the inner jet.

Beyond knot B the jet seems to undergo numerous changes in direction, and appears
to move from side-to-side quite violently. This is evident from long-term proper motion
studies of the jet by Biretta, Zhou, and Owen (1995), who are careful to point out that
whether the inferred velocities imply bulk motion, and/or phase effects remains uncertain,
The end result is that we adopt a velocity of 0.3c as a lower limit (Biretta 1994), This is
also approximately the appatent velocity measured by Reid et al. (1989) using the VLBI for
the nuclear jet region (i.e. close to the core), The edge-brightened features and filamentary

structures continue after knot A, but after this point, continuing to knot B, the jet has a



distinctly cylindrical shape, Evidently something has caused the jet to recollimate. The
cause of the recollimation is one of the issues addressed in this work,

The jet eventually ends in a tail, dissipating gradually into a large radio lobe. The radio
lobe is presumably the result of the jet ploughing into the surrounding atmosphere and
inflating a large cavity ~ 3 kpc in extent (Hines, Owen, & Eilek, 1989), The total radio
source is ~ 5 kpc in extent because there are actually two radio lobes (but only one obvious
jet), leading to speculation that there is, in fact, a second unseen counter-jet. Evidence for
a counter-jet has slowly been increasing over the past five years, including such discoveries
as the optical (Stiavelli et al. 1992; Sparks et al. 1992), and infrared (Neumann et al. 1995)
counterparts to the eastern lobe of M87, particularly a reglon resembling a hot spot.

The radio lobes themselves dominate Virgo A. The radio source is classified as a Fanaroff-
Riley type I (FR-I) source (Fanaroff & Riley 1974) because of its relatively low power ontput
(Pirsmp: ~ 1x10%W Hz~1), However, the one-sided nature of the jet is more characteristic
of an FR-II source. Fanaroff & Riley (1974) found a correlation between jet-sidedness, and
power output. Specifically, higher-powered radio sources (> Pizamp: ~ 3 x 102°W Hz™!,
FR-II sources) tend to have one-sided jets, while lower-powered radio sources (< Pirgp i ~
3 x 10%W Hz~1, FR-I sources) tend to have counter jets, Note that the one-sided nature
of M87 makes it one of several known exceptions to this rule (e.g. Centaurus A is also a
one-sided FR-I source; Clarke, Burns & Norman 1992), a fact that could be related to its
intensity lying so close to the dividing line between the two classifications of radio sources

(Biretta 1994).



The mechanism for emission from the jet and lobes is most consistent with synchrotron
radiation and can account for observations ranging from the radio to x-ray regimes (Biretta,
Stern & Harris 1991), In fact, it is the continuous synchrotron emission spectrum that has
made determining the bulk velocity of the material in the jet so difficult. No spectral lines
are present in the data, and therefore velocities from Doppler shifts cannot be determined.

The actual composition of the jet (and for most other extragalactic jets) is thought to
be free electrons and protons (e.g. Celotti & Fabian 1993). However electron-positron jets
have also been considered and cannot be ruled out (e.g. Ghisellini et al. 1992; Reynolds et
al. 1996). Note that in this project the former is assumed, and thus electron and proton

number densities relate directly to density as in equation (3).

1.1.8 Core region, VLBI-jet and accretion disk

It is also informative to look at the core regions of the system. On smaller scales, 18 cm
VLBI images of Reid et al. (1989) show a jet opening angle of ~ 10° at distances of about
20 pc from the core. Milliarcsecond observations of the nucleus suggest that the material
in the jet must collimate within 1 pc of the central engine, on a size scale less than 0.01 pc
(Spencer and Junor, 1986). These small scales suggest that the central engine for the jet is
a super massive black hole (SMBH) fed by an accretion disk.

It is rather remarkable to note that an accretion disk has actually been observed (Jarvis
& Peletier 1991). Furthermore HST data of the accretion disk (Ford et al. 1994, Harms
et al. 1994) suggest a mass of (2.4 + 0.7) x 10°Mg for the SMBH by assuming Keplerian

motion of matter about the central object. Spiral structure is also observed in the disk,
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with two or more arms reminiscent of those in spiral galaxies wrapping around the outer
regions. With this in mind, Chakrabarti (1995) did a similar fit to the HST data as that of
Harms et al. (1994) but included spiral shock waves in his calculations and found a slightly
higher mass of 4 x 10°Mj,

Regardless of the exact value of the central mass, it is interesting to note that M87
provides some of the most conclusive evidence for the existence of a SMBH at the centre of
any galaxy. It also provides some of the best evidence that extragalactic jet production is
linked to large black holes.

Kinematical studies of the accretion disk have proved useful for another reason; they
provide an estimate for the inclination of the disk to the plane of the sky. Ford et al. (1994)
estimate an inclination of 42° £ 5°. Biretta (1994) also estimates from a variety of consider-
ations that the inclination of the jet to the line of sight is ~ 40°. f the jet is approximately
perpendicular to the accretion disk, as is expected from most models of jet formation, then
these two values are in good agreement. For this work, an inclination angle of 42° for the
jet with respect to the line of sight has been chosen. Thus, deprojection of the 6° opening
angle according to the geometry described by Oppenheimer & Biretta (1994) implies an

actual opening angle of ~ 4%4,

10



1.2 Previous work
1.2.1 Jets-—General Properties

Many computer simulations have been performed with the goal of understanding the un-
derlying physics and classifying jet morphologies according to initial conditions (Norman,
Winkler, & Smarr 1983; Norman, Smarr & Winkler 1985; Clarke, Norman & Burns 1986;
Hardee & Norman 1988, 1990; Lind et al. 1989; Hardee et al. 1991, 1992, 1995; Appl &
Camenzind 1992; Loken et al. 1993; Clarke 1996b). Within this body of work are two-
dimensional (2D) and three-dimensional (3D) simulations of jets with various initial values
of density, pressure, velocity and magnetic field strength propagating into a variety of at-
mospheres, Through such work and the vast amount of radio observations of such objects
(e.g. Hardee, Bridle, & Zensus 1996), the general properties of jets and their effects on their
environs are fairly well understood,

For example, simulations have shown that overpressured jets (internal pressure of the jet,
;s greater than the pressure of the ambient medium, p,) expand until pressure equilibrium
is reached between the two materials (Norman, Winkler, & Smarr 1993). The expansion of
the M87 jet to knot A therefore suggests the jet is overpressured at the core.

It is also believed that the jet is underdense (density less than that of the ambient
medium), and highly supersonic (Mach number of the jet, M; > 5), since numerical simu-
lations show that only light, fast jets can produce the extended lobes observed in sources
such as Virgo A (Norman, Smarr & Winkler 1985). Note that this does not mean the jet

cannot be overdense at the core. As the jet expands, its density decreases and so it need
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only be underdense when its leading edge encounters the atmosphere beyond knot C, and
probably knot A,

The magnetic field strength in the lobes is thought to be weak (not important dy-
namically), as large lobes are not produced in simulations containing large magnetic fields
(Clarke, Norman, & Burns 1986; Lind et al. 1989; Appl & Camenzind 1992). For the most
part, a weak field in the lobes infers a weak field in the jet, except for certain unlikely mag-
netic field configurations (Clarke 1996b). Although these configurations cannot be ruled
out, it will be assumed here that the M87 jet traasports a weak magnetic field. If, in fact,
the jet does transport a strong magnetic field, the fields could contribute to the recollima-
tion of the jet, This project will determine whether strictly hydrodynamical calculations
can recollimate the jet (i.e. without the use of magnetic fieldsj.

A high Mach number for the jet is also supported by the simulations of Loken et
al. (1993) which show that high Mach number jets may travel long distances before ax-
ial symmetry is broken (M87 is approximately axially symmetric until it reaches knot C),
Furthermore, Loken et al. (1993) found that axial symmetry is broken via internal shocking
which serves to heat the jet, thereby increasing the internal sound speed and decreasing its
Mach number, eventually making it more susceptible to disruption. This may be the origin
of knots B and C, and the mechanism behind the eventual disruption of the jet.

The stability of the jet against disruption may be enhanced by more than one factor. If
the jet is overdense (and thus more ballistic) at its source, this may increase the distance

before disruption (Norman, Winkler, & Smarr 1983). Others have shown that atmospheric
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temperature and density gradients such as those modelled by T94a further stabilize a jet
against disruption (Hardee et al. 1991, 1992; Loken et al. 1993). Hardee (1982, 1986,
1987a,b) has shown that jet expansion and cooling serve to slow the growth of perturbations
which would otherwise disrupt the jet,

In summary, from previous general simulations it may be expected that the M87 jet may
be initially overdense, overpressured, and have a high Mach number, with little magnetic
field. The atmospheric profiles of T94a are consistent with a stable jet at least until knot
A is reached. These considerations ae fundamental to this work and will provide some of

the initial conditions for the simulations presented in the following chapters.

1.2.2 MB87 specific work

As the general properties of jets are understood from simulations and observations, it re-
mains to be seen whether any particular source can be modelled successfully.

In the 1980s it was thought that the various knots of the inner jet were produced by
regions of high compression along the length of the jet (Falle & Wilson 1985). Given
the observations of the time, this was certainly a valid interpretation particularly since
numerical calculations hy Falle and Wilson (1985; 1986) reproduced the observations to a
reasonable degree of accuracy. However, more recent observations suggest that the jet has
more of a conical shape, with surface features dominating the observations (OHC89). This
means that Falle and Wilson's model no longer matches the observations.

Also, as discussed in § 1.1.1, the Einstein Qbservatory data permit more detailed mod-

elling of the atmosphere which Hardee, White & Norman (1993; hereafter HWN) used to
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perform more representative two-dimensional hydrodynamical simulations, HWN were able
to reproduce to first order the constant opening angle, followed by recollimation. However,
as they mention, their atmospheric profiles did not accurately reproduce the x-ray surface
brightness inside 10 kpc. This problem has since been overcome by T94a and thus the pro-
files described by equations (1) and (2) are more suitable for use in simulations. Further,
since the HWN simulation, observations have shown that the jet is inclined significantly
with respect to the plane of the sky (~ 42°), whereas they had assumed the jet was in (or
at least close to) the plane of the sky.

Accounting for projection effects revealed by the inclination discovery changes two im-
portant jet parameters. First, the recollimation point (knot A) is further out from the
centre of the system than previously believed, and therefore the conditions under which the
jet recollimates are significantly different. Second, the jet is intrinsically narrower, and thus
the model of HWN requires a higher initial Mach number to be consistent with a smaller
true opening angle. Thus a new set of simulations are needed to help explain the M87 jet

gystem,

1.3 Simulating the M87 jet

In this project a survey of two-dimensional computer simulations will be used to select
conditions of the jet near the core which will reproduce two particular observables: the
opening angle, and the recollimation point. Note that large computational requirements
make it impractical to perform extensive parameter searches in 3D. Calculations will be

strictly hydrodynamical, as magnetic fields are assumed to be weak and not important
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dynamically, A two-fluid approach will be used, so that the jet and atmosphere can be
treated as relativistic (hot) and nonrelativistic (cold) monatomic gases respectively.

For the purposes of this work the actual mechanism that launches the jet (e.g. see
Ustyugova el al. 1995; Contopoulos & Lovelace 1994; Ouyed, Pudritz & Stone 1996) is
not a concern. The main interest is how the jet interacts with the surrounding medium,
which in itself should provide insight into the internal properties of the M87 jet (e.g. density
and pressure, cause of recollimation, etc,) Thus all simulations are started at a minimum
distance of 50 pc from the core of the galaxy. This choice should not affect the results
significantly. As the jet enters the grid, the expansion rate of the outflow asymptotically
approaches the analytically determined rate (see § 2.3). Thus, the evolution of the jet is
relatively insensitive to the actual location of the inner boundary.

A significant portion of this project is devoted to developing an efficient procedure to
identify the simulation with the appropriate opening angle and recollimation point for M87.
This procedure is predicated on the assumption that systematic variations in input pa-
rameters (e.g. density, pressure, bulk velocity of the jet) produce systematic variations in
ohservables (e.g. opening angle, recollimation point), Thus, should new observations render
the specific conclusions of this project obsolete (e.g. different orientation of the jet with re-
spect to the line of sight, better estimate of the outflow velocity, etc.) it would be a relatively
easy matter to reconcile simulations with improved observations, Further, this procedure
could be applied to other sources with well-defined opening angles and recollimation points

(e.9. 3C 219; Clarke et al. 1992).
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The state of the art has now advanced sufficlently so that detailed modelling of individual
sources may be contemplated, Only with such efforts will the present understanding of radio
jets be truly tested, Such modelling has already been done with the radio source Cygnus A
(Clarke, Harris, Carilli 1996). In this work, detailed modelling of the radio source Virgo A
will be attempted. The results of this work should provide the appropriate initial conditions
for a (future) full-blown 3D calculation in which many more details of the source (and modet)
can be explored (e.g. morphology of the radio lobe, cause of disruption of the jet, ete.), and

thus truly test our understanding of this complex source.
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2 Boundary conditions and physical constraints

As in any set of coupled differential equations, hydrodynamics demands sufficient boundary
and initial conditions in order for the system to have a unique solution, In this chapter the
necessary conditions for performing simulations of the M87 system are given along with a

sample jet calculation and the methods developed to analyze it.

2.1 Computer Code
2.1.1 ZEUS-3D

Simulations are performed using the three-dimensional magnetohydrodynamics (MHD)
code, ZEUS-3D (Clarke 1996a) with modifications required to compute two co-existing
fluids with different & ‘iabatic indices (Jun, Clarke, & Norman 1994). The code utilizes
a second-order accurate, monotonic, upwinded, time-centred scheme (van Leer 1977) to
perform interpolations. A von Neumann-Richtmyer artificial viscosity is used to smear a
shock out over several grid zones in order to stabilize it (e.g. Richtmyer and Morton 1967).
Two dimensional calculations are performed in spherical coordinates with magnetic fields
turned off (for a purely hydrodynamical calculation), for an assumed axisymmetry about
the inferred rotation axis of the central SMBH. Jets are injected along the rotation axis
of the system. The atmosphere is modelled as a compressible “cold” fluid with adiabatic
index 4, = 5/3 (e.g. thermal nonrelativistic), while jet material is modelled as a second
“hot” fluid with adiabatic index 4; = 4/3 (e.g. thermal relativistic). Note that ZEUS-3D

is a Newtonian code. Strictly speaking only subrelativistic bulk velocities can be modelled.
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2.1,2 System of units

For computational convenience, simulations have been performed.uaing scaled, dimension-
less units. Most results will be quoted in these units, unless otherwise stated. It is informa-
tive to review the process which determines conversions between these dimensionless units
and standard units.

The inner boundary, r;,, of the 2D polar grid was chosen to be 50 pc, and serves
as the fiducial point for scaling the flow variables. Thus, velocities and densities are all
scaled by the sound speed and density at 7. In scaled units, therefore, ¢;, = 1 and
Pin = Ny (Mp + Me) = 1.

The adiabatic sound speed, c,, is given by

et = -“’;f—’. (4)
In scaled units the pressure at the inner boundary is therefore p;,, = 0.6.

Temperature and pressure are related via

whete 7, and T, are the temperature of the electron and proton gasses respectively. As-
suming the protons and electrons are in thermodynamic equilibtium (T, = T},) and using
equation (3), equation (5) can be written as

2y
- myp + M.

pT. (6)

The temperature is scaled such that 2ky/(my 4 m.) = 1, and thus the temperature at the

inner boundary, Tiy, is given by T}, = 0.6.
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Table 2; Conversion factors between the scaled units of ZEUS-3D and real units, .

ZEUS-3D
dimensionless M87
quantity units real units
density 1 5.023 x 10~%2kg m ™
5.023 x 10~%6g cm—3
pressure 1 2.002 x 10~"1Pa
temperature 1 2.415 x 108K
velocity 1 1.996 x 10%m 5!
2.042 x 10~%pc yr-!
time 1 3.008 x 105
0.533 x 10%yr
mass 1 1.088 x 10%°kg
distance 1 6.006 x 10'%m
1.946 pc

The unit of distance is defined as the radius of the jet (»;) at 50 pc given a constant
half-opening angle of 2923, Thus r; = 1.95 pc for the jet in M87. The characteristic unit of
time, ¢.p, is then easily computed from tch, = r;/cin = 9500 yrs.

The system of characteristic ZEUS units has now been completely determined. The
relationships just given, along with equations (1) and (2), can be used to calculate the
equivalent quantities in conventional units thus determining conversion factors between
ZEUS and conventional units, This is summarized in Table 2. The first column labels °
the quantity, the second and third columns show the relationship between dimensionless
and real units. Quantities are given in SI units, and if appropriate, units more common to

astronomy,
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2.2 The atmosphere

It is important to note that the atmosphere described in § 1.1.1 is an empirical “best-fit” by
T94a. As such, it does not represent a physical model and nothing guarantees its stability
over time. Since a steady-state atmosphere is desired, a simulation must be performed in
order to determine the evolution of the atmosphere, if any, over the course of a calculation.
If the evolution is small, we can assume a steady-state atmosphere without having to resort
to artificial measures that enforce a strict steady-state.

To this end, a grid was initialized from 50 pc (25.7 ;) to 85600 pc (4367 7;) containing
150 geometrically stretched zones in the radial direction with a resolution of 0.89 7; at the
inner boundary, and 147 r; at the outer boundary. Fifty uniform zones were spaced over
90° in the azimuthal direction, giving a resolution of 198 (3.14 x 10~? radians) per zone (see
Figure 3). The atmosphere was evolved to t = 100, which is longer than any jet calculation
that was performed in the following chapters.

Figure 4 shows the results of the simulation in which the ¢ = 100 profiles are overlaid
on the original ¢ = 0 profiles. Because of azimuthal symmetry, any changes will be in the
radial direction,

Changes in density and pressure have occurred mainly in the first ~ 200 r;, and are all
less than 20%. Beyond 200 r;, all changes are insignificant, Velocities are extremely small,
with v < |0.08] (8% of ¢;;,) at all points. Mach numbers are similarly small, never exceeding
0.028. Most jet simulations in this project were run to a maximum of ¢ = 30 or ¢ = 45,

and so the measured effects are even less than those depicted in Figure 4, Thus, for the
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Figure 3: The inner 100 r; of the grid used for simulating the atmosphere, the points
marking the centre of each zone. Distances ate in units of ;. Note that the actual grid
extends to 4367 r; (8600 pc).
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purposes of this work, the atmospheric profiles of 194a may be considered static.

2.3 The MS8T7 jet: an analytical approach

Appropriate initial parameters of the jet must be selected which will reproduce the gross
observations, namely the FWQM 4°4 opening angle and sudden recollimation at knot A
(~ 691 7;). There are three primary initial conditions in the absence of magnetic fields
that must be determined: the pressure, density, and bulk velocity at the inner boundary of
the jet. From observations, if one fixes the velocity at 0.3c, in principle the pressure and
density can be constrained (if indirectly) by the opening angle and recollimation point. In
other words, a unique opening angle and recollimation point pair can be determined via a
unique choice of pressure and density once a velocity is chosen.

This section presents a simple analytical model for the M87 jet, and way it ultimately
fails. The section also introduces the diagnostic tools necessary for evaluating the simula-

tions in the parameter survey described in the next chapter.

2.3.1 Initial conditions and parameters

In the analytical derivation, the jet is assumed to recollimate at knot A because the thermal
pressure of the jet comes into equilibrium with the thermal pressure of the ambient material.
The pressure and temperature of the atmosphere at knot A is known (for the pressure
indirectly) from equations (1) and (2). If constant adiabatic expansion is also assumed, in
which case

pj o 178 (7)
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and
pj x 12 (8)

then from the initial calculations of the condition of the jet at knot A, properties of the jet
at the inner boundary (from where the jet will be launched) can also be determined.
One might also assume that a jet with constant opening angle has the half-opening
angle, 6,, given by the Mach angle
tan6, = =L 9)
vj
where ¢; is the internal sound speed of the jet, and v; is the bulk radial velocity (away from

the core) of the jet. Substitution of equation (4) into equation (9) yields:

p= a:%? (10)
With the equation of state
p=(y- e, (11)
equation (10) becomes
p= %. (12)

With these assumptions we arrive at the initial parameters for a candidate model for the
jet, shown in Table 3, scaled according to the discussion in § 2.1.2. Also listed are the
presumed conditions of the jet and atmosphere at knot A. There are significant problems
with this calculation. These will be discussed, along with the results of the cotresponding

simulation, in the next subsection. Whatever the problems, however, this model is based
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Table 3: Initial parameters for the analytically derived jet along with the atmosphere and
jet at knot A,

Position p P e v
Jei (50 pc) 22.0 5090 15300 450.5
Jet (knot A) 0.0297 0.782 235 450.5
Atmosphere (knot A) [ 0.263 0.782 117 0.00

on simple assumptions and is therefore reasonably easy to grasp and calculate, It will serve

as a useful reference against which other simulations may be compared.

2.3.2 Initialization of the simulation

In order to test the validity of the values in Table 3, a 200 x 35 zone polar grid was initialized.
The radial direction ran from 50 pc (25.7 ;) to 8500 pc (4367 r;), respectively, resolved
by 200 geometrically expanding zones from the inner boundary outward (grid resolution
0.668 r; to 110.72 r;), The angular direction was resolved by 35 zones, 15 zones resolving
the first 1.5 angular jet radii (3°35; resolution 09223 /zone), and 20 geometrically expanding
zones resolving the region from 3?35 to 90° (grid resolution 09223 to 18°1). Ten zones
resolved the jet at the inner boundary with all zones having an initial velocity parallel to
the jet axis. The jet was evolved to ¢ = 30, although the leading edge of the jet actually
left the grid at about ¢ = 19, Figure 5 shows the inner 100 r; of the grid used, where each

dot represents the centre of a zone.
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Figure 5: The inner 100 7; of the grid used in most jet calculations, the points marking
the centre of each zone. Note the concentration of zones along the x-axis, The jet is
launched parallel to the x-axis. Distances are in units of 7;. Note the actual grid extends
to 4367 r; (8500 pc).
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2.3.3 Results and methods of analysis

To evaluate the success of this simulation and those in the following chapter, appropriate
diagnostic methods had to be developed. In particular, these methods need to identify
unique and objective values for the opening angle and recollimation point of a computer-
generated jet.

Figure 6a shows a 1D slice through the jet at constant radius » = 145.4 r; of vy (the
radial component of the velocity) plotted against azimuthal angle. The edge of the jet is well
defined by this profile, as velocity drops quite dramatically in a small number of zones from
the initial flow velocity to almost zero. The half-opening angle, 8,, is defined here as the
angle at which the velocity drops to v; = 225 (approximately half the initial flow velocity).
An interpolation is performed to v; = 225 to find the appropriate angle corresponding to
this velocity.

Note for this jet, 8, = 6200 at the particular epoch of the calculation chosen. Herein lies
a possible problem in the ability to measure a unique value for 6,. Figure 6b shows a plot
of 6, at » = 145 r; plotted against time, in which it is obvious 8, evolves with time before
reaching a steady-state. In general, measuring 6, before steady-state is reached leads to an
underestimate of the final opening angle.

There is nothing particularly special about the distance r = 145.4 r; either. Figure 7
shows varlous visual representations of the jet shape. Figure 7a is a grey-scale plot of
v of the jet out to 500 r;. Visually » = 145 r; discerns a point on the image where a

constant opening angle is easily measured. Despite the appearance of Figure 7a, however,
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a) Jet half-opening angle determination at » = 145.4 r; for test jet.
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Figure 6: Determination of the half-opening angle of a jet,
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it is impossible to assign a unique opening angle representative of the jet over its entire
recollimated length. Figure 7h depicts the edge of the jet (as defined by where the outflow
velocity falls by half) along its entire length at ¢ = 19.5 (the y-axis has been expanded
with respect to the z-axis to view the width of the jet better), Note that the data in
Figures 7b and 7¢ have been presented on a Cartesian grid, with the a-axis coincident with
the rotation axis. Clearly the opening angle is not constant along the length of the jet. If
the plot is viewed on a log-log scale (Figure 7c), certain features are evident. There is a
region of smooth expansion which is not necessarily given by y x « (7.e. not a constant
opening angle). The jet is eventually affected by the surrounding medium and recollimates,
disrupting the smooth expansion. For the purposes of this work, the recollimation point
(r.) is defined as the point where a line indicating constant jet radius from the recollimated
region (aside from a few fluctuations) intersects the line representative of the region of
smooth expansion. In the simulations presented in the next chapter, it will be found that
this smooth region is governed by a power law in & and y. This power law will be fitted to
the data in order to determine the recollimation point (see §3.1.3 and Figure 15),

Related to the recollimation point, but not necessarily occurring at the same distance
from the core, is a feature prominent in Figure 8a. The solid line depicts the density
variations in the jet, p;, along with pressure, p; (long dash), and temperature, T (short
dash) plotted against distance along the jet axis. The plot reveals a sharp density minimum,
Pmins b Tmin ~ 1600 r;, In a region of smooth expansion, p; is well behaved decreasing

approximately as the inverse square of the distance from the core, Upon recollimation, the
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a) Radial velocity grey-scale image of the first inner 500 r; of the jet
(darker shades of grey indicate higher velocities).

b) jet edge, linear plot.
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Figure 7: Determination of the recollimation point of . jet.
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a) Various physical quantities plotted along jet axis.
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b) Variation of 7, with respect to time.
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Figure 8: Determination of stability of 7, with respect to time, which is an indication of
the stability of pyin.
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