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CHAPTER 5

GENERAL SOLUTION OF THE JEANS EQUATIONS FOR
TRIAXIAL GALAXIES WITH SEPARABLE POTENTIALS

ABSTRACT

The Jeans equations relate the second-order velocity moments to the density and
potential of a stellar system. For general three-dimensional stellar systems, there
are three equations and six independent moments. By assuming that the potential
is triaxial and of separable Stackel form, the mixed moments vanish in confocal
ellipsoidal coordinates. Consequently, the three Jeans equations and three re-
maining non-vanishing moments form a closed system of three highly-symmetric
coupled first-order partial differential equations in three variables. These equa-
tions were first derived by Lynden-Bell, over 40 years ago, but have resisted solu-
tion by standard methods. We present the general solution here.

We consider the two-dimensional limiting cases first. We solve their Jeans equa-
tions by a new method which superposes singular solutions. The singular so-
lutions, which are new, are standard Riemann-Green functions. The resulting
solutions of the Jeans equations give the second moments throughout the system
in terms of prescribed boundary values of certain second moments. The two-
dimensional solutions are applied to non-axisymmetric disks, oblate and prolate
spheroids, and also to the scale-free triaxial limit. There are restrictions on the
boundary conditions which we discuss in detail. We then extend the method of
singular solutions to the triaxial case, and obtain a full solution, again in terms
of prescribed boundary values of second moments. There are restrictions on these
boundary values as well, but the boundary conditions can all be specified in a
single plane. The general solution can be expressed in terms of complete (hy-
per)elliptic integrals which can be evaluated in a straightforward way, and provides
the full set of second moments which can support a triaxial density distribution in
a separable triaxial potential.

G. van de Ven, C. Hunter, E.K. Verolme, P.T. de Zeeuw
MNRAS, 342, 1056-1082 (2003)
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1 INTRODUCTION

MUCH has been learned about the mass distribution and internal dynamics of
galaxies by modeling their observed kinematics with solutions of the Jeans equa-
tions (e.g., Binney & Tremaine 1987). These are obtained by taking velocity moments
of the collisionless Boltzmann equation for the phase-space distribution function f,
and connect the second moments (or the velocity dispersions, if the mean streaming
motion is known) directly to the density and the gravitational potential of the galaxy,
without the need to know f. In nearly all cases there are fewer Jeans equations than
velocity moments, so that additional assumptions have to be made about the degree
of anisotropy. Furthermore, the resulting second moments may not correspond to a
physical distribution function f > 0. These significant drawbacks have not prevented
wide application of the Jeans approach to the kinematics of galaxies, even though the
results need to be interpreted with care. Fortunately, efficient analytic and numer-
ical methods have been developed in the past decade to calculate the full range of
distribution functions f that correspond to spherical or axisymmetric galaxies, and
to fit them directly to kinematic measurements (e.g., Gerhard 1993; Qian et al. 1995;
Rix et al. 1997; van der Marel et al. 1998). This has provided, for example, accurate
intrinsic shapes, mass-to-light ratios, and central black hole masses (e.g., Verolme et
al. 2002; Gebhardt et al. 2003).

Many galaxy components are not spherical or axisymmetric, but have triaxial
shapes (Binney 1976, 1978). These include early-type bulges, bars, and giant el-
liptical galaxies. In this geometry, there are three Jeans equations, but little use
has been made of them, as they contain six independent second moments, three of
which have to be chosen ad-hoc (see, e.g., Evans, Carollo & de Zeeuw 2000). At the
same time, not much is known about the range of physical solutions, as very few
distribution functions have been computed, and even fewer have been compared with
kinematic data (but see Zhao 1996).

An exception is provided by the special set of triaxial mass models that have a grav-
itational potential of Stackel form. In these systems, the Hamilton-Jacobi equation
separates in orthogonal curvilinear coordinates (Stackel 1891), so that all orbits have
three exact integrals of motion, which are quadratic in the velocities. The associated
mass distributions can have arbitrary central axis ratios and a large range of density
profiles, but they all have cores rather than central density cusps, which implies that
they do not provide perfect fits to galaxies (de Zeeuw, Peletier & Franx 1986). Even so,
they capture much of the rich internal dynamics of large elliptical galaxies (de Zeeuw
1985a, hereafter Z85; Statler 1987, 1991; Arnold, de Zeeuw & Hunter 1994). Numer-
ical and analytic distribution functions have been constructed for these models (e.g.,
Bishop 1986; Statler 1987; Dejonghe & de Zeeuw 1988; Hunter & de Zeeuw 1992,
hereafter HZ92; Mathieu & Dejonghe 1999), and their projected properties have been
used to provide constraints on the intrinsic shapes of individual galaxies (e.g., Statler
1994a, b; Statler & Fry 1994; Statler, DeJonghe & Smecker-Hane 1999; Bak & Statler
2000; Statler 2001).

The Jeans equations for triaxial Stickel systems have received little attention.
This is remarkable, as Eddington (1915) already knew that the velocity ellipsoid
in these models is everywhere aligned with the confocal ellipsoidal coordinate sys-
tem in which the motion separates. This means that there are only three, and not
six, non-vanishing second-order velocity moments in these coordinates, so that the
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Jeans equations form a closed system. However, Eddington, and later Chandrasekhar
(1939, 1940), did not study the velocity moments, but instead assumed a form for the
distribution function, and then determined which potentials are consistent with it.
Lynden-Bell (1960) was the first to derive the explicit form of the Jeans equations for
the triaxial Stackel models. He showed that they constitute a highly symmetric set
of three first-order partial differential equations (PDEs) for three unknowns, each of
which is a function of the three confocal ellipsoidal coordinates, but he did not de-
rive solutions. When it was realized that the orbital structure in the triaxial Stackel
models is very similar to that in the early numerical models for triaxial galaxies with
cores (Schwarzschild 1979; Z85), interest in the second moments increased, and the
Jeans equations were solved for a number of special cases. These include the axisym-
metric limits and elliptic disks (Dejonghe & de Zeeuw 1988; Evans & Lynden-Bell
1989, hereafter EL89), triaxial galaxies with only thin tube orbits (HZ92), and, most
recently, the scale-free limit (Evans et al. 2000). In all these cases the equations sim-
plify to a two-dimensional problem, which can be solved with standard techniques
after recasting two first-order equations into a single second-order equation in one
dependent variable. However, these techniques do not carry over to a single third-
order equation in one dependent variable, which is the best that one could expect to
have in the general case. As a result, the general case has remained unsolved.

Here, we first present an alternative solution method for the two-dimensional limit-
ing cases which does not use the standard approach, but instead uses superpositions
of singular solutions. We show that this approach can be extended to three dimen-
sions, and provides the general solution for the triaxial case in closed form, which we
give explicitly. We will apply our solutions in a follow-up paper, and will use them
together with the mean streaming motions (Statler 1994a) to study the properties of
the observed velocity and dispersion fields of triaxial galaxies.

In Section 2, we define our notation and derive the Jeans equations for the triaxial
Stdckel models in confocal ellipsoidal coordinates, together with the continuity condi-
tions. We summarize the limiting cases, and show that the Jeans equations for all the
cases with two degrees of freedom correspond to the same two-dimensional problem.
We solve this problem in Section 3, first by employing a standard approach with a
Riemann-Green function, and then via the singular solution superposition method.
We also discuss the choice of boundary conditions in detail. We relate our solution to
that derived by EL89 in Appendix A, and explain why it is different. In Section 4, we
extend the singular solution approach to the three-dimensional problem, and derive
the general solution of the Jeans equations for the triaxial case. It contains complete
(hyper)elliptic integrals, which we express as single quadratures that can be numeri-
cally evaluated in a straightforward way. We summarize our conclusions in Section 5.

2 THE JEANS EQUATIONS FOR SEPARABLE MODELS

We first summarize the essential properties of the triaxial Stdckel models in confocal
ellipsoidal coordinates. Further details can be found in Z85. We show that for these
models the mixed second-order velocity moments vanish, so that the Jeans equations
form a closed system. We derive the Jeans equations and find the corresponding
continuity conditions for the general case of a triaxial galaxy. We then give an overview
of the limiting cases and show that solving the Jeans equations for the various cases
with two degrees of freedom reduces to an equivalent two-dimensional problem.



140 CHAPTER 5. GENERAL SOLUTION OF THE JEANS EQUATIONS

Z

\

(G

j
7
\

\
I
\

FIGURE 1 — Confocal ellipsoidal coordinates. Surfaces of constant )\ are ellipsoids, surfaces
of constant y are hyperboloids of one sheet and surfaces of constant v are hyperboloids of two
sheets.

2.1 TRIAXIAL STACKEL MODELS

We define confocal ellipsoidal coordinates (), i, v) as the three roots for 7 of

$2 y2 Z2

+ + =1
T+a T4+8 T+7

) 2.1)

with (z,y,2) the usual Cartesian coordinates, and with constants «a,( and ~ such
that —v < v < -8 < u < —a < A. For each point (z,y,2), there is a unique set
(A, 4, v), but a given combination (), i, v) generally corresponds to eight different points
(£x,ty,+2). We assume all three-dimensional Stickel models in this chapter to be
likewise eightfold symmetric.

Surfaces of constant A are ellipsoids, and surfaces of constant x and v are hyper-
boloids of one and two sheets, respectively (Fig. 1). The confocal ellipsoidal coordi-
nates are approximately Cartesian near the origin and become a conical coordinate
system at large radii with a system of spheres together with elliptic and hyperbolic
cones (Fig. 3). At each point, the three coordinate surfaces are perpendicular to each
other. Therefore, the line element is of the form ds? = P2d\? + Q%du? + R*dv?, with the
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metric coefficients

e =0
4N+ a) N+ BN +7)’
9 (w—v)(p—A)
A T | PR [ PR 22)
R — (V_)\)(V—M)

dv+a)v+B)v+7)

We restrict attention to models with a gravitational potential Vg(\, i, v) of Stackel

form (Weinacht 1924)
F) Fp) F)
Vo =-— - - . 2.3)
A=—pA=v) (p=v)p=2) @-=Nr-n

where F(7) is an arbitrary smooth function.

Adding any linear function of 7 to F(7) changes Vs by at most a constant, and
hence has no effect on the dynamics. Following Z85, we use this freedom to write

F(r) = (1 + a)(1 +v)G(7), (2.4)

where G(7) is smooth. It equals the potential along the intermediate axis. This choice
will simplify the analysis of the large radii behavior of the various limiting cases.!

The density pgs that corresponds to Vs can be found from Poisson’s equation or by
application of Kuzmin’s (1973) formula (see de Zeeuw 1985b). This formula shows
that, once we have chosen the central axis ratios and the density along the short axis,
the mass model is fixed everywhere by the requirement of separability. For centrally
concentrated mass models, Vs has the z-axis as long axis and the z-axis as short axis.
In most cases this is also true for the associated density (de Zeeuw et al. 1986).

2.2 VELOCITY MOMENTS

A stellar system is completely described by its distribution function (DF), which in
general is a time-dependent function f of the six phase-space coordinates (x,v). As-
suming the system to be in equilibrium (df/dt = 0) and in steady-state (0f/0t = 0),
the DF is independent of time ¢ and satisfies the (stationary) collisionless Boltzmann
equation (CBE). Integration of the DF over all velocities yields the zeroth-order veloc-
ity moment, which is the density p of the stellar system. The first- and second-order
velocity moments are defined as

(w)(x) = %/X/mﬂxv>£u
(vivg) (%) = %/X/wwﬂ&V%fu

where i,j = 1,2,3. The streaming motions (v;) together with the symmetric second-
order velocity moments (v;v;) provide the velocity dispersions o?j = (vv5) — (v;)(v;).
The continuity equation that results from integrating the CBE over all velocities,

relates the streaming motion to the density p of the system. Integrating the CBE over

(2.5)

'Other, equivalent, choices include F(7) = —(7 + a)(7 +v)G(7) by HZ92, and F(7) = (1 + ) (7 + 8)U(7)
by de Zeeuw et al. (1986), with U(7) the potential along the short axis.
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all velocities after multiplication by each of the three velocity components, provides
the Jeans equations, which relate the second-order velocity moments to p and V, the
potential of the system. Therefore, if the density and potential are known, we in gen-
eral have one continuity equation with three unknown first-order velocity moments
and three Jeans equations with six unknown second-order velocity moments.

The potential (2.3) is the most general form for which the Hamilton—-Jacobi equa-
tion separates (Stackel 1890; Lynden-Bell 1962b; Goldstein 1980). All orbits have
three exact isolating integrals of motion, which are quadratic in the velocities (e.g.,
7Z85). It follows that there are no irregular orbits, so that Jeans’ (1915) theorem is
strictly valid (Lynden-Bell 1962a; Binney 1982) and the DF is a function of the three
integrals. The orbital motion is a combination of three independent one-dimensional
motions — either an oscillation or a rotation — in each of the three ellipsoidal coor-
dinates. Different combinations of rotations and oscillations result in four families of
orbits in triaxial Stickel models (Kuzmin 1973; Z85): inner (I) and outer (O) long-axis
tubes, short (S) axis tubes and box orbits. Stars on box orbits carry out an oscil-
lation in all three coordinates, so that they provide no net contribution to the mean
streaming. Stars on I- and O-tubes carry out a rotation in » and those on S-tubes a
rotation in x4, and oscillations in the other two coordinates. The fractions of clockwise
and counterclockwise stars on these orbits may be unequal. This means that each of
the tube families can have at most one nonzero first-order velocity moment, related to
p by the continuity equation. Statler (1994a) used this property to construct velocity
fields for triaxial Stackel models. It is not difficult to show by similar arguments (e.g.,
HZ92) that all mixed second-order velocity moments also vanish

(vavy) = (Vo) = (vyvy) = 0. (2.6)

Eddington (1915) already knew that in a potential of the form (2.3), the axes of the
velocity ellipsoid at any given point are perpendicular to the coordinate surfaces, so
that the mixed second-order velocity moments are zero. We are left with three second-
order velocity moments, (v3), (v2) and (v2), related by three Jeans equations.

2.3 THE JEANS EQUATIONS

The Jeans equations for triaxial Stdckel models in confocal ellipsoidal coordinates
were first derived by Lynden-Bell (1960). We give an alternative derivation here, using
the Hamilton equations.

We first write the DF as a function of (), i, ) and the conjugate momenta

dX
dt’

o QdV

Pv = E7 (27)

dp
:P2 = 2—
DA quﬁ

with the metric coefficients P, Q and R given in (2.2). In these phase-space coordi-

nates the steady-state CBE reads

drof  dp: Of _
dt Ot dt Op,

(2.8)

where we have used the summation convention with respect to 7 = A, u, v. The Hamil-
ton equations are
dr OH dp, OH

g - 2.
dt  Op; dt or’ 2.9)
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with the Hamiltonian defined as

R, n
2P? " 22 " 2R?

TV ). (2.10)

The first Hamilton equation in (2.9) defines the momenta (2.7) and gives no new in-
formation. The second gives

Ay _ B3 OP  WLOQ  pEOR_ OV o1
dt P3OXN Q30X R3ON O\
and similar for p, and p, by replacing the derivatives with respect to A by derivatives
to ¢ and v, respectively.
We assume the potential to be of the form Vs defined in (2.3), and we substitute
(2.7) and (2.11) in the CBE (2.8). We multiply this equation by p, and integrate over
all momenta. The mixed second moments vanish (2.6), so that we are left with

3(fp)oP  (frp)dQ (fp2)OR 1 9 Vs

- ., - 2 — - - =
P5oox T or an T on a5 =0 (2.12)
where we have defined the moments
) = [1ap=rQrp,
(2.13)
UR) = [ R1dy= PRI,
with the diagonal components of the stress tensor
Trr(N\ 1, v) = p(v2), T =\, (2.14)

The moments (fp?%) and (fp2) follow from (fp3) by cyclic permutation A — u — v — X,
for which P —@Q — R — P. We substitute the definitions (2.13) in eq. (2.12) and carry
out the partial differentiation in the fourth term. The first term in (2.12) then cancels,
and, after rearranging the remaining terms and dividing by PQR, we obtain

O | Do — 1 0Q  Taa—T,,0R _ 9Vy

B\ Q o R ax_ Poaxe (2.15)

Substituting the metric coefficients (2.2) and carrying out the partial differentiations
results in the Jeans equations

Oy Dw—Tuu T —Ty OVs

x 20— 200—w) - "o (2.162)
0Ty Tup— Ty T — T Vs
+ = p25, (2.16b)
on " 20u—v)  2u-N o
aTw/ Ty — T Ty, — TWL _ % (2 16¢)

v i 2w — ) 2(v — ) P

where the equations for . and v follow from the one for A by cyclic permutation. These
equations are identical to those derived by Lynden-Bell (1960).
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In self-consistent models, the density p must equal pg, with pg related to the po-
tential Vg (2.3) by Poisson’s equation. The Jeans equations, however, do not require
self-consistency. Hence, we make no assumptions on the form of the density other
than that it is triaxial, i.e., a function of (), u,v), and that it tends to zero at infinity.
The resulting solutions for the stresses T, do not all correspond to physical distribu-
tion functions f > 0. The requirement that the 7,, are non-negative removes many
(but not all) of the unphysical solutions.

2.4 CONTINUITY CONDITIONS

We saw in §2.2 that the velocity ellipsoid is everywhere aligned with the confocal
ellipsoidal coordinates. When A — —a, the ellipsoidal coordinate surface degenerates
into the area inside the focal ellipse (Fig. 2). The area outside the focal ellipse is
labeled by © = —a. Hence, T), is perpendicular to the surface inside and T, is
perpendicular to the surface outside the focal ellipse. On the focal ellipse, i.e. when
A = u = —a, both stress components therefore have to be equal. Similarly, 7}, and T,,
are perpendicular to the area inside (u = —f) and outside (v = —f) the two branches
of the focal hyperbola, respectively, and have to be equal on the focal hyperbola itself
(4 = v = —[). This results in the following two continuity conditions

Ton(—a,—a,v) =Ty (—a, —a,v), (2.17a)

TIJH()‘? _ﬁ7 _ﬁ) = Tl/l/(>\7 _ﬁa _/6) (217b]

These conditions not only follow from geometrical arguments, but are also precisely
the conditions necessary to avoid singularities in the Jeans equations (2.16) when A =
uw=—a and p = v = —(. For the sake of physical understanding, we will also obtain
the corresponding continuity conditions by geometrical arguments for the limiting
cases that follow.

2.5 LIMITING CASES

When two or all three of the constants «, [ or  are equal, the triaxial Stickel models
reduce to limiting cases with more symmetry and thus with fewer degrees of freedom.
We show in §2.6 that solving the Jeans equations for all the models with two degrees
of freedom reduces to the same two-dimensional problem. EL89 first solved this
generalized problem and applied it to the disk, oblate and prolate case. Evans et al.
(2000) showed that the large radii case with scale-free DF reduces to the problem
solved by EL89. We solve the same problem in a different way in §3, and obtain a
simpler expression than EL89. In order to make application of the resulting solution
straightforward, and to define a unified notation, we first give an overview of the
limiting cases.

2.5.1 Oblate spheroidal coordinates: prolate potentials

When ~ = 3, the coordinate surfaces for constant A and p reduce to oblate spheroids
and hyperboloids of revolution around the z-axis. Since the range of v is zero, it
cannot be used as a coordinate. The hyperboloids of two sheets are now planes
containing the z-axis. We label these planes by an azimuthal angle y, defined as
tany = z/y. In these oblate spheroidal coordinates (), u,x) the potential Vs has the
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FIGURE 2 — Special surfaces inside (A = —«) and outside (1 = —«) the focal ellipse in the plane
z =0, and inside (1 = —() and outside (v = — () the two branches of the focal hyperbola in the
plane y = 0 and the plane z =0 (v = —~v).

form (cf. Lynden-Bell 1962b)

Ve = ) =) 9(x) 2.18)

A—p A+ 8)(u+B)’

where the function g(x) is arbitrary, and f(r) = (7 + a)G(7), with G(7) as in eq. (2.4).
The denominator of the second term is proportional to y2 + 22, so that these potentials
are singular along the entire z-axis unless g(x) = 0. In this case, the potential is
prolate axisymmetric, and the associated density pg is generally prolate as well (de
Zeeuw et al. 1986).

The Jeans equations (2.16) reduce to

aT)\)\ T)\)\ - Tup T)x)\ — TXX I %
ON 200 —p) T 200+P) Pox
Ly | Ty —DTon | Ty — Ty Vs
N _ % 2.19)
o 20N 21D "o
My _ Vs
ox Do

The continuity condition (2.17a) still holds, except that the focal ellipse has become a
focal circle. For ;4 = —f, the one-sheeted hyperboloid degenerates into the z-axis, so
that 7}, is perpendicular to the z-axis and coincides with 7. This gives the following
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two continuity conditions
T,\)\(—Oé, _aaX) = T/J« (_aa_aaX)a

THH()‘7_ﬁaX) = TXX()‘)_ﬁaX)'

By integrating along characteristics, Hunter et al. (1990) obtained the solution of
(2.19) for the special prolate models in which only the thin I- and O-tube orbits are
populated, so that 7}, = 0 and 7)) = 0, respectively (cf. §2.5.6).

(2.20)

2.5.2 Prolate spheroidal coordinates: oblate potentials

When § = «, we cannot use p as a coordinate and replace it by the azimuthal angle
¢, defined as tan ¢ = y/z. Surfaces of constant A and v are confocal prolate spheroids
and two-sheeted hyperboloids of revolution around the z-axis. The prolate spheroidal
coordinates (), ¢,v) follow from the oblate spheroidal coordinates (), u,x) by taking
uw— v, x — ¢ and 8 — « — 7. The potential Vg(\, ¢,v) is (cf. Lynden-Bell 1962b)

) =fy) 9(9)
Vs = X—v A+a)(v+a) @21

In this case, the denominator of the second term is proportional to R? = x?+y?, so that

the potential is singular along the entire z-axis, unless g(¢) vanishes. When g(¢) = 0,

the potential is oblate, and the same is generally true for the associated density pgs.
The Jeans equations (2.16) reduce to

O, T =Ty  Ta—-T,, _ Vs

X 200 ta) | 200 —v) Pan>

0T Vg
—— = —p—. 2.22
B0 rS . ( )

8Ttw TI/V - T)\)\ TIJI/ - T¢¢ _ %

ov 2(v — ) 2(v + «) P
For A\ = —a, the prolate spheroidal coordinate surfaces reduce to the part of the z-axis
between the foci. The part beyond the foci is reached if » = —a. Hence, in this case,
Ty, is perpendicular to part of the z-axis between, and T, is perpendicular to the
part of the z-axis beyond the foci. They coincide at the foci (A = v = —a), resulting in

one continuity condition. Two more follow from the fact that 7, is perpendicular to
the (complete) z-axis, and thus coincides with T, and 7,, on the part between and
beyond the foci, respectively:

TAA(_aa(ba_a) = Tl/l/(_aa(ba_a)7
Dw(—a,0,v) = Tep(—a, d,v), (2.23)
Tl/l/(>\ﬂ ¢7 _a) = T¢¢(>‘7 ¢7 _a)~

For oblate models with thin S-tube orbits (7)) = 0, see §2.5.6), the analytical solution
of (2.22) was derived by Bishop (1987) and by de Zeeuw & Hunter (1990). Robijn &
de Zeeuw (1996) obtained the second-order velocity moments for models in which the
thin tube orbits were thickened iteratively. Dejonghe & de Zeeuw (1988, Appendix D)
found a general solution by integrating along characteristics. Evans (1990) gave an
algorithm for solving (2.22) numerically, and Arnold (1995) computed a solution using
characteristics without assuming a separable potential.
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2.5.3 Confocal elliptic coordinates: non-circular disks

In the principal plane z = 0, the ellipsoidal coordinates reduce to confocal elliptic
coordinates (), 1), with coordinate curves that are ellipses (A\) and hyperbolae (), that
share their foci on the symmetry y-axis. The potential of the perfect elliptic disk,
with its surface density distribution stratified on concentric ellipses in the plane z = 0
(v = —9), is of Stackel form both in and outside this plane. By a superposition of
perfect elliptic disks, one can construct other surface densities and corresponding
disk potentials that are of Stéckel form in the plane z = 0, but not necessarily outside
it (Evans & de Zeeuw 1992). The expression for the potential in the disk is of the form
(2.18) with g(x) = 0:
) - I (2.24)
A—p
where again f(7) = (7 + a)G(7), so that G(7) equals the potential along the y-axis.
Omitting all terms with v in (2.16), we obtain the Jeans equations for non-circular
Stackel disks

Vs = -

aTA)\ Thx — T;m _ %

ax | 20— p) Pax”
(2.25)

a,Tu;L + ,T;m 7T)\)\ _ _p%

o 2(n—A) o’
where now p denotes a surface density. The parts of the y-axis between and beyond

the foci are labeled by A = —« and p = —a, resulting in the continuity condition

Ton(—a,—a) = Tyu(—o, —a). (2.26)

2.5.4 Conical coordinates: scale-free triaxial limit

At large radii, the confocal ellipsoidal coordinates (), i, v) reduce to conical coordinates
(r, , v), with r the usual distance to the origin, i.e., > = 224y + 2% and p and v angular
coordinates on the sphere (Fig. 3). The potential Vs(r, i, v) is scale-free, and of the form

F(p) — F(v)

VS:—F(T)-F "2 — )

) (2.27)
where F(r) is arbitrary, and F(7) = (7 + a)(7 +v)G(7), as in eq. (2.4).

The Jeans equations in conical coordinates follow from the general triaxial case
(2.16) by going to large radii. Taking A — r2 > —a > u,v, the stress components
approach each other and we have

T =Ty Toa—Ty 1 o 10

0,

1 o 1o 2.28
o —p) 20—v) 1 N 210X (2.28)

Hence, after multiplying (2.16a) by 2r, the Jeans equations for scale-free Stackel mod-
els are

0T,  2Th — Ty — Ty Vs
or * r = f or’
My T = Tow Vs
+ = —p= 5 (2.29)
o 2p-v) o
0T, Ty — Ty Vs

Oov * 20v—p) “ou
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FIGURE 3 — Behavior of the confocal ellipsoidal coordinates in the limit of large radii r. The
surfaces of constant A become spheres. The hyperboloids of constant ;. and v approach their
asymptotic surfaces, and intersect the sphere on the light and dark curves, respectively.
These form an orthogonal curvilinear coordinate system (., v) on the sphere. The black dots
indicate the transition points (1 = v = —f3) between both sets of curves.

The general Jeans equations in conical coordinates, as derived by Evans et al. (2000),
reduce to (2.29) for vanishing mixed second moments. At the transition points be-

tween the curves of constant p and v (1 = v = —f3), the tensor components T}, and T},
coincide, resulting in the continuity condition
T)\/\(Tv _ﬁv _ﬁ) = T¢¢(’I“, _ﬁa _ﬂ) (2~30)

2.5.5 One-dimensional limits

There are several additional limiting cases with more symmetry for which the form of
Vs (Lynden-Bell 1962b) and the associated Jeans equations follow in a straightfor-
ward way from the expressions that were given above. We only mention spheres and
circular disks.

When a = § = v, the variables p and v loose their meaning and the ellipsoidal
coordinates reduce to spherical coordinates (r,0,¢). A steady-state spherical model
without a preferred axis is invariant under a rotation over the angles 0 and ¢, so that
we are left with only one Jeans equation in r, and Tyy = Ty4. This equation can readily
be obtained from the CBE in spherical coordinates (e.g., Binney & Tremaine 1987).
It also follows as a limit from the Jeans equations (2.16) for triaxial Stackel models
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or from any of the above two-dimensional limiting cases. Consider for example the
Jeans equations in conical coordinates (2.29), and take ;4 — 6 and v — ¢. The stress
components T, and 7, = T,,, = T4 = Tpe depend only r, so that we are left with

dT, 2(15 — T4 d
rr + ( T 66) _ —pﬁ, (231)
dr r dr

the well-known result for non-rotating spherical systems (Binney & Tremaine 1987).

In a similar way, the one Jeans equation for the circular disk-case follows from,
e.g., the first equation of (2.25) by taking 1 = —a and replacing T, by T4, where ¢ is
the azimuthal angle defined in §2.5.2. With A\ + o = R? this gives

ATrn | Thn—Too _ dVs
dR R PR’

(2.32)
which may be compared with Binney & Tremaine (1987), their eq. (4.29).

2.5.6 Thin tube orbits

Each of the three tube orbit families in a triaxial Stdckel model consists of a rotation
in one of the ellipsoidal coordinates and oscillations in the other two (§2.2). The I-
tubes, for example, rotate in v and oscillate in A and u, with turning points 1, s and
Mo, so that a typical orbit fills the volume

—y <v< -4, 1 < p < g, —a <A< A (2.33)
When we restrict ourselves to infinitesimally thin I-tubes, i.e., u; = po, there is no
motion in the p-coordinate. The second-order velocity moment in this coordinate
is zero, and thus also the corresponding stress component Tliﬂ = 0. As a result,
eq. (2.16b) reduces to an algebraic relation between 7'}, and 7},. This relation can be
used to eliminate 7!, and T/{ , from the remaining Jeans equations (2.16a) and (2.16c)
respectively.

HZ92 solved the resulting two first-order PDEs (their Appendix B) and showed that
the same result is obtained by direct evaluation of the second-order velocity moments,
using the thin I-tube DF. They derived similar solutions for thin O- and S-tubes, for
which there is no motion in the A-coordinate, so that 7] = 0 and 7%, = 0, respectively.

In Stackel disks we have — besides the flat box orbits — only one family of (flat)
tube orbits. For infinitesimally thin tube orbits 7)) = 0, so that the Jeans equations
(2.25) reduce to two different relations between 7, and the density and potential. In
§3.4.4, we show how this places restrictions on the form of the density and we give
the solution for 7},,. We also show that the general solution of (2.25), which we obtain
in §3, contains the thin tube result. The same is true for the triaxial case: the general
solution of (2.16), which we derive in §4, contains the three thin tube orbit solutions
as special cases (§4.6.6).

2.6 ALL TWO-DIMENSIONAL CASES ARE SIMILAR

EL89 showed that the Jeans equations in oblate and prolate spheroidal coordinates,
(2.19) and (2.22), can be transformed to a system that is equivalent to the two Jeans
equations (2.25) in confocal elliptic coordinates. Evans et al. (2000) arrived at the
same two-dimensional form for Stédckel models with a scale-free DF. We introduce a
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transformation which differs slightly from that of EL89, but has the advantage that it
removes the singular denominators in the Jeans equations.

The Jeans equations (2.19) for prolate potentials can be simplified by introducing
as dependent variables

TorO i) = A+ B8)2(n+B)3(Trr — Toy)s 7= A py (2.34)

so that the first two equations in (2.19) transform to

ODs | Do—Ty _ 1 [ Vs 0Ty
T R R (S .55
a’];m Zm — T 1 1 { Vg aTXX] '
— (a4 BN+ B)h | p LS .

The third Jeans eq. (2.19) can be integrated in a straightforward fashion to give the
x-dependence of T, . It is trivially satisfied for prolate models with g(x) = 0. Hence if,
following EL89, we regard T, (A, 1) as a function which can be prescribed, then equa-
tions (2.35) have known right hand sides, and are therefore of the same form as those
of the disk case (2.25). The singular denominator (¢ + 3) of (2.19) has disappeared,
and there is a boundary condition

Tuu(A, =p) =0, (2.36)

due to the second continuity condition of (2.20) and the definition (2.34).

A similar reduction applies for oblate potentials. The middle equation of (2.22)
can be integrated to give the ¢-dependence of T4, and is trivially satisfied for oblate
models. The remaining two equations (2.22) transform to

0T, T, — T 1 1] OVs  OTyy (2.37)
v Ty - e vrdae [pﬁ+ a—]
in terms of the dependent variables
TrrMv) = A+ )2 (—a — )2 (Tyr — Tyy), 7=\ (2.38)
We now have two boundary conditions
Ta(—a,v) =0, T\ —a)=0, (2.39)

as a result of the last two continuity conditions of (2.23) and the definitions (2.38).
In the case of a scale-free DF, the stress components in the Jeans equations in

conical coordinates (2.29) have the form T,, = r <7, (u,v), with ¢ > 0 and 7 = 7, i, v.

After substitution and multiplication by r¢*1, the first equation of (2.29) reduces to

ovs
or

When ¢ = 2, 7,, drops out, so that the relation between 7, and 7,, is known and the
remaining two Jeans equations can be readily solved (Evans et al. 2000). In all other

2= T+ Top + T =51y (2.40)
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cases, 7., can be obtained from (2.40) once we have solved the last two equations
of (2.29) for 7, and 7,,. This pair of equations is identical to the system of Jeans
equations (2.25) for the case of disk potentials. The latter is the simplest form of
the equivalent two-dimensional problem for all Stackel models with two degrees of
freedom. We solve it in the next section.

Once we have derived the solution of (2.25), we may obtain the solution for prolate
Stéckel potentials by replacing all terms —p0dV,/07 (7 = A, ) by the right-hand side
of (2.35) and substituting the transformations (2.34) for T, and T),,. Similarly, our
unified notation makes the application of the solution of (2.25) to the oblate case and
to models with a scale-free DF straightforward (§3.4).

3 THE TWO-DIMENSIONAL CASE

We first apply Riemann’s method to solve the Jeans equations (2.25) in confocal el-
liptic coordinates for Stackel disks (§2.5.3). This involves finding a Riemann-Green
function that describes the solution for a source point of stress. The full solution is
then obtained in compact form by representing the known right-hand side terms as a
sum of sources. In §3.2, we introduce an alternative approach, the singular solution
method. Unlike Riemann’s method, this can be extended to the three-dimensional
case, as we show in §4. We analyze the choice of the boundary conditions in de-
tail in §3.3. In §3.4, we apply the two-dimensional solution to the axisymmetric and
scale-free limits, and we also consider a Stickel disk built with thin tube orbits.

3.1 RIEMANN'S METHOD
After differentiating the first Jeans equation of (2.25) with respect to ;1 and eliminat-
ing terms in 7}, by applying the second equation, we obtain a second-order partial
differential equation (PDE) for T, of the form
0*T 3 9 N 1 0T
X 2(N—p) OA 20N —p) Ou
Here U, is a known function given by

1 0
()\u)%@{(/\_'u)

ZU)\)\(/\,[L). (31)

U =— (3.2)

2, Vsl - p OV
Pax | 20— on

We obtain a similar second-order PDE for 7}, by interchanging A < ;. Both PDEs can
be solved by Riemann’s method. To solve them simultaneously, we define the linear
second-order differential operator

o 32 _ C1 g + C9 3
S ONO A —pON  AN—pop’
with ¢; and c» constants to be specified. Hence, the more general second-order PDE

LT =U, (3.4)

L (3.3)

with 7' and U functions of A\ and p alone, reduces to those for the two stress compo-
nents by taking

TZT)\,\ Ll =

[\][J%)

) C2 = U)\)\a

(3.5)

S G

) C2 =

NG N

T:T#H L=

rol—

Il
S
%
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In what follows, we introduce a Riemann-Green function G and incorporate the left-
hand side of (3.4) into a divergence. Green’s theorem then allows us to rewrite the
surface integral as a line integral over its closed boundary, which can be evaluated
if G is chosen suitably. We determine the Riemann-Green function G which satisfies
the required conditions, and then construct the solution.

3.1.1 Application of Riemann’s method

We form a divergence by defining a linear operator £*, called the adjoint of L (e.g.,

Copson 1975), as
* 82 0 C1 0 C9
£ _8A3u+5<k—ﬂ)_@(A—ﬂ)' &9

The combination GLT — TL*G is a divergence for any twice differentiable function G
because

GLT —TLG=0L/ON+ OM/dp, (8.7)
where
~GoT TOG i GT
MO = 2o T 20T

20N 20X A—u
We now apply the PDE (3.4) and the definition (3.6) in zero-subscripted variables A

and . We integrate the divergence (3.7) over the domain D = {(Ag, u0): A < Ay < o0,
uw < pp < —a}, with closed boundary T (Fig. 4). It follows by Green’s theorem that

/ / dXodpo (QEOT— TCE ) - i{ dpio LMo, f10) — f dXo M (Mo, 110), (3.9)
D r

r

where I' is circumnavigated counter-clockwise. Here £y and L denote the operators
(3.3) and (3.6) in zero-subscripted variables. We shall seek a Riemann-Green function
G(Mo, o) which solves the PDE

LyG =0, (3.10)

in the interior of D. Then the left-hand side of (3.9) becomes [, d\odz0G (Ao, 10) U(Ao, fio).
The right-hand side of (3.9) has a contribution from each of the four sides of the rect-
angular boundary I'. We suppose that M (Ao, po) and L(Ao, 19) decay sufficiently rapidly
as \p — oo so that the contribution from the boundary at Ay = oo vanishes and the
infinite integration over )¢ converges. Partial integration of the remaining terms then
gives for the boundary integral

—Q

[l -m=m)r] ol G m0)7]

by HO=H o )\0:)\
7 oT CQT
+/d>\o{(a—)\0+ oo)g] IO, B.1D
A Ho=—a

We now impose on G the additional conditions

G\, pn)=1, (3.12)
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FIGURE 4 — The (Mo, po)-plane. The total stress at a field point (\, i), consists of the weighted
contributions from source points at (Ao, po) in the domain D, with boundary I'.

and
05 _0f on o= p,
OXo Ao — o (3.13)
9 _af _, on g =A.
Opo Ao — o

Then eq. (3.9) gives the explicit solution

T\ p) = /dAO/duo G(Ao, po) U(Ao, o) —/dko[(aa—z; + )\OCQ_TMO)Q}, (3.14)
A M A Ho=—«

for the stress component, once we have found the Riemann-Green function G.

3.1.2 The Riemann-Green function

Our prescription for the Riemann—-Green function G(\g, o) is that it satisfies the PDE
(3.10) as a function of Ay and pg, and that it satisfies the boundary conditions (3.12)
and (3.13) at the specific values \g = A and pg = p. Consequently G depends on two
sets of coordinates. Henceforth, we denote it as G(\, u; Ao, po)-

An explicit expression for the Riemann-Green function which solves (3.10) is (Cop-
son 1975)
(Ao — po) (A — po)

g(>\7l’t’ )‘07/1'0) = ()\7[1,)61 F(w)a (315)
where the parameter w is defined as

(Ao — po)(A — )’

and F(w) is to be determined. Since w = 0 when Ay = A or ug = p, it follows from
(3.12) that the function F' has to satisfy F'(0) = 1. It is straightforward to verify that
G satisfies the conditions (3.13), and that eq. (3.10) reduces to the following ordinary
differential equation for F'(w)

wl—w)F"+[1—-2+c —c)w] F' —ci(1—c3) F=0. (3.17)
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This is a hypergeometric equation (e.g., Abramowitz & Stegun 1965), and its unique
solution satisfying F'(0) =1 is

F(w) = oF1(c1,1 = co; 1L;w). (3.18)

The Riemann-Green function (3.15) represents the influence at a field point at (\, x)
due to a source point at (Ao, po). Hence it satisfies the PDE

LG, 13 Mo, po) = 6(Xo — A)d(po — ). (3.19)

The first right-hand side term of the solution (3.14) is a sum over the sources in D
which are due to the inhomogeneous term U in the PDE (3.4). That PDE is hyperbolic
with characteristic variables A and p. By choosing to apply Green’s theorem to the
domain D, we made it the domain of dependence (Strauss 1992) of the field point
(\, ) for (3.4), and hence we implicitly decided to integrate that PDE in the direction
of decreasing A and decreasing .

The second right-hand side term of the solution (3.14) represents the solution to
the homogeneous PDE £T = 0 due to the boundary values of 7" on the part of the
boundary ¢ = —a which lies within the domain of dependence. There is only one
boundary term because we implicitly require that T'(A\,u) — 0 as A — oco. We verify in
§3.1.4 that this requirement is indeed satisfied.

3.1.3 The disk solution

We obtain the Riemann-Green functions for T, and T,,, labeled as G,y and G,,,
respectively, from expressions (3.15) and (3.18) by substitution of the values for the
constants ¢; and ¢; from (3.5). The hypergeometric function in G,, is the complete
elliptic integral of the second kind?, E(w). The hypergeometric function in G,, can
also be expressed in terms of F(w) using eq. (15.2.15) of Abramowitz & Stegun (1965),
so that we can write

(3.20a)

3
Ao — 2 2K
Gar (A, 145 Ao, o) = (o 'uo); w)
2

A—p)z m™Xo—p)
, ~ (Mo—po)2 2E(w)
guu()‘wu'v)‘OaNO) = ()\—/J,)% 71'()\_;“0)7

Substituting these into (3.14) gives the solution of the stress components throughout
the disk as

3
2

(3.20b)

T(A— )

I Ew) (0 , 8 0Vs] (\o— o)z Vs
/d)\o/duo (Ao — ) {5’M0[ (o uo)Qpa/\J 2 P oo
A u

—A/OOdAO{ E(wL }(/\o+a)i0{()\o+a)%TA,\()\0,—a)}}, (3.21a)

2We use the definition E(w) = fog df /1 —wsin?6
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T(A — p)
ror E(w) { 0 [ 3 3Vs] (o — p0)? 3Vs}
do [ dpg ——2— 3 | —(xo — po)2 4 Ao~ Ho)? OVs
[ 0/ M 5= o) Lo (Ao — o) o 5 o
“w

A= ko)

po=—a

_ A/OOOMO [(Eﬂ] di)\o [0+ )2 Tu(ho, ~0) } (3.21b)

This solution depends on p and Vg, which are assumed to be known, and on T), (A, —«)
and 7,,()\, —a), i.e., the stress components on the part of the y-axis beyond the foci.
Because these two stress components satisfy the first Jeans equation of (2.25) at
p = —a, we are only free to choose one of them, say T),,(\, —«). Thi(\, —a) then
follows by integrating this first Jeans equation with respect to A, using the continuity
condition (2.26) and requiring that T, (\, —a) — 0 as A — oc.

3.1.4 Consistency check

We now investigate the behavior of our solutions at large distances and verify that our
working hypothesis concerning the radial fall-off of the functions L and M in eq. (3.8)
is correct. The solution (3.14) consists of two components: an area integral due to the
inhomogeneous right-hand side term of the PDE (3.4), and a single integral due to the
boundary values. We examine them in turn to obtain the conditions for the integrals
to converge. Next, we parameterize the behavior of the density and potential at large
distances and apply it to the solution (3.21) and to the energy eq. (2.10) to check if
the convergence conditions are satisfied for physical potential-density pairs.

As )y — oo, w tends to the finite limit (uo — p)/(A — p). Hence E(w) is finite, and so,
by (3.20), Gax = O(\/?) and G, = O(\}/?). Suppose now that Uy (Ao, o) = OA;" ")
and Uy, (N, o) = O(A\;™ ') as \g — oco. The area integrals in the solution (3.14) then
converge, provided that I; > % and m; > % These requirements place restrictions
on the behavior of the density p and potential Vg which we examine below. Since
Gaa(\, 143 Ao, 110) is O(A~1/2) as X — oo, the area integral component of T, (), 1) behaves
as OAY2 [ A" 71%d)0) and so is O(A~1). Similarly, with G, (A, 1 Ao, s10) = O(A"3/2)
as A — oo, the first component of 7),,(\, n) is O(A\; ™).

To analyze the second component of the solution (3.14), we suppose that the
boundary value Ty (Ao, —a) = O(A\;2) and T}, (Ao, —@) = O(A\;™2) as A9 — co. A similar
analysis then shows that the boundary integrals converge, provided that [, > % and
my > 2, and that the second components of Thx(), 1) and T}, (A, p) are O(A~2) and
O(A™™2) as A — oo, respectively.

We conclude that the convergence of the integrals in the solution (3.14) requires
that T\\(\, ) and T}, (), p) decay at large distance as O(A~!) with I > 1 and O(A™™)
with m > % respectively. The requirements which we have imposed on U(\g, o) and
T(Xo, —a) cause the contributions to fr dupL(Xg, o) in Green’s formula (3.9) from the
segment of the path at large A\ to be negligible in all cases.

Having obtained the requirements for the Riemann-Green function analysis to be
valid, we now investigate the circumstances in which they apply. Following Arnold
et al. (1994), we consider densities p that decay as N(u)\~*? at large distances. We
suppose that the function G(r) introduced in eq. (2.4) is O(7°%) for -1 < § < 0as 7 — .
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The lower limit § = —% corresponds to a potential due to a finite total mass, while the
upper limit restricts it to potentials that decay to zero at large distances.

For the disk potential (2.24), we then have that f(r) = O(r°+!) when 7 — co. Using
the definition (3.2), we obtain

Fw) = Vs+ /(N 9p

20— T o o 522

U\ p) =

FO) = F)  Vs+f'(w) p
2 -2 T =) ax

where p is the surface density of the disk. It follows that Ux,()\, p) is generally the
larger and is O(\~*/>71) as A — oo, whereas U,,()\, p) is O(A\~27%/2). Hence, for the
components of the stresses (3.21) we have Ty, = O(\~*/?) and T}, = O(\~'~*/2). This
estimate for Uy, assumes that dp/du is also O(A\~*/2). It is too high if the density
becomes independent of angle at large distances, as it does for disks with s < 3
(Evans & de Zeeuw 1992). Using these estimates with the requirements for integral
convergence that were obtained earlier, we obtain the conditions s > 2§ + 1 and s > 1,
respectively, for inhomogeneous terms in T (A, 1) and T}, (), ) to be valid solutions.
The second condition implies the first because § < 0.

With Vs(\, 1) = O(X\°) at large ), it follows from the energy eq. (2.10) for bound orbits
that the second-order velocity moments (v?) cannot exceed O(\°), and hence that
stresses T, = p(v2) cannot exceed O(A\’~*/?). This implies for Ty,(\, ) that s > 25 + 1,
and for T),,()\, 1) we have the more stringent requirement that s > 26 + 3. This last
requirement is unnecessarily restrictive, but an alternative form of the solution is
needed to do better. Since that alternative form arises naturally with the singular
solution method, we return to this issue in §3.2.6.

Thus, for the Riemann—-Green solution to apply, we find the conditions s > 1 and
—% < § < 0. These conditions are satisfied for the perfect elliptic disk (s = 3,6 = —%)
and for many other separable disks (Evans & de Zeeuw 1992).

U\ 1) = (3.22b)

3.1.5 Relation to the EL89 analysis

EL89 solve for the difference A = T\, — T, using a Green’s function method which is
essentially equivalent to the approach used here. EL89 give the Fourier transform of
their Green’s function, but do not invert it. We give the Riemann-Green function for
A in Appendix A, and then rederive it by a Laplace transform analysis. Our Laplace
transform analysis can be recast in terms of Fourier transforms. When we do this,
we obtain a result which differs from that of EL89.

3.2 SINGULAR SOLUTION SUPERPOSITION

We have solved the disk problem (2.25) by combining the two Jeans equations into
a single second-order PDE in one of the stress components, and then applying Rie-
mann’s method to it. However, Riemann’s method and other standard techniques do
not carry over to a single third-order PDE in one dependent variable, which is the
best that one could expect to have in the general case. We introduce an alternative
but equivalent method of solution, also based on the superposition of source points.
In contrast to Riemann’s method, this singular solution method is applicable to the
general case of triaxial Stackel models.
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3.2.1 Simplified Jeans equations

We define new independent variables
1
SaAw) = A= pl2 Toa( p),

1
SNN(AMH) = |/u’ - >\|2 TMM(Av.u)v

where |.| denotes absolute value, introduced to make the square root single-valued
with respect to cyclic permutation of A — y — A. The Jeans equations (2.25) can then
be written in the form

(3.23)

05 Suu__ _ 1 Vs _
™ 2o e =g, (3.242)
e S 1 OVg

N =—lu= A2 p =000 3.24b
TS R e T S (3.24D)

For given density and potential, g; and g are known functions of A and p. Next, we
consider a simplified form of (3.24) by taking for g; and g,, respectively

GO ) =0, G2\ ) = 5(h — \)d(o — ), (3.25)

with -0 < p < pg < —a < X < \g. A similar set of simplified equations is obtained by
interchanging the expressions for g; and g,. We refer to solutions of these simplified
Jeans equations as singular solutions.

Singular solutions can be interpreted as contributions to the stresses at a fixed
point (A, 1) due to a source point in (Mg, uo) (Fig. 4). The full stress at the field point
can be obtained by adding all source point contributions, each with a weight that
depends on the local density and potential. In what follows, we derive the singular
solutions, and then use this superposition principle to construct the solution for the
Stackel disks in §3.2.6.

3.2.2 Homogeneous boundary problem

The choice (3.25) places constraints on the functional form of S, and S,,,. The pres-
ence of the delta-functions in g, requires that S, contains a term —d§(\o — A\)H (10 — 1)
with the step-function

0, x<xg, (3.26)

H(x — x0) = {
Since H'(y) = d(y), it follows that, by taking the partial derivative of —§(Ag — A\)H (0 — p)
with respect to p, the delta-functions are balanced. There is no balance when S,
contains §(A\g — ), and similarly neither stress components can contain §(ug — u). We
can, however, add a function of A and u to both components, multiplied by H(\o —
M H(po — ). In this way, we obtain a singular solution of the form

S = AN p)H(Ao = A) H(po — p),

Sup = B, 1) H(Ao — A) H(po — 1) = 6(Ao — A) H(po — p),

in terms of functions 4 and B that have to be determined. Substituting these forms in
the simplified Jeans equations and matching terms gives two homogeneous equations

0A B 0B A

2 NEETO N R i ey

1, x> .

(3.27)

=0, (3.28)
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and two boundary conditions

A()‘Oaﬂ) = m;

Two alternative boundary conditions which are useful below can be found as fol-
lows. Integrating the first of the equations (3.28) with respect to A on u = po, where
B(A, po) = 0, gives the boundary condition

1
AN, =—-—".
) = 50— o)
Similarly, integrating the second of equations (3.28) with respect to ;. on A = Ao where
A is known gives

B(\, o) = 0. (3.29)

(3.30)

3 jo —
Blou) = 4(Ao — po) (Ao — 1) (531

Even though expressions (3.30) and (3.31) do not add new information, they will be
useful for identifying contour integral formulas in the analysis which follows.

We have reduced the problem of solving the Jeans equations (2.25) for Stickel
disks to a two-dimensional boundary problem. We solve this problem by first deriving
a one-parameter particular solution (§3.2.3) and then making a linear combination of
particular solutions with different values of their free parameter, such that the four
boundary expressions are satisfied simultaneously (§3.2.4). This gives the solution of
the homogeneous boundary problem.

3.2.3 Particular solution

To find a particular solution of the homogeneous equations (3.28) with one free pa-
rameter z, we take as an Ansatz

AN ) oo A= p)™ (2 = A (z = p)*,

(3.32)
Bw) o (A=) (z = N2 (2 — ),
with a; and b; (i = 1,2,3) all constants. Hence,
0A ay as 1 zZ— I
= - A — = 2a1 A
o\ (A—M z—)\) 2(A—u)<“1 SN )
(3.33)

0B bl b3 1 z—A
~ _—_ B — = 201 B
o (M—A z—u) 2(u—k)< ' z—u)’

where we have set as = —a; and b3 = —b;. Taking a; = b = % the homogeneous
equations are satisfied if
z—XA A (z—)\)*%*bz

===x7 _ 3.34
= B gy 839
S0, ag = by = —%. We denote the resulting solutions as

1

APOLp) = — A= (3.35a)
(2 = NE(z—p)’?

P - >\|%

B (A p) = (3.35b)

(= =2z = V)7
These particular solutions follow from each other by cyclic permutation A — y — A, as
is required from the symmetry of the homogeneous equations (3.28).
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FIGURE 5 — Contours C* and C* in the complex z-plane which appear in the solution (3.37).
The two cuts running from p to po and one from \ to A\g make the integrands single-valued.

3.2.4 The homogeneous solution

We now consider a linear combination of the particular solution (3.35) by integrating it
over the free parameter z, which we assume to be complex. We choose the integration
contours in the complex z-plane, such that the four boundary expressions can be
satisfied simultaneously.

We multiply BY(\, 1) by (z—po) >, and integrate it over the closed contour C* (Fig. 5).
When p = pp, the integrand is analytic within C#, so that the integral vanishes by
Cauchy’s theorem. Since both the multiplication factor and the integration are inde-
pendent of A and y, it follows from the superposition principle that the homogeneous
equations are still satisfied. In this way, the second of the boundary expressions
(3.29) is satisfied.

Next, we also multiply BY(\, 1) by (2—Xo)~2, so that the contour C* (Fig. 5) encloses
a double pole when A\ = )\y. From the Residue theorem (e.g., Conway 1973), it then
follows that

(2= 10)? pp (2= p0)2 (N — )2
BN, p)dz = . d
C?f(z—m% Pop) f@—mz—w ’
VTd 2o\ 2
- s 422
Z:/\O
_ mi(po — 1) (3.36)

(Mo — 0)2 (o — 1)

which equals the boundary expression (3.31), up to the factor 4xi(Ag — Mo)%-
Taking into account the latter factor, and the ratio (3.34) of A and B, we postulate
as homogeneous solution

1
1 |A—pul2 — 2d
A ) = =12l 17{ (z=po)rdz (3.37a)
AT N0 — ol L (2= N2 (2 = )2 (2 = Mo)?
1 1
B(\ u)zi = A2 j[ (z — po)2 dz (3.37b)
AN — ot ] (2= )2z = N (- o)E
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FIGURE 6 — Integration along the contour C7. The contour is wrapped around the branch
points T and 1y (r = A, ), and split into four parts. I'y and I's run parallel to the real axis in
opposite directions. I's and I'y are two arcs around 7 and 1y, respectively.

with the choice for the contour C still to be specified.

The integrands in (3.37) consist of multi-valued functions that all come in pairs
(z — 7)Y/27"(z — 79)1/?~™, for integer m and n, and for 7 being either ) or x. Hence, we
can make the integrands single-valued by specifying two cuts in the complex z-plane,
one from pu to pg and one from A to A\g. The integrands are now analytic in the cut
plane away from its cuts and behave as 2 at large distances, so that the integral over
a circular contour with infinite radius is zero. Connecting the simple contours C*
and C* with this circular contour shows that the cumulative contribution from each
of these contours cancels. As a consequence, every time we integrate over the contour
C*, we will obtain the same result by integrating over —C* instead. This means we
integrate over C* and take the negative of the result or, equally, integrate over C'* in
clockwise direction.

For example, we obtained the boundary expression for B in (3.36) by applying the
Residue theorem to the double pole enclosed by the contour C*. The evaluation of
the integral becomes less straightforward when we consider the contour —C* instead.
Wrapping the contour around the branch points ¢ and pg (Fig. 6), one may easily verify
that the contribution from the two arcs vanishes if their radius goes to zero. Taking
into account the change in phase when going around the two branch points, one may
show that the contributions from the two remaining parts of the contour, parallel to
the real axis, are equivalent. Hence, we arrive at the following (real) integral

MO

1 (A — po)? dt po —t
BOwm = g 0 [ (339
I

(1o — 1) (Ao — pao) sin® @
(1o — ) sin? 8 — (Xo — )
then indeed gives the correct boundary expression (3.31).

The substitution

t= o+ (3.39)

5We evaluate the square roots as (z — 7—)é = |z — 7|expiarg(z — 7) with |arg(z — 7)| < .
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When we take 1 = y in (3.37b), we are left with the integrand (z—\)=3/2(z — \g) /2.
This is analytic within the contour C* and hence it follows from Cauchy’s theorem that
there is no contribution. However, if we take the contour —C* instead, it is not clear
at once that the integral indeed is zero. To evaluate the complex integral we wrap the
contour C* around the branch points A and )\, (Fig. 6). There will be no contribution
from the arc around ) if its radius goes to zero. However, since the integrand involves
the term z — A with power f%, the contribution from the arc around ) is of the order
¢~'/2 and hence goes to infinity if its radius ¢ > 0 reduces to zero. If we let the two
remaining straight parts of the contour run from A + € to )y, then their cumulative
contribution becomes proportional to tan (e), with 6(¢) approaching 7 when e reduces
to zero. Hence, both the latter contribution and the contribution from the arc around
A approaches infinity. However, careful investigation of their limiting behavior shows
that they cancel when e reaches zero, as is required for the boundary expression
B ()\, ,U()) =0.

We have shown that the use of C* and —C* gives the same result, but the effort to
evaluate the contour integral varies between the two choices. The boundary expres-
sions for A(\, p), (3.29) and (3.30) are obtained most easily if we consider C A when
A = ) and —C* when p = po. In both cases the integrand in (3.37a) has a single pole
within the chosen contour, so that the boundary expressions follow by straightforward
application of the Residue theorem.

We now have proven that the homogeneous solution (3.37) solves the homogeneous
equations (3.28), satisfies the boundary values (3.29)—(3.31) separately and, from the
observation that C* and —C* produce the same result, also simultaneously.

3.2.5 Evaluation of the homogeneous solution

The homogeneous solution (3.37) consists of complex contour integrals, which we
transform to real integrals by wrapping the contours C* and C* around the corre-
sponding pair of branch points (Fig. 6). To have no contribution from the arcs around
the branch points, we choose the (combination of) contours such that the terms in the
integrand involving these branch points have powers larger than —1. In this way, we
can always evaluate the complex integral as a (real) integral running from one branch
point to the other.

In the homogeneous solution (3.37a) for A we choose C' = C* and in (3.37b) for B

we take C = —C*. Taking into account the changes in phase when going around the
branch points, we obtain the following expressions for the homogeneous solution
1
A ) = L A= b / dt t ~ o (3.40a)
27 [\o — pio 2 (t=A w0 =)’
1
L [A—p2 po — 1t
B\ p)=— / (3.40Db)
27T|/\0—,uo|2 A— )( )(/\O_t)

By a parameterization of the form [3.39], or by using an integral table (e.g., Byrd
& Friedman 1971), expressions (3.40) can be written conveniently in terms of the
complete elliptic integral of the second kind, F, and its derivative E’

E(w)

- 3.41
o —1)’ (5-41a)

AN, 5 Ao, o) =
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2wE' (w)
B(A, 13 Ao, po) = TV
with w defined as in (3.16). The second set of arguments that were added to A and B

make explicit the position (g, pg) of the source point which is causing the stresses at
the field point (A, u).

(3.41b)

3.2.6 The disk solution
The solution of equations (3.24) with right hand sides of the simplified form

gl ()‘7 /J) = 6()‘0 - A)(S(ﬂo - /1')’ g2<)‘a /’L) = 07 (342)
is obtained from the solution (3.27) by interchanging A < p and \g < . It is
Sav = Bl A po; Ao) H(Ao = A) Hlpo — 1) = 6(po — ) H(do = A),

S = A, As o, o) H(Ao — A) H(po — p1)-

To find the solution to the full equations (3.24) at (A, ), we multiply the singular
solutions (3.27) and (3.43) by g1 (XA, o) and go (Ao, po) respectively and integrate over D,
the domain of dependence of (), ). This gives the first two lines of the two equations
(3.44) below. The terms in the third lines are due to the boundary values of §,, at
# = —a. They are found by multiplying the singular solution (3.27) evaluated for
po = —a by —S,,,(Ao, —a) and integrating over Ao in D. It is easily verified that this
procedure correctly represents the boundary values with singular solutions. The final
result for the general solution of the Jeans equations (3.24) for Stackel disks, after
using the evaluations (3.41), is

(3.43)

o0

S p) = / o g1 (Mo, 1)
A

7 7 B 2wWE' (w) E(w)
+A/d>\oﬂ/d/io{ gl(AOvﬁLO)iﬂ_(’uo _ +92(>\0,M0)7ﬁ()\0 u)]
[ E(w)
— d)\o S;W()\Q,fot) N | (34461)
—a /\/ |:7r()\0 ,u())l—a
Spu(Np) = — / dpo g2(A, o)
m
[T Blw) 2wE! (w)
+A/dAO/dU0|: gl(>‘07,u0)ﬂ_(>\_uo) 92()‘0’#0)77()\0_/\):|
+ S, —a) — /d)\o Sy (Mo, — ) [—%] (3.44D)
A no=—a

The terms (uo—p) ! and (Ag—\)~! do not cause singularities because they are canceled
by components of w. In order to show that equations (3.44) are equivalent to the
solution (3.21) given by Riemann’s method, integrate the terms in E’(w) by parts, and
use the definitions of S, ¢g; and g,.
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3.2.7 Convergence of the disk solution

We now return to the convergence issues first discussed in §3.1.4, where we assumed
that the density p decays as N(u)\~*/? at large distances and the Stickel potential as
O(X%). For the physical reasons given there, the assigned boundary stress 7),,(\, —«)
cannot exceed O(\°~*/2) at large \, giving an S,,,(\, —a) of O(\~%/2+1/2) 1t follows that
the infinite integrals in S,,()\o, —«) in the solution (3.44) require only that s > 26 + 1
for their convergence. This is the less restrictive result to which we referred earlier.

The terms in the boundary stress are seen to contribute terms of the correct order
O(N=5/271/2) to Sy\ (A, p) and S, (A, 1). The formulas for the density and potential show
that g1 (\, 1) = O(X—%/2-1/2) while go(\, p) is larger and O(A~%/271/2) as A\ — co. The )y
integrations with g; and ¢ in their integrands all converge provided s > 2§ + 1. Hence,
both Syx(\, 1) and S, (A, 1) are O(A\°~*/2¥1/2), so that the stress components T, (), u)
(r = A, ) are O(X*—*/2), which is consistent with the physical reasoning of §3.1.4.

Hence, all the conditions necessary for (3.44) to be a valid solution of the Jeans
equations (3.24) for a Stackel disk are satisfied provided that s > 2§ + 1. We have seen
in §3.1.4 that § must lie in the range [—%,0). When § — 0 the models approach the
isothermal disk, for which also s = 1 when the density is consistent with the potential.
Only then our requirement s > 26 + 1 is violated.

3.3 ALTERNATIVE BOUNDARY CONDITIONS

We now derive the alternative form of the general disk solution when the boundary
conditions are not specified on 4 = —a but on = —f, or on A = —a rather than in the
limit A — co. While the former switch is straightforward, the latter is non-trivial, and
leads to non-physical solutions.

3.3.1 Boundary condition for

The analysis in §3.1 and §3.2 is that needed when the boundary conditions are im-

posed at large A and at ¢y = —a. The Jeans equations (2.25) can be solved in a
similar way when one or both of those conditions are imposed instead at the opposite
boundaries A = —a and/or ¢ = —(3. The solution by Riemann’s method is accom-

plished by applying Green’s theorem to a different domain, for example D’ = {(\, pio):
A< Ao < o00,—f < o < u} when the boundary conditions are at p = —f and as A — oo.
The Riemann-Green functions have to satisfy the same PDE (3.10) and the same
boundary conditions (3.12) and (3.13), and so again are given by equations (3.20a)
and (3.20b). The variable w is negative in D’ instead of positive as in D, but this is
unimportant. The only significant difference in the solution of eq. (3.4) is that of a
sign due to changes in the limits of the line integrals. The final result, in place of
eq. (3.14), is

0o “w [e's)
oT T
70w == [ Do [ duoGh0,0) U po) = [ dro (51 + 72 MO) | 349
A -3 by 0o=—0

To apply the method of singular solutions to solve for the stresses when the bound-
ary stresses are specified at ¢ = —f rather than at 41 = —a, we modify the singular
solutions (3.27) by replacing the step-function H(uo — ) by —H(u — po) throughout.
No other change is needed because both functions give —d(u — 1) on partial differ-
entiation with respect to u. The two-dimensional problem for A and B remains the
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same, and so, as with Riemann’s method, its solution remains the same. Summing
over sources in D’ now gives

oo

S\ p) = — /d)\o g1(Xo, 1)
A\

S

By PP T R
K A no=—p
Suu( N p) = /duo 92(A; po)
-8
S m /
_/d/\o/dﬂo [—91(/\0,#0)% —920\07#0):?%(10}\))}

N

r 2wE' (w)
4 S =) — J Do S0, -0) |- 250 A)lﬂ (3.46D)

as an alternative to equations (3.44).

3.3.2 Boundary condition for \

There is a much more significant difference when one assigns boundary values at

A = —a rather than at A — oco. It is still necessary that stresses decay to zero at large
distances. The stresses induced by arbitrary boundary data at the finite boundary
A = —a do decay to zero as a consequence of geometric divergence. The issue is that

of the rate of this decay. We find that it is generally less than that required by our
analysis in §3.1.4.

To isolate the effect of boundary data at A = —a, we study solutions of the two-
dimensional Jeans equations (2.25) when the inhomogeneous right hand side terms
are set to zero and homogeneous boundary conditions of zero stress are applied at
either © = —a or u = —f. These solutions can be derived either by Riemann’s method
or by singular solutions. The solution of the homogeneous PDE LT = 0 is

r 8T C1 T
T(/\a/j/) - /duo[(a—ﬂ() - )\O — MO) g()‘alua )‘Oa/’co)i| ) (3.47)
1 Ao=—«
for the case of zero stress at u = —«, and
“w
oT C1 T
_ 0o=—a

for the case of zero stress at u = —f.
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The behavior of the stresses at large distances is governed by the behavior of the
Riemann-Green functions G for distant field points (), 4) and source points at Ay = —a.
It follows from equations (3.20) that Ty,(\, u) = O(A\~Y2) and T, (\, u) = O(A\73/2). As
a result, the radial stresses dominate at large distances and they decay as only the
inverse first power of distance. Their rate of decay is less than O(\*~*/2) — obtained
in §3.1.4 from physical arguments — if the requirement s > 2§ + 1 is satisfied. This
inequality is the necessary condition which we derived in §3.2.6 for (3.44) to be a valid
solution of the disk Jeans equations (3.24). It is violated in the isothermal limit.

There is a physical implication of radial stresses which decay as only the inverse
first power of distance. It implies that net forces of finite magnitude are needed at
an outer boundary to maintain the system, the finite magnitudes arising from the
product of the decaying radial stresses and the increasing length of the boundary
over which they act. That length grows as the first power of distance. Because this
situation is perhaps more naturally understood in three dimensions, we return to it
in our discussion of oblate models in §3.4.2. For now, lacking any physical reason
for allowing a stellar system to have such an external constraint, we conclude that
boundary conditions can be applied only at large A and not at A = —a.

3.3.3 Disk solution for a general finite region

We now apply the singular solution method to solve equations (3.24) in some rectangle
Pmin < 2 < Pmaxs Amin < A < Amax, When the stress S, is given a boundary in ¢, and Sy
is given on a boundary in A. This solution includes (3.44) and (3.46) as special cases.
It will be needed for the large-radii scale-free case of §3.4.3.

As we saw in §3.3.1, singular solutions can easily be adapted to alternative choices
for the domain of dependence of a field point (A, ). Originally this was D, the first
of the four quadrants into which (Ao, i0)-space is split by the lines A\p = A and pg = p
(Fig. 4). It has the singular solution (3.27). We then obtained the singular solution
for the fourth quadrant D’ simply by replacing H(uo — 1) by —H(n — po) in (3.27).
We can similarly find the singular solution for the second quadrant A\, < Ay < A,
p < po < pmax by replacing H(Mg — A) by —H(A — )g), and for the third quadrant
Amin < Ao < A, pmin < o < p by replacing H(Ao — A\) by —H(A — Ao) and H(uo — 1) by
—H(u — po). We find the part of the solution of equations (3.24) due to the right hand
side ¢ terms by multiplying the first and second terms of the singular solutions by
91(Xo, po) and ga(No, po), respectively, and integrating over the relevant domain. We
use A = ). and pu = p. to denote the boundaries at which stresses are specified. We
find the part of the solution generated by the boundary values of S,,, by multiplying
the singular solution (3.27), modified for the domain and evaluated at py = w., by
+S,,. (Ao, pte) and integrating over )¢ in the domain. The plus sign is needed when
le = pmin @and the minus when p. = pmax. Similarly, the part of the solution generated
by the boundary values of S, is obtained by multiplying the singular solution (3.43),
modified for the domain and evaluated at Ay = A., by £S5\, (), po) and integrating over
to in the domain. The sign is plus if A\ = A,y and minus if A\ = Ayax. The final
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solution is

Ae

S, 1) = Sxn(Ae, 1) — /d)\o g1(Xo, 1)

A
Ae He

+/dAO/dUO[910‘07#0)3(%/\;#07/\0) + 92(Xos 110) A(A, 15 Ao, f10) ]
A\ 1

Ae Le
— [ dAo Spuu(Aos pre) AN, w5 Ao, fe) —/duo Sa(Aes o) B, As pro, Ae),  (3.49a)

12

A He
SMM(AaM) = SMM(/\aMe) - /dHO 92()\,/JO)
o

He

Ae
‘|‘/d/\O/dHO[91()\03M0)A(N7/\§M0a)\0)+92()‘07H0)B()‘aﬂ§ Ao, t1o) ]

A 12
Ae He
- /d>\0 SN‘.U'()‘OMLLE)B()VN;)\O?/J'E) - /d/J'O S)\)\()\EMLLO) A(;uv)\;ﬂ()v)\E)' (349b)
A Iz

This solution is uniquely determined once ¢; and g, are given, and the boundary val-
ues S, (Ao, pe) @and Sy (Ae, i) are prescribed. It shows that the hyperbolic equations
(3.24) can equally well be integrated in either direction in the characteristic variables
A and p. Solutions (3.44) and (3.46) are obtained by taking A. — oo, Syx(Ae, o) — 0,
setting . = —a and p. = —f respectively, and evaluating A and B by equations (3.41).

3.4 APPLYING THE DISK SOLUTION TO LIMITING CASES

We showed in §2.6 that the Jeans equations for prolate and oblate potentials and
for three-dimensional Stackel models with a scale-free DF all reduce to a set of two
equations equivalent to those for the Stackel disk. Here we apply our solution for the
Stéackel disk to these special three-dimensional cases, with particular attention to the
behavior at large radii and the boundary conditions. This provides further insight in
some of the previously published solutions. We also consider the case of a Stackel
disk built with thin tube orbits.

3.4.1 Prolate potentials

We can apply the disk solution (3.46) to solve the Jeans equations (2.35) by setting
1 1
S 1) = (A= pl2Doa(A ) and Sy (A, p) = |p— A2 7, (N, p), and taking

! 1 1[ Vg OT:
g\ = >\u2()\+ﬂ)2(u+ﬁ)z{pa_;+ a;x}
oVs O, (3.50
g2(Ap) = uA%()\+ﬂ)%(u+ﬂ)%{p6:+8:ﬁX}

The boundary terms in S,,(\, —3) vanish because of the boundary condition (2.36).
As before, we regard the azimuthal stress T,, as a variable that can be arbitrarily
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assigned, provided that it has the correct behavior at large A (§3.1.4). The choice of
T, is also restricted by the requirement that the resulting solutions for the stresses
Ty, and T),,, must be non-negative (see §2.3).

The analysis needed to show that the solution obtained in this way is valid requires
only minor modifications of that of §3.2.7. We suppose that the prescribed azimuthal
stresses also decay as O(\%~%/2) as A — co. As a result of the extra factor in the defini-
tions (3.50), we now have g;(\, ) = O(X\*~*/2) and ga(\, 1) = O(A~*/?) as A — co. The \g
integrations converge provided s > 26 + 2, and S, and S, are O(\~*/>*1), Hence the
stresses Ty, and T},,,, which follow from T}, = Ty, +S-+/v/(A — u)(A + B)(u + B), are once
again O(\°~*/2). The requirement s > 2§ + 2 is no stronger than the requirement s >
20 + 1 of §3.2.7; it is simply the three-dimensional version of that requirement. It also
does not break down until the isothermal limit. That limit is still § — 0, but now s — 2.

3.4.2 Oblate potentials

The oblate case with Jeans equations (2.37) differs significantly from the prolate case.
Now Sy(A\,v) = |A— l/|%7-)\,\(/\, v) vanishes at A = —aand S,,(\,v) = |v — /\|%T,,l,(/\, v) van-
ishes at v = —a. If one again supposes that the azimuthal stresses T, can be assigned
initially, then one encounters the problem discussed in §3.3.2 of excessively large ra-
dial stresses at large distances. To relate that analysis to the present case, we use the
solution (3.44) with 4 replaced by v, and with zero boundary value S,, (A, —a), and for
g1 and go the right hand side of (2.37) multiplied by |\ — 1/|% and |v — A 2, respectively.

The estimates we obtained for the prolate case are still valid, so the stresses T))
and T,, are O(\°~*/2). Difficulties arise when this solution for Sy, does not vanish
at A = —a, but instead has some nonzero value x(v) there. To obtain a physically
acceptable solution, we must add to it a solution of the homogeneous equations (2.37)
with boundary values 7T))(—«,v) = —k(v)/v/—a — v and 7,,(\, —«a) = 0. This is precisely
the problem we discussed in §3.3.2 where we showed that the resulting solution gives
T\, 1) = O(A1/2), and hence Tyy(\, 1) = O(A~1). This is larger than O(\*~*/?) when
the three-dimensional requirement s > 2§ + 2 is met. We therefore conclude that
the approach in which one first selects the azimuthal stress T4 and then calculates
the other two stresses will be unsuccessful unless the choice of Ty, is fortunate, and
leads to x(v) = 0. Otherwise, it leads only to models which either violate the continuity
condition Ty — Tys = 0 at A = —q, or else have radial stresses which require external
forces at large distances.

The physical implication of radial stresses which decay as only O(A7!), or the in-
verse second power of distance, is that net forces of finite magnitude are needed at an
outer boundary to maintain the system. This finite magnitude arises from the prod-
uct of the decaying radial stresses and the increasing surface area of the boundary
over which they act, which grows as the second power of distance. This situation is
analogous to that of an isothermal sphere, as illustrated in problem 4-9 of Binney &
Tremaine (1987), for which the contribution from an outer surface integral must be
taken into account in the balance between energies required by the virial theorem.

There are, of course, many physical models which satisfy the continuity condition
and whose radial stresses decay in the physically correct manner at large distances,
but some strategy other than that of assigning T4 initially is needed to find them. In
fact, only Evans (1990) used the approach of assigning Ty initially. He computed a
numerical solution for a mass model with s = 3 and Vg o« O(A~/21n \) for large ), so
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that the stresses there should be O(A\~2In \). He set T, = — %pVS, which is of this mag-
nitude, and integrated from A\ = —« in the direction of increasing A for a finite range.
Evans does not report on the large A behavior, and it is possible that his choice of
Ty gives k(v) = 0, but his Figure 2 especially shows velocity ellipsoids which become
increasingly elongated in the radial direction, consistent with our prediction that 7',
generally grows as O(A~!) when the boundary value of T}, is assigned at A = —a.

A more common and effective approach to solve the Jeans equations for oblate
models has been to specify the ratio 7,,/7,,, and then to solve for one of those
stresses and T4 (Bacon, Simien & Monnet 1983; Dejonghe & de Zeeuw 1988; Evans &
Lynden-Bell 1991; Arnold 1995). This leads to a much simpler mathematical problem
with just a single first-order PDE. The characteristics of that PDE have non-negative
slopes d)/dv, and therefore cut across the coordinate lines of constant A and v. The
solution is obtained by integrating in along the characteristics from large A. The conti-
nuity conditions (2.23) are taken care of automatically, the region —y <v < —a < o is
covered, and it is easy to verify that the stresses so obtained are everywhere positive.

3.4.3 Large radii limit with scale-free DF

We found in §2.5.4 that the first of the Jeans equations in conical coordinates (2.29)
reduces to an algebraic relation for the radial stress 7,,.. The problem that remains is
that of solving the second and third Jeans equations for 7, and T,,. Those equations
are exactly the same as those of the disk case after we apply the coordinate permu-
tation A — u — v, and the physical domain is —y < v < - < p < —« with finite
ranges of both variables. Hence, the solution (3.49) can be applied with 7}, assigned
at either gy = —« or pu, = —, and 7,, at either v, = —f3 or v, = —v. For ¢g; and g, we
take the same expressions as for the disk case, i.e., the right-hand side of (3.24), but
with A — pu — v and multiplied by r¢. To obtain T,, and T,, from the S), and S,
respectively, we use the transformation

Srr = (,u - V)% TC T, 7=, (3.51)

with ¢ > 0 the scaling factor. We can choose to specify the stress components on the
two boundaries ; = —§ and v = —3. For a given radius r these boundaries cover the
circular cross section with the (z, z)-plane (Fig. 3). We can consider the (z, z)-plane
as the starting space for the solution. It turns out that the latter also applies to the
triaxial solution (§4.6.3) and compares well with Schwarzschild (1993), who used the
same plane to start his numerically calculated orbits from.

3.4.4 Thin tube orbits
For infinitesimally thin tube orbits in Stackel disks we have that S, = 0 (§2.5.6), so
that equations (3.24) reduce to

SNM aSuu 59
I o/ o B — = . .

A solution is possible only if the right hand side terms satisfy the subsidiary equation

go(A 1) = —2% (O mgr )] (3.53)
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We find below that this equation places restrictions on the form of the (surface) density
p, and we use this relation between g; and g to show that the disk solution (3.44)
yields the right results for the stress components.

If we write the disk potential (2.24) as a divided difference, Vg = —f[\, ], we have

1 1

g =A=wzpfNAul, g2= =)z pflApul. (3.54)
Upon substitution of these expressions in (3.53) we obtain a PDE in p, of which the
solution implies the following form for the density

ey
p(A,p) = » (3.55)
A=V N A4
where f (A) is an arbitrary function indepengent of . From (3.52) and the definition
(8.23) it then follows that T}, (A, p,v) = —=2f(A)\/f[A, A, p]. The tube density that de
Zeeuw, Hunter & Schwarzschild (1987) derive from the DF for thin tube orbits in the
perfect elliptic disk (their eq. [4.25]) is indeed of the form (3.55).
To show that the general disk solution (3.44) gives S)\(\, ) = 0, we substitute
eq. (3.53) for go(A, 1) in (3.44a). After partial integration and using
9 E(w) 2wE' (w)
2(Ao — po)=— = , (3.56)
(o mﬁuo (Ao —p) (o — )
we find that the area integral reduces to

r E
J 000 200 + )30, )| 0 | 3.57
(Ao — p)

A po=—a
The first part cancels the first line of (3.44a) and since from (3.52) we have that
—2(Xo + @)g1(Xo, —) = S,u(Xo, —a), the second part cancels the third line. Hence,
we have Sy)(A, pu) = 0 as required. To see that the general disk solution also yields
S, (A, 1) correctly, we apply similar steps to (3.44b), where we use the relation

0 2wE'(w) E(w)

~20 = uo)aTtoW(/\o A 7\ —po) (5.58)

We are finally left with

S ) = S0 =0) = [ o g0 o) (3.59)
”w
which is just the second equation of (3.52) integrated with respect to u.

4 THE GENERAL CASE

We now solve the system of three Jeans equations (2.16) for triaxial Stackel models by
applying the singular solution superposition method, introduced in §3.2 for the two-
dimensional case. Although the calculations are more complex for a triaxial model,
the step-wise solution method is similar to that in two dimensions. Specifically, we
first simplify the Jeans equations and show that they reduce to a three-dimensional
homogeneous boundary problem. We then find a two-parameter particular solution
and apply contour integration to both complex parameters to obtain the general ho-
mogeneous solution. The latter yields the three singular solutions of the simplified
Jeans equations, from which, by superposition, we construct the general solution.
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4.1 SIMPLIFIED JEANS EQUATIONS

We start by introducing the functions

STT()\nuv V) = \/()‘ - FL)()‘ - V)(/i - V) TTT()\7/‘L’ V)» (4-1)

with 7 = A\, u, v, to write the Jeans equations for triaxial Stackel models (2.16) in the
more convenient form

83}‘)‘ S.“H SVI/ o
O\ 2()\ _ u) 2()\ _ l/) - gl()‘a H, I/), (4.2a)
m Svw Saa
- - = g2(\, p,v), (4.2b)
o 2u-v) 2u-N) 9200 1)
0S,, S Sun
v 2w—N 2—p) g3(A, 1, v), (4.2¢)
where the function g¢; is defined as
V.
g1 v) = V= W)= ) =) p 51, 4.3)

and g2 and g3 follow by cyclic permutation A\ — 4 — v — A. We keep the three terms

A—u, A—v and p — v under one square root. With each cyclic permutation two of the

three terms change sign, so that the combination of the three terms is always positive

real. Therefore. the square root of the combination is always single-valued, whereas

in the case of three separate square roots we would have a multi-valued function.
We simplify equations (4.2) by substituting for g;, g2 and g3, respectively

gl()‘7 M, Z/) = 07

G2(A, ) = (Ao —A)d(po — p) 6(vo — v), (4.4)

g3()‘7 Hy V) = Oa
with

< v << By < —a< A< Ao (4.5)
We obtain two similar systems of simplified equations by cyclic permutation of the
left-hand side of (4.2). Once we have obtained the singular solutions of the simplified

system with the right-hand side given by (4.4), those for the other two systems follow
via cyclic permutation.

4.2 HOMOGENEOUS BOUNDARY PROBLEM
The choice (4.4) implies that the functions S, (), u,v) (4.1) have the following forms

S = A p,v) H(Ao = A) H(po — p) H(vo — v)
+ F(\ 1) 6(vo — v) H(Ao — A) H(po — p),
Suw = B\, v) H(Xo — A) H(po — 1) H(vo —v)
+ G\, 1) 6(vo —v) H(Ao = A) H(po — 1)

(4.6)
+ H(p,v) 6(Ao — A) H(po — 1) H(vo — v)

—6(Ao — N)d(vo — v)H(po — ),
S = CAp,v)HMN — AN) Hpo — 1) H(vo — v)
+ I(p,v) 6(Ao = A) H(po — 1) H(vo — v),
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with A, B, C and F, G, H, I yet unknown functions of three and two coordinates,
respectively, and H the step-function (3.26). After substituting these forms into the
simplified Jeans equations and matching terms we obtain 14 equations. Eight of them
comprise the following two homogeneous systems with two boundary conditions each

oF G 1
ay  a/n N Oa F(\ 9 = 3N
X 20— Co-) = 50— wn
G __E 0 GO = 0 |
8“ 2(N—A) - b 7:1L0 - )

and
a_H - # = 0, H(MOJ’) = 0,
o 2(p—v) 4.8)
ol H 0 1( ) 1 ’
A — = N 4, V == .
o 2v—p) Horo 2000 — 1)

We have shown in §3 how to solve these two-dimensional homogeneous boundary
problems in terms of the complete elliptic integral of the second kind F and its deriva-
tive E'. The solutions are

_ E(w) _ 2wE'(w)
F(A,M)*m> G()\vﬂ)**mv ( |
4.9
H(:uvl/) = _ma I(.U’a l/) = _W(f(—U)l/Q)7

where v and similarly v, which we will encounter later on, follow from w (3.16) by
cyclic permutation A — p — v — A and Ay — pg — 9 — Ao, so that

o-pw-v) — _ (-r)Ro-N
(po — vo)(p —v)’ Qo —10)A—v) (4.10)

The remaining six equations form a three-dimensional homogeneous boundary prob-
lem, consisting of three homogeneous Jeans equations

94 B C
N 20 —p) 200 —v)

OB C A

= - = 0, (4.11)
on 2u—v) 2u—N)

aC A B _ |

v 2v—=X) 2w —p)

and three boundary conditions, specifically the values of A(Xg,u,v), B(A, po,v), and
C(A\ p,vp). As in §3.2.2, it is useful to supplement these boundary conditions with
the values of A, B, and C at the other boundary surfaces. These are obtained by
integrating the pairs of equations (4.11) which apply at those surfaces, and using the
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boundary conditions. This results in the following nine boundary values

Ao = 5 [uo —E;Zg —w) " Do Eﬁ(v?— V>]’

Apor) = 5 (o - liiﬂ)o —w) " D = ,f)éj - V>]’

B(xo,p,v) = Q:(Z(ﬁ)y) l(AO _L:fo)_(;; —u) (o —VVOO)_(AVO — u)] ’

By — 0 (4.12)
B\, p,v0) = Q:(i(l_t)),\) l(ﬂo _u;o)*(:_ ) (Ao —/\uooi;— uo)] ’

COo ) = Mi(“)yo) o0 T T /,ftoo)_()\ysVo)]’

o - [ )

If we can solve the three homogeneous equations (4.11) and satisfy the above nine
boundary expressions (4.12) simultaneously, we obtain the singular solutions (4.6).
By superposition, we can then construct the solution of the Jeans equations for tri-
axial Stackel models.

4.3 PARTICULAR SOLUTION

By analogy with the two-dimensional case, we look for particular solutions of the
homogeneous equations (4.11) and by superposition of these particular solutions we
try to satisfy the boundary expressions (4.12) simultaneously, in order to obtain the
homogeneous solution for A, B and C.

4.3.1 One-parameter particular solution

By substitution one can verify that

Pix oy YOO —v) (=N
AT\ p,v) = O —p)h—v) (z—u)(z—v)’

with B” and C* following from A" by cyclic permutation, solves the homogeneous
equations (4.11). To satisfy the nine boundary expressions (4.12), we could integrate
this particular solution over its free parameter z, in the complex plane. From §3.2.4,
it follows that, at the boundaries, this results in simple polynomials in (), z,v) and
(Mo, 1o, o). This means that the nine boundary expressions (4.12) cannot be satisfied,

(4.13)
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since in addition to these simple polynomials they also contain F and E’. The latter
are functions of one variable, so that at least one extra freedom is necessary. Hence,
we look for a particular solution with two free parameters.

4.3.2 Two-parameter particular solution

A particular solution with two free parameters z; and 2, can be found by splitting the
z-dependent terms of the one-parameter solution (4.13) into two similar parts and
then relabelling them. The result is the following two-parameter particular solution

r_ OO ) {0}
A= A=p)A—v) g(zi—ﬂ)%(zi_”)%
VOO = =) 1
T R | Wt
2
11

BY =

, 4.14)

oP VA=) =) —v)
(V=N —pn)

<
Il
Ju

—

N

N

>

N .
D=
—

N

B

=
~

D=

These functions are cyclic in (A, i, v), as is required from the symmetry of the homo-
geneous equations (4.11). The presence of the square roots, such as occurred earlier
in the solution (3.32) for the disk case, allows us to fit boundary values that contain
elliptic integrals.

To show that this particular solution solves the homogeneous Jeans equations, we
calculate the derivative of A” (), 1, v) with respect to \:

dAP AP 1 1 1 1
— = — — — . 4.1
oA 2 ()\—21+)\—22 A—u )\—1/> (4.15)

This can be written as

oa” 1 [ (i-ma-pO-v) ,p
O 20 =) | (21 = AN)(22 = N)(p— 1) w16
1[G -nE-vA-n ,p '
+2<A—u>Lzl—m(z?—A)(u—v)A |
From the two-parameter particular solution we have

BY _ (a - m(-v)
AP (21 = A)(z2 = A =)’ 4.17)
=@ - —p '
AP = - N - NE-v)

so that, after substitution of these ratios, the first homogeneous equation of (4.11), is
indeed satisfied. The remaining two homogeneous equations can be checked in the
same way.
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4.4 THE HOMOGENEOUS SOLUTION

In order to satisfy the four boundary expressions of the two-dimensional case, we
multiplied the one-parameter particular solution by terms depending on \g, po and
the free complex parameter z, followed by contour integration over the latter. Sim-
ilarly, in the triaxial case we multiply the two-parameter particular solution (3.35)
by terms depending on Ao, pg, vy and the two free parameters z; and z;, in such
a way that by contour integration over the latter two complex parameters the nine
boundary expressions (4.12) can be satisfied. Since these terms and the integration
are independent of A\, ¢ and v, it follows from the superposition principle that the
homogeneous equations (4.11) remain satisfied.

The contour integrations over z; and z; are mutually independent, since we can
separate the two-parameter particular solution (4.14) with respect to these two pa-
rameters. This allows us to choose a pair of contours, one contour in the z;-plane and
the other contour in the z3-plane, and integrate over them separately. We consider the
same simple contours as in the disk case (Fig. 5) around the pairs of branch points
(A, o) and (p, o), and a similar contour around (v,vy). We denote these contours by
C2, C!" and CY respectively, with i = 1,2 indicating in which of the two complex planes
we apply the contour integration.

4.4.1 Boundary expressions for B

It follows from (4.12) that B = 0 at the boundary p = po. From Cauchy’s theorem, B
would indeed vanish if, in this case, in either the z;-plane or z;-plane the integrand
for B is analytic within the chosen integration contour. The boundary expression for
B at v = 1 follows from the one at A = A\ by taking v <~ A and vy < A¢. In addition
to this symmetry, also the form of both boundary expressions puts constraints on
the solution for B. The boundary expressions can be separated in two parts, one
involving the complete elliptic integral £’ and the other consisting of a two-component
polynomial in 7 and 7y (r = A, u,v). Each of the two parts follows from a contour
integration in one of the two complex planes. For either of the complex parameters,
21 OT zy, the integrands will consist of a combination of the six terms z; — 7 and z; — 1y
with powers that are half-odd integers, i.e., the integrals are of hyperelliptic form. If
two of the six terms cancel on one of the boundaries, we will be left with an elliptic
integral. We expect the polynomial to result from applying the Residue theorem to a
double pole, as this would involve a first derivative and hence give two components.
This leads to the following Ansatz

VO-pA-vp-v)
(n—v)(p—A)

B\, p,v)

?{ (21— )3 (21 — M) 2 da y
(21 =) (a1 = N3 (21— o) (21— o)
f Goopilemmw)idn oy g
(22 = v)2(22 = A)2 (22 — p0)2 (22 — Ao)?

Upon substitution of y = pg, the terms involving 1y cancel in both integrals, so that
the integrands are analytic in both contours C{ and C%. By choosing either of these
contours as integration contour, the boundary expression B(\, o, v) = 0 is satisfied.
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When A = )\g, the terms with )\ in the first integral in (4.18) cancel, while in the
second integral we have (z; — \g)~2. The first integral is analytic within C}, so that
there is no contribution from this contour. However, the integral over C}' is elliptic
and can be evaluated in terms of E’ (cf. §3.2.5). We apply the Residue theorem to the
second integral, for which there is a double pole inside the contour C3. Considering
C!" and C3 as a pair of contours, the expression for B at A = \o becomes

2/ Qo = 110) (Mo — 10) (o — o)
(MO —vp)(to — o)
UE/(U) Mo — _ Vg — VvV
2m(vy —v) [(Ao — po) (Ao — 1) (Mo — o) (Mo —v) | (4.19)

B\, p,v) o

which is the required boundary expression up to a scaling factor. As before, we keep
the terms Ao — po, Ao — vp and pp — vp under one square root, so that it is single-valued
with respect to cyclic permutation in these coordinates.

The boundary expression for B at v = v is symmetric with the one at A = Ay, so
that a similar approach can be used. In this case, for the second integral, there is no
contribution from C¥, whereas it can be expressed in terms of E’ if C, = C¥. The first
integrand has a double pole in C{. The total contribution from the pair (C},C%) gives
the correct boundary expression, up to a scaling factor that is the same as in (4.19).

Taking into account the latter scaling factor, this shows that the Ansatz (4.18) for B
produces the correct boundary expressions and hence we postulate it as the homoge-
neous solution for B. The expressions for A and C then follow from the ratios (4.17).
Absorbing the minus sign in (4.19) into the pair of contours, i.e., either of the two
contours we integrate in clockwise direction, we postulate the following homogeneous
solution

Adwy) = 1(572 ()\VO :0 & \/ Aoiuol;(g\z —Z())gl(tlio i)Vo)
.
PG M)E( —v)2(21 — po)2 (21 — 10)?
j{ 522—/\ %EZQ—VO)%CIZQ . (4.20)
& (22— )2 (22 = V)7 (22 — po)? (22 = ho)?
BOw) = Gt \/ ST lpoy ke
j{ (121 - H)%(lm ~Xo)? §Z1 .
g =)z = A2 (21— po)2 (21 — 10)2
f (o2 ~ “)%522 S0k 1z 5, (4.21)
(22 = V)2 (22 = A)2(22 — p0) 2 (22 — Ao) 2
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COvpry) = o= n)lio =) \/< (A= WA~ v)(u— )

1672(0 — N (v — ) \| Do — 110) o — v0) (10 — 10)

% (21 — V)%(Zl — )\0)% le %

(21 = N2 - )2 (1 — o) (21— )

f (20— 1)2(20 — )2 d2y N (4.22)
(22— A)2 (22 — )2 (22 — o) 2 (22 — Mo)?

The above integrands consist of multi-valued functions that all come in pairs of the
form (z — T)%*m(z - 7'0)%*", for integers m and n, with 7 equal to A, u or v. Completely
analogous to our procedure in §3.2.4, we can make the integrands single-valued by
specifying, in the complex z;-plane and z;-plane, three cuts running between the three
pairs (A, o), (i, o). (v,1p) of branch points, that are enclosed by the simple contours.
The integrands are now analytic in the cut plane away from its cuts and behave again
as z; % at large distances, so that the integral over a circular contour with radius going
to infinity, will be zero. Hence, connecting the simple contours C;}, C! and C? with
this circular contour, shows that their cumulative contribution cancels

or+etyor=0,  i=1,2. (4.23)

This relation allow us to make a combination of contours, so that the nine boundary
expressions (4.12) are satisfied simultaneously (§4.4.3). Before doing so, we first es-
tablish whether, with the homogeneous solution for A and C given by (4.20) and (4.22),
respectively, we indeed satisfy their corresponding boundary expressions separately.

4.4.2 Boundary expressions for A and C

The boundary expressions and the homogeneous solution of C, follow from those of
A by taking A < v and Ay < 1. Henceforth, once we have checked the boundary
expressions for A, those for C' can be checked in a similar way.

Upon substitution of A = )\ in the expression for A (4.20), the first integrand is pro-
portional to z; — )\’ and thus is analytic within the contour C;. The contribution to the
boundary expression therefore needs to come from either C{' or C¥. The substitution

(Zl - V)a (4.24)

—v w—v
splits the first integral into two complete elliptic integrals

oo g (51 =} dz Y (z1 = v)t d . (429
(21 — V)2 (21— )2

I 3 I
v (21 — po)2 (21 — 1) 2 v (21 — po)2 (21 — vo)

W

Within the contour C}, the integrals can be evaluated in terms of E’(u) and E(u)
respectively. When A = )\, the second integral in (4.20) has a single pole contribution
from the contour C3. Together, —C}'C3, exactly reproduces the boundary expression
A(Xo, 1, v) in (4.12).

When 1 = uo, both integrands in the expression for A have a single pole within
the contour C!. However, the combination C{'C} does not give the correct boundary
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expression. We again split both integrals to obtain the required complete elliptic
integrals. In the first we substitute

Ao — U Ao —
0720 (2 — o) — 22 H0 2y — ). (4.26)
Ho — o Mo — 0

For the contour C}, the first integral after the split can be evaluated in terms of E’(v).
The second integral we leave unchanged. For the integral in the z2-plane we substitute

0
— ). 4.27
y— (22 — o) ( )

We take C¥ as contour, and evaluate the first integral after the split in terms of E(v).
We again leave the second integral unchanged. Except for the contour choice, it is of
the same form as the integral we left unchanged in the z;-plane.

To obtain the required boundary expression for A at y = pg, it turns out that
we have to add the contribution of three pairs of contours, C{CY, C{'CY and C}'CY.
With the above substitutions (4.26) and (4.27), the first two pairs together provide the
required boundary expression, but in addition we have two similar contour integrals

s oA , (4.28)
(Ao—w0)2(A=w)2 J (2 =v)2(z = ho)2(2 = 10)2(2 — po)

with contours C* and C", respectively. The third pair, C}'C¥, involves the product of
two single pole contributions. The resulting polynomial

i/8m 2mi (A — p10)
l )

1 T T T (4.29)
(Mo—1v0)2(A=v)2 (o — )2 (Ao — po)2 (1o — 10)2

can be written in the same form as (4.28), with contour C*. As a result, we now have
the same integral over all three contours, so that from (4.23), the cumulative result
vanishes and we are left with the required boundary expression.

The expression for A at v = 1y resembles the one for B at the same boundary. This
is expected since their boundary expressions in (4.12) are also very similar. The first
integral now has a contribution from a double pole in the contour C{. The second
integral has no contribution from the contour C¥. However, within C}, the second
integral can be evaluated in terms of E(w). We obtain the correct boundary expression
A(X, 1, v0) by considering the pair —CYCY'.

4.4.3 Combination of contours

In the previous paragraphs we have constructed a homogeneous solution for 4, B and
C, and we have shown that with this solution all nine boundary expressions can be
satisfied. For each boundary expression separately, we have determined the required
pair of contours and also contours from which there is no contribution. Now we have
to find the right combination of all these contours to fit the boundary expressions
simultaneously.
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We first summarize the required and non-contributing pairs of contours per bound-
ary expression

Ao, pyv) @ —CCy £01C,

A\ po,v) = +CUCY 4+ CrCE + ot al,

A\ pyvo) © —CYCY £CTCY,

B(\o,pu,v) : —ClCy +C)CF,

B\, po,v) : +CI'C+CiCY, (4.30)
B\, p,v9) @ —CYCH £ CTCY,

Chosp,v) = —ClCy + 00T,

C(\ po,v) @ +C1CY +CrCY + ooy,

C(\ ) = —CYCH £CTCY,

where 7 can be A, p or v. At each boundary separately, A = Ao, ¢ = po and v = vy,
the allowed combination of contours matches between A, B and C. This leaves the
question how to relate the combination of contours at the different boundaries.

From (4.23), we know that in both the complex z;-plane and z3-plane, the cumula-
tive contribution of the three simple contours cancels. As a consequence, each of the
following three combinations of integration contours

Cl Y =—C(Cy+Cy)=—(C+Cy)CY, (4.31)

will give the same result. Similarly, we can add to each combination the pairs C}C%
and C/'C¥, to obtain

croy+orel+cltoy =cr el —cltoy =or ey —cycy. (4.32)

The first combination of contour pairs matches the allowed range for p = po in (4.30)
and the second and third match the boundary expressions A = A\g and v = vy. This
completes the proof that the expressions (4.20)-(4.22) for A, B and C solve the homo-
geneous equations (4.11) and satisfy the nine boundary expressions (4.12) simultane-
ously when the integration contour is any of the three combinations (4.32). We shall
see below that the first of these combinations is preferred in numerical evaluations.

4.5 EVALUATION OF THE HOMOGENEOUS SOLUTIONS

We write the complex contour integrals in the homogeneous solutions A, B and C
(4.20-4.22) as real integrals. The resulting complete hyperelliptic integrals are ex-
pressed as single quadratures, which can be easily evaluated numerically. We also
express the complete elliptic integrals in the two-dimensional homogeneous solutions
F, G, H and I (4.9) in this way to facilitate their numerical evaluation.

4.5.1 From complex to real integrals

To transform the complex contour integrals in (4.20)-(4.22) in real integrals we wrap
the contours C*, C* and C” around the corresponding pair of branch points (Fig. 6).
The integrands consist of terms z — 7 and z — 7, all with powers larger than —1, except
21 — v and z9 — Ag, both of which occur to the power —%. This means that for all simple
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contours C7 (1 = A\ u,v;i = 1,2), except for CY and CQA, the contribution from the
arcs around the branch points vanishes. In the latter case, we are left with the parts
parallel to the real axis, so that we can rewrite the complex integrals as real integrals
with the branch points as integration limits. The only combination of contours of the
three given in (4.32) that does not involve both C? and C3, is

S=cloy+ ool 4 cirey. (4.33)

We have to be careful with the changes in phase when wrapping each of the simple
contours around the branch points. One can verify that the phase changes per con-
tour are the same for all three the homogeneous solutions A, B and C, and also that
the contribution from the parts parallel to the real axis is equivalent. This gives a
factor 2 per contour and thus a factor 4 for the combination of contour pairs in S. In
this way, we can transform the double complex contour integration into the following
combination of real integrals

Ao Ho Ho ) 1o 1o
// dzi1dz 24(/ dt1/dt2+/dt1/dt2 —/dtl/dtg), (4.34)
" L v L 1

S A

with ¢; the real part of z;.
We apply this transformation to (4.20)—(4.22), and we absorb the factor of 4 left in
the denominators into the integrals, so that we can write

(10 — v0)(po — Ao)A

AN, i, v5 Mo, o, o) (A1 Ag + A3 Ay — Ap A3),

7200~ (A~ v)
. (1o — v0) (o — Ao)A
B()\7:U‘7V7)\Oau07yo) = WQ(M*V)(,LL*)\) (Bl BQ+BSB4_BZB3)7 (4~35)
— — M)A
C(A, V5 Xos o, o) = (k0 = 10)(pio — o) (C1Ca+C3Cy — CyC3)

(=N —n)

where 4;, B; and C; (i = 1,2, 3,4) are complete hyperelliptic integrals, for which we give
expressions below, and

s OO n)—)
A= (>\O - MO)(AQ — Vo)(luo — 1/0) ’ (4.36)

The second set of arguments added to A, B and C make explicit the position (Ao, u0, o)
of the source point which is causing the stresses at the field point (A, i, v).

4.5.2 The complete hyperelliptic integrals

With the transformation described in the previous section the expression for, e.g., the
complete hyperelliptic integral A, is of the form

Ho
_1 dt (A =t)(t = 10)
s QH/)\ot \/(uot)(tu)(Aot)(ty)' (4.37)

The integrand has two singularities, one at the lower integration limit ¢ = ¢ and one
at the upper integration limit ¢ = yo. The substitution ¢ = u + (g — ) cos? § removes

both singularities, since dt/+/(uo — t)(t — ) = 2(uo — p)d6.
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All complete hyperelliptic integrals A;, B; and C; (i = 1,2,3,4) in (4.35) are of the
form (4.37) and have at most two singularities at either of the integration limits.
Hence, we can apply a similar substitution to remove the singularities. This results
in the following expressions

w/2 w/2
.2 2
B 2 sin“ @ cos® 0dO B / y1y4d0
Av=00-) 0/ e A= [T
w/2 ) w/2
_ 29 sin“ 60d6 B Y3yado
A1 = (g u)o/ == Ay = [
w/2 ) /2 5
9 sin” 0d6O y1 cos® 0d6
Bi= (o — e i By = (119 — nEn 7
1 ()‘0 )\) / 73 Az ) 2 (MO ,LL) / U3 Ay )
0 " 0 (4.38)
.2 2
z4 sin” 0d6 y3 cos” 6d6
By = (v — At 7 By = (o — g3 77
4= (0 u)o/ e s= o) [ BEEEE
w/2 ) w/2
B x4 sin” 6d6 B y1y2d0
G = (/\0 /\) / 3 ’ G2 = / Ys Ay ’
w/2 5 ) w/2
B 2 [ sin 0 cos® 6d6 B / Yoyzdl
Ci= () 0/ e € - [ 12
where we have defined
A} = mimomgmy, A = yiyaysys, A = 21222324, (4.39)
and the factors z;, y; and z; (i = 1,2,3,4) are given by
z1 = (A = po) + (Ao — A) cos™ 0, Ty = (A= p) + (Ao — A) cos™ b,
z3=(\— 1) + (Mg — ) cos? 6, 4= (\—v)+ (Mg — A cos®6,
y1 = (1= vo) + (1o — ) cos® 0, yo=(u=v)+(uo—peos’d, 40)
ys = (1 — o) + (o — ) cos® 6, ya = (1 — ) + (o — ) cos” 0,
21 = (v —\o) + (vg — v) cos? 6, 2= (v =)+ (vg — v)cos? b,
23 = (v — po) + (vo — v) cos? 6, 2y = (v —p)+ (o —v)cos? 6.

For each i these factors follow from each other by cyclic permutation of A — yp — v — A
and at the same time )\ — pg — vy — Ag. Half of the factors — all z;, y; and y, — are
always positive, whereas the other factors are always negative. The latter implies
that one has to be careful with the signs of the factors under the square root when
evaluating the single quadratures numerically.

4.5.3 The complete elliptic integrals

The two-dimensional homogeneous solutions F', G, H and [ are given in (4.9) in terms
of the Legendre complete elliptic integrals F(m) and E’(m) = [E(m) — K(m)]/2m. Nu-
merical routines for E(m) and K(m) (e.g., Press et al. 1992) generally require the



SECTION 4. THE GENERAL CASE 181

argument to be 0 < m < 1. In the allowed range of the confocal ellipsoidal coordinates,
the arguments u (4.10) and w (3.16) become larger than unity. In these cases we can
use transformations to express F(m) and K(m) in terms of E(1/m) and K(1/m) (e.g.,
Byrd & Friedman 1971).

We prefer, however, to write the complete elliptic integrals as single quadratures
similar to the above expressions for the hyperelliptic integrals. These quadratures
can easily be evaluated numerically and apply to the full range of the confocal ellip-
soidal coordinates. The resulting expressions for the two-dimensional homogeneous
solutions are

1 de
F . =
(A, 185 Mo, o) X o/ To\/T1 T2
w/2 9
1 N—p sin“ 6 df
G\, 5 Ao, o) = 7\ Xo — 1o (ko = 1) / m’
w/2 9
. 1 v sin® 6 d6
H(p,vipo, o) = 7V 1o — o (10 u)/ym/m’
w/2

w—v z3df
I(p, v; pos vo) - = ./ 071/0/24 3z324 (4.41)

Again we have added two arguments to make the position of the unit source explicitly.
We note that the homogeneous solutions A(\, u; Ag, o) and B(A, u; Ao, o) for the disk
case (3.41) are equivalent to F' and G respectively.

4.6 GENERAL TRIAXIAL SOLUTION

We now construct the solution of the Jeans equations for triaxial Stdckel models
(4.2), by superposition of singular solutions, which involve the homogeneous solution
derived in the above. We match the solution to the boundary conditions at 4 = —« and
v = —(3, and check for convergence of the solution when A — co. Next, we consider
alternative boundary conditions and present the triaxial solution for a general finite
region. We also show that the general solution yields the correct result in the case of
thin tube orbits and the triaxial Abel models of Dejonghe & Laurent (1991). Finally,
we describe a numerical test of the triaxial solution to a polytrope model.

4.6.1 Superposition of singular solutions

Substitution of the functions A, B, C (4.35) and the functions F, G, H, I (4.41)
in expression (4.6), provides the three singular solutions of the system of simplified
Jeans equations, with the right-hand side given by (4.4). We denote these by SJ7
(tr = A, u,v). The singular solutions of the two similar simplified systems, with the
triplet of delta functions at the right-hand side of the first and third equation, S7” and
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S37 then follow from S37 by cyclic permutation. This gives

S = B, A 50, Mo, o) + G(v, A v, o) (1o — 1)
+HH (X, 15 X0, 10)0 (0 = v) = 6(po — p)8(vo — v),
St = O, A 310, Mo o) + (A, 3 Ao, p10)d(vo — v)
ST¥ = A, A s vo, Ao, o) + F (v, Asvo, Ao)d(po — 1), (4-422)

So* = A, 1, v5 Mo, o, v0) + F (X, 115 Mo, 110)3(vo — v),
SHt = B(X, ps v Ao, o, vo) + G(X, 15 Mo, po)d(vo — v)
+H (1, v; o, 10)6 (Ao — A) — 6(vo — v)6(Ao — A),
S5v = C(A\ p,v; o, o, vo) + I(u, v o, v0)d(Ag — A) (4.42b)

S3* = C(p,v, A o, Yo, Xo) + T (v, A 0, Xo)S (100 — 1),
Sgt = A, v, A; o, vo, Mo) + F(1, v o, v0) (Ao — A)
S5” = B(u,v, \; o, 10, M) + G, v5 1o, v0)6 (Ao — A)
+H (v, A\ vg, M0)0(po — 1) — 6(Ao — A)d (o — p)- (4.42¢)

These singular solutions describe the contribution of a source point in (Ao, o, ) to
(A, ,v). To find the solution of the full equations (4.2), we multiply the singular
solutions (4.42a), (4.42b) and (4.42c) by g1(Xo, po, 0), g2(Xo, po, vo) and gs( Ao, to, Vo),
respectively, so that the contribution from the source point naturally depends on the
local density and potential (cf. eq. [4.3]). Then, for each coordinate 7 = A, u, v, we add
the three weighted singular solutions, and integrate over the volume (2, defined as

Q= {(Xo, o, 0) : A <Xo < oo, pu < pp < —a, v < <~} (4.43)

which is the three-dimensional extension of the integration domain D in Fig. 4. The
resulting solution solves the inhomogeneous Jeans equations (4.2), but does not give
the correct values at the boundaries ¢ = —a and v = —f. They are found by multiply-
ing the singular solutions (4.42b) evaluated at pp = —a, and, similarly, the singular
solutions (4.42c) evaluated at vy = —f, by —S,,(\, —a,1p) and —S,., (o, o, =), re-
spectively, and integrating in Q over the coordinates that are not fixed. One can verify
that this procedure represents the boundary values correctly. The final result for the
general solution of the Jeans equations (4.2) for triaxial Stackel models is

o0 —x 3
Srr(A, 1, )—/d/\o/duo/dwzgz (A0s 05 0)S7 T (A, 11, V3 Ao, po, 1)

3 i=1
_ﬂ %)
- /duo/d)\o Sun(Xos —a, ) S37(A, 1, v5 X, — v, 1)
v A
o0 —Q

_ / Ao / dtto SN0y 10, —B) S5 (A a3 Aoy pio, — ), (4.44)
A 1t
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where 7 = (), u,v). This provides the stresses everywhere, once we have specified
Suu(A, —a,v) and S, (A, u, —3). At both boundaries ¢ = —a and v = —f3, the three
stress components are related by a set of two Jeans equations, i.e., (4.2) evaluated
at p = —a and v = —( respectively. From §3, we know that the solution of these
two-dimensional systems both will involve a (boundary) function of one variable. We
need this latter freedom to satisfy the continuity conditions (2.17). This means it is
sufficient to specify any of the three stress components at y = —« and v = —f.

4.6.2 Convergence of the general triaxial solution

As in §§3.1.4, 3.2.7 and 3.4 we suppose G(7) = O(r°) when 7 — co, with ¢ in the range
[~3,0). This implies that the potential Vs (2.3) is also O(7°). We assume that the
density p, which does not need to be the density pg which generates Vg, is of the form
N(u,v)A~%/2 when X\ — co. In the special case where p = pg, we have s < 4 except pos-
sibly along the z-axis. When s = 4 the models remain flattened out to the largest radii,
but when s < 4 the function N(u,v) — 1 in the limit A — oo (de Zeeuw et al. 1986).

From the definition (4.3), we find that g;1(Ag, po, ) = (’)(/\8_5/2) as \g — oo, while

g2(Xos 10, o) and g3(Ao, po, o) are larger and both O(\, s/ 2). To investigate the behav-
ior of the singular solutions (4.42) at large distance, we have to carefully analyze the
complete hyperelliptic (4.38) and elliptic (4.41) integrals as A\¢ — oo. This is simplified
by writing them as Carlson’s R-functions (Carlson 1977). We finally find for the sin-
gular solutions that S7” = O(1) when )¢ — oo, whereas S]” and S} are smaller and
O(N\ 1), with 7 = A, u, v. This shows that for the volume integral in the triaxial solution
(4.44) to converge, we must have 6 — s/2 + 1 < 0. This is equivalent to the requirement
s > 20 + 2 we obtained in §3.4 for the limiting cases of prolate and oblate potentials
and for the large radii limit with scale-free DF. From the convergence of the remaining
two double integrals in (4.44), we find that the boundary stresses S, (A, —a,v) and
Sy (A, i, —0) cannot exceed O(1) when A — oo.

This is in agreement with the large A behavior of S.-(\, i, v) that follows from the
volume integral. The singular solutions S = O(1) (i = 1,2, 3) when A — oo, larger than
St and S¥7, which are all O(\~1). Evaluating the volume integral at large distance
gives S, (\, i, v) = O(N9~%/2+1), i.e., not exceeding O(1) if the requirement s > 26 + 2 is
satisfied. We obtain the same behavior and requirement from the energy, eq. (2.10).

We conclude that for the general triaxial case, as well as for the limiting cases
with a three-dimensional shape, the stress components T;,(\, u,v) are O(X*—%/2) at
large distance, with the requirement that s > 2§ + 2 for —% < § < 0. We obtained the
same result for the stresses in the disk case, except that then s > 2§ + 1. Both the
three-dimensional and two-dimensional requirements are met for many density dis-
tributions p and potentials Vg of interest. They do not break down until the isothermal
limit 6 — 0, with s = 1 (disk) and s = 2 (three-dimensional) is reached.

4.6.3 Alternative boundary conditions

Our solution for the stress components at each point (A, 1, v) in a triaxial model with a
Stéckel potential consists of the weighted contribution of all sources outwards of this
point. Accordingly, we have integrated with respect to Ay, uo and vy, with lower limits
the coordinates of the chosen point and upper limits co, —a and —(, respectively.
To obtain the correct expressions at the outer boundaries, the stresses must vanish
when A — co and they have to be specified at 4 = —a and v = —f.
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The integration limits A\, ¢ and v are fixed, but for the other three limits we can,
in principle, equally well choose —«, —( and —~ respectively. The latter choices also
imply the specification of the stress components at these boundaries instead. Each
of the eight possible combinations of these limits corresponds to one of the octants
into which the physical region —y < 1y < —fF < pup < —a < A9 < oo is split by the
lines through the point (A, u,v). By arguments similar to those given in §3.3, one
may show that in all octants the expressions (4.35) for A, B, C, and (4.9) for F,
G, H, I are equivalent. Hence, again the only differences in the singular solutions
are due to possible changes in the sign of the step-functions, but the changes in
the integration limits cancel the sign differences between the corresponding singular
solutions. However, as in §3.3 for the two-dimensional case, it is not difficult to show
that while switching the boundary conditions p and v is indeed straightforward, the
switch from A — oo to A = —a again leads to solutions which generally have the
incorrect radial fall-off, and hence are non-physical.

4.6.4 Triaxial solution for a general finite region

If we denote non-fixed integration limits by A., . and v, respectively, we can write the
triaxial solution for a general finite region as

Ae He Ve 3
Srr(Ap,v) :/d/\o/duo/dvo > 9o, 110, 10)STT (A, 11, v5 Ao, o, o)
1 f ) i=1

He Ve
*/dﬂo/dlfo San(Ae, po, v0) STT(A, i, v5 Ae, o, o)
m

v

Ve Ae
_ / dvg / Ao Sy (Mos tte: 70) STT(A, 1, 7 Ao, fres v0)
v A
Ae He
_ / o / dtto Sy (Mo tos ve) S5 (M 1y 73 Moy o, ve), - (4.45)
A 1

with, as usual, 7 = A\ pu,v. The weight functions ¢g; (i = 1,2,3) are defined in (4.3)
and the singular solutions S7” are given by (4.42). The non-fixed integration limits
are chosen in the corresponding physical ranges, i.e., A, € [—a, ], pe € [-5, —a] and
ve € [—v,—0], but A # —a (see §4.6.3). The solution requires the specification of the
stress components on the boundary surfaces A = A., 4 = p. and v = v.. On each
of these surfaces the three stress components are related by two of the three Jeans
equations (4.2) and the continuity conditions (2.17). Hence, once one of the stress
components is prescribed on three boundary surfaces, the solution (4.44) yields all
three stresses everywhere in the triaxial Stackel galaxy. The stresses on the remaining
three boundary surfaces then follow as the limits of the latter solution.

4.6.5 Physical solutions

Statler (1987) and HZ92 showed that many different DFs are consistent with a triaxial
density p in the potential Vg. Specifically, the boundary plane v = —g, i.e., the area
outside the focal hyperbola in the (z, z)-plane (Fig. 2), is only reached by inner (I) and
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outer (O) long-axis tube orbits. A split between the contribution of both orbit families
to the density in this plane has to be chosen, upon which the DF for both the I and O
orbits is fixed in case only thin tubes are populated, but many other possibilities exist
when the full set of I- and O-orbits is included. For each of these DFs, the density pro-
vided by the I- and O-tubes can then in principle be found throughout configuration
space. In the area outside the focal ellipse in the (y, z)-plane (1 = —a), only the O-tubes
and S-tubes contribute to the density. Subtracting the known density of the O-orbits
leaves the density to be provided by the S-tubes in this plane, from which their DF
can be determined. This is again unique when only thin orbits are used, but is non-
unique otherwise. The density that remains after subtracting the I-, O-, and S-tube
densities from p must be provided by the box (B) orbits. Their DF is now fixed, and can
be found by solving a system of linear equations, starting from the outside (A — o).

The total DF is the sum of the DFs of the four orbit families, and is hence highly
non-unique. All these DFs give rise to a range of stresses T\, 7},,;, T}, and our solution
of the Jeans equations must be sufficiently general to contain them as a subset. This
is indeed the case, as we are allowed to choose the stresses on the special surfaces
v = —f and ; = —a. However, not all choices will correspond to physical DFs. The
requirement 7, > 0 is necessary but not sufficient for the associated DF to be non-
negative everywhere.

4.6.6 The general solution for thin tube orbits

For each of the three tube families in case of infinitesimally thin orbits one of the
three stress components vanishes everywhere (see §2.5.6). We are left with two non-
zero stress components related to the density and potential by three reduced Jeans
equations (4.2). We thus have subsidiary conditions on the three right hand side
terms g1, g0 and gs.

HZ92 solved for the two non-trivial stresses and showed that they can be found
by single quadratures (with integrands involving no worse than complete elliptic inte-
grals), once the corresponding stress had been chosen at v = —f (for I- and O-tubes)
or at y = —a (for S-tubes).

By analogy with the reasoning for the thin tube orbits in the disk case (§3.4.4),
we can show that for each of the three tube families in the case of thin orbits the
general triaxial solution (4.45) gives the stress components correctly. Consider, e.g.,
the thin I-tubes, for which S,, = 0. Apply the latter to (4.45), substitute for g;, go
and g3 the subsidiary conditions that follow from the reduced Jeans equations (4.2)
and substitute for the singular solutions the expressions (4.42). After several partial
integrations, we use that the homogeneous solutions A, B and C solve a homoge-
neous system similar to (4.11), but now with respect to the source point coordinates
(o, o, v0)

aB(V7 /\7 H; o, )\07 MO) _ A()‘7 W, v )\Oa 1o, VO) C(M? v, >‘; Ko, Vo, )‘0)
0o 2(Xo — o) 2(Ao — o) ’

(4.46)

where other relations follow by cyclic permutation of A — 4 — v — A and A\g — o —
vy — Ao. And similar for the two-dimensional homogeneous solutions F, G, H and I
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the relations follow from

OG (11, X; po, Ao) (X, 15 Ao, o)
D) 2N —
0 ( 0 Mo) (4.47)
OH (v povo) - 1wy 150, o)
o 2(#0 - VO)

It indeed turns out that for S,,,(), i, v) all terms cancel on the right hand side of (4.45).
The terms that are left in the case of Sy, and S,, are just eq. (4.2a) integrated with
respect to A and eq. (4.2c) integrated with respect to v, respectively, and using that
Suu = 0. A similar analysis as above shows that also for thin O- and S-tubes — for
which Sy, = 0 in both cases — the general triaxial solution yields the correct result.

4.6.7 Triaxial Abel models

For a galaxy with a triaxial potential of Stackel form, the DF is a function of the three
exact isolating integrals of motion, f(x,v) = f(E, I3, I3) (see also §2.2). The expressions
for E, I, and I3 in terms of the phase-space coordinates (x, v) can be found in e.g. Z85.
We can thus write the velocity moments of the DF as a triple integral over E, I; and
I3. Assuming that the DF is function of only one variable

S =FE+wl + uls, (4.48)

with w and u constants, Dejonghe & Laurent (1991) show that the triple integration
simplifies to a one-dimensional Abel integration over S. Even though a DF of this form
can only describe a self-consistent model in the spherical case (ellipsoidal hypothesis,
see, e.g., Eddington 1915), the Jeans equations do not require self-consistency.

The special Abel form results in a simple analytical relation between the three
stress components (Dejonghe & Laurent 1991, their eq. [5.6])

Tuu = T)\)\am//a/\m T, = T)\)\auu/au/\y (4.49)
with
aor=(y—a)+(c+a)(t+a)w—(c+7)(t+7)u, (4.50)
and 0,7 = A\, i, v. With these relations we find that

T =Tup _ Tandaxy, T —Ty _ Tamday 4.51)
A—pu ay, O\’ A—v axy OX )

The first Jeans eq. (2.16a) now becomes a first-order partial differential equation for
T)». This equation can be solved in a straightforward way and provides an elegant
and simple expression for the radial stress component

Ae
Gxop Gx, Aoy Oroy OV
Tl iy v) = [ REDL (0 ) + / dyg , [ Lo Dor V5 (4.52)
A )y Qhp 5 )y Ay 8)\0

The expressions for T, and T,, follow by application of the ratios (4.49). If we let the
boundary value A\, — oo, the first term on the right-hand side of (4.52) vanishes.

The density p, which does not need to be the density ps which generates Vg, is of
the Abel form as given in eq. (3.11) of Dejonghe & Laurent (1991). If we substitute
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this form in (4.52), we obtain, after changing the order of integration and evaluating
the integral with respect to A, again a single Abel integral that is equivalent to the ex-
pression for Ty, that follows from eq. (3.10) of Dejonghe & Laurent (1991). Using the
relations (4.49) and the corresponding subsidiary conditions for g;, g2 and g3, it can be
shown that the general triaxial solution (4.45) gives the stress components correctly.

4.6.8 Numerical test

We have numerically implemented the general triaxial solution (4.45), and tested it
on a polytrope dynamical model, for which the DF depends only on energy E as
f(E) oc E"=3/2, with n > 1. Integration of this DF over velocity v, with E = -V — 142 for
a potential V < 0, shows that the density p < (—V)" (e.g., Binney & Tremaine 1987, p.
223). This density is not consistent with the Stackel potentials we use but, as noted in
§2.3, the Jeans equations do not require self-consistency. The first velocity moments
and the mixed second moments of the DF are all zero. The remaining three moments
all equal —V/(n+ 1), so that the isotropic stress of the polytrope model T}, o< (—V)"FL.

We take the potential V' to be of Stackel form Vs (2.3), and consider two different
choices for G(7) in (2.4). The first is the simple form G(r) = -GM/(\/7 + v/—«a) that
is related to Hénon’s isochrone (de Zeeuw & Pfenniger 1988). The second is the form
for the perfect ellipsoid, for which G(r) is given in Z85 in terms of complete elliptic
integrals. The partial derivatives of Vs (A, i, ), that appear in the weights g1, g2 and g3,
can be obtained in terms of G(7) and its derivative in a straightforward way by using
the expressions derived by de Zeeuw et al. (1986).

The calculation of the stresses is done in the following way. We choose the poly-
trope index n, and fix the triaxial Stickel model by choosing «, § and . This gives
Tpo1. Next, we obtain successively the stresses T, T, and T,, from the general tri-
axial solution (4.45) by numerical integration, where the relation between S, and 7',
is given by (4.1). We first fix the upper integration limits A., p. and v.. All integrands
contain the singular solutions (4.42), that involve the homogeneous solutions A, B, C,
F, G, H and I, for which we numerically evaluate the single quadratures (eq. [4.35],
[4.38] and [4.41]). The weights g1, g» and g3 (4.3) involve the polytrope density and
Stackel potential. This leaves the boundary stresses in the integrands, for which we
use the polytrope stress Tj,, that follows from the choice of the DF, evaluated at the
corresponding boundary surfaces. We then evaluate the general solution away from
these boundaries, and compare it with the known result.

We carried out the numerical calculations for different choices of n, «, 5 and v and
at different field points (A, i, 7). In each case the resulting stresses Ty, 7, and T,,, —
independently calculated — were equivalent to high precision and equal to T},,. This
agreement provides a check on the accuracy of both our formulae and their numerical
implementation, and demonstrates the feasibility of using our methods for computing
triaxial stress distributions. That will be the subject of a follow-up paper.

5 DISCUSSION AND CONCLUSIONS

Eddington (1915) showed that the velocity ellipsoid in a triaxial galaxy with a sep-
arable potential of Stackel form is everywhere aligned with the confocal ellipsoidal
coordinate system in which the equations of motion separate. Lynden-Bell (1960)
derived the three Jeans equations which relate the three principal stresses to the po-
tential and the density. They constitute a highly-symmetric set of first-order partial
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differential equations in the three confocal coordinates. Solutions were found for the
various two-dimensional limiting cases, but with methods that do not carry over to
the general case, which, as a consequence, remained unsolved.

Here, we have introduced an alternative solution method, using superposition of
singular solutions. We have shown that this approach not only provides an elegant al-
ternative to the standard Riemann-Green method for the two-dimensional limits, but
also, unlike the standard methods, can be generalized to solve the three-dimensional
system. The resulting solutions contain complete (hyper)elliptic integrals which can
be evaluated in a straightforward way. In the derivation, we have recovered (and in
some cases corrected) all previously known solutions for the various two-dimensional
limiting cases with more symmetry, as well as the two special solutions known for the
general case, and have also clarified the restrictions on the boundary values. We have
numerically tested our solution on a polytrope model.

The general Jeans solution is not unique, but requires specification of principal
stresses at certain boundary surfaces, given a separable triaxial potential, and a tri-
axial density distribution (not necessarily the one that generates the potential). We
have shown that these boundary surfaces can be taken to be the plane containing the
long and the short axis of the galaxy, and, more specifically, the part that is crossed by
all three families of tube orbits and the box orbits. This is not unexpected, as HZ92
demonstrated that the phase-space distribution functions of these triaxial systems
are defined by specifying the population of each of the three tube orbit families in a
principal plane. Once the tube orbit populations have been defined in this way, the
population of the box orbits is fixed, as it must reproduce the density not contributed
by the tubes, and there is only one way to do this. While HZ92 chose to define the pop-
ulation of inner and outer long axis tubes in a part of the (z, z)-plane, and the short
axis tubes in a part of the (y, z)-plane, it is in fact also possible to specify all three of
them in the appropriate parts of the (z, z)-plane, just as is needed for the stresses.

The set of all Jeans solutions (4.45) contains all the stresses that are associated
with the physical distribution functions f > 0, but, as in the case of spherical and
axisymmetric models, undoubtedly also contains solutions which are unphysical, e.g.,
those associated with distribution functions that are negative in some parts of phase
space. The many examples of the use of spherical and axisymmetric Jeans models in
the literature suggest nevertheless that the Jeans solutions can be of significant use.

While triaxial models with a separable potential do not provide an adequate de-
scription of the nuclei of galaxies with cusped luminosity profiles and a massive cen-
tral black hole, they do catch much of the orbital structure at larger radii, and in some
cases even provide a good approximation of the galaxy potential. The solutions for the
mean streaming motions, i.e., the first velocity moments of the distribution function,
are quite helpful in understanding the variety of observed velocity fields in giant el-
liptical galaxies and constraining their intrinsic shapes (e.g., Statler 1991, 1994b;
Arnold et al.1994; Statler et al. 1999; Statler 2001). We expect that the projected ve-
locity dispersion fields that can be derived from our Jeans solutions will be similarly
useful, and, in particular, that they can be used to establish which combinations of
viewing directions and intrinsic axis ratios are firmly ruled out by the observations.
As some of the projected properties of the Stackel models can be evaluated by ana-
lytic means (Franx 1988), it is possible that this holds even for the intrinsic moments
considered here. Work along these lines is in progress.

The solutions presented here constitute a significant step towards completing the
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analytic description of the properties of the separable triaxial models, whose history
by now spans more than a century. It is remarkable that the entire Jeans solution can
be written down by means of classical methods. This suggests that similar solutions
can be found for the higher dimensional analogues of (2.16), most likely involving
hyperelliptic integrals of higher order. It is also likely that the higher-order velocity
moments for the separable triaxial models can be found by similar analytic means,
but the effort may become prohibitive.

ACKNOWLEDGMENTS

This chapter owes much to Donald Lynden-Bell's enthusiasm and inspiration. This
work began during a sabbatical visit by CH to Leiden Observatory in 1992, sup-
ported in part by a Bezoekersbeurs from NWO, and also by NSF through grant DMS
9001404. CH is currently supported by NSF through grant DMS 0104751. This
research was supported in part by the Netherlands Research School for Astronomy
NOVA. The authors gratefully acknowledge stimulating discussions with Wyn Evans
during the initial phases of this work.

REFERENCES

Abramowitz M., Stegun I. A., 1965, Handbook of Mathematical Functions. New York, Dover
Publications [AS65]

Arnold R., 1995, MNRAS, 276, 293

Arnold R., de Zeeuw P. T., Hunter C., 1994, MNRAS, 271, 924

Bacon R., Simien F., Monnet G., 1983, A&A, 128, 405

Bak J., Statler T. S., 2000, AJ, 120, 110

Binney J., 1976, MNRAS, 177, 19

Binney J., 1978, MNRAS, 183, 501

Binney J., 1982, MNRAS, 201, 15

Binney J., Tremaine S., 1987, Galactic Dynamics. Princeton, NJ, Princeton University Press
[BT87]

Bishop J. L., 1986, ApdJ, 305, 14

Bishop J. L., 1987, ApdJ, 322, 618

Byrd P. F., Friedman M. D., 1971, Handbook of Elliptic Integrals for Engineers and Scientists.
Springer-Verlag, Berlin Heidelberg New York, 2nd revised ed.

Carlson B. C., 1977, Special Functions of Applied Mathematics. Academic Press, New York
San Francisco London

Chandrasekhar S., 1939, ApdJ, 90, 1

Chandrasekhar S., 1940, ApdJ, 92, 441

Conway J., 1973, Functions of one complex variable. New York, Springer-Verlag

Copson E. T., 1975, Partial Differential Equations. Cambridge, Cambridge University Press
[C75]

de Zeeuw P. T., 1985a, MNRAS, 216, 273 [Z85]

de Zeeuw P. T., 1985b, MNRAS, 216, 599

de Zeeuw P. T., Hunter C., 1990, ApJ, 356, 365

de Zeeuw P. T., Hunter C., Schwarzschild M., 1987, ApJ, 317, 607

de Zeeuw P. T., Peletier R., Franx M., 1986, MNRAS, 221, 1001

de Zeeuw P. T., Pfenniger D., 1988, MNRAS, 235, 949

Dejonghe H., de Zeeuw P. T., 1988, Apd, 333, 90

Dejonghe H., Laurent D., 1991, MNRAS, 252, 606

Eddington A. S., 1915, MNRAS, 76, 37

Evans N., 1990, Intern. J. Computer Math., 34, 105

Evans N. W., Carollo C. M., de Zeeuw P. T., 2000, MNRAS, 318, 1131 [ECZ00]



190 CHAPTER 5. GENERAL SOLUTION OF THE JEANS EQUATIONS

Evans N. W., de Zeeuw P. T., 1992, MNRAS, 257, 152

Evans N. W., Lynden-Bell D., 1989, MNRAS, 236, 801 [EL89]

Evans N. W., Lynden-Bell D., 1991, MNRAS, 251, 213

Franx M., 1988, MNRAS, 231, 285

Gebhardt K., et al. 2002, ApdJ, accepted

Gerhard O. E., 1993, MNRAS, 265, 213

Goldstein H., 1980, Classical Mechanics. London, Addison-Wesley

Hunter C., de Zeeuw P. T., 1992, ApJ, 389, 79 [HZ92]

Hunter C., de Zeeuw P. T., Park C., Schwarzschild M., 1990, ApdJ, 363, 367

Jeans J. H., 1915, MNRAS, 76, 70

Kuzmin G. G., 1973, in Proc. All-Union Conf., Dynamics of Galaxies and Clusters. ed. T. B.
Omarov (Alma Ata: Akad. Nauk Kazakhskoj SSR), 71 (English transl. in IAU Symp. 127,
Structure and Dynamics of Ell. Galaxies, ed. P.T. de Zeeuw [Dordrecht: Reidel], 553)

Lynden-Bell D., 1960, PhD thesis, Cambridge University

Lynden-Bell D., 1962a, MNRAS, 124, 1

Lynden-Bell D., 1962b, MNRAS, 124, 95

Mathieu A., Dejonghe H., 1999, MNRAS, 303, 455

Oberhettinger F., Badii L., 1973, Tables of Laplace Transforms. New York, Springer-Verlag

Press W. H., Teukolsky S. A., Vettering W. T., Flannery B. P., 1992, Numerical Recipes. Cam-
bridge Univ. Press, Cambridge

Qian E. E., de Zeeuw P. T., van der Marel R. P., Hunter C., 1995, MNRAS, 274, 602

Rix H., de Zeeuw P. T., Cretton N., van der Marel R. P., Carollo C. M., 1997, ApdJ, 488, 702

Robijn F. H. A., de Zeeuw P. T., 1996, MNRAS, 279, 673

Schwarzschild M., 1979, Apd, 232, 236

Schwarzschild M., 1993, Apd, 409, 563

Stackel P., 1890, Math. Ann., 35, 91

Stéckel P., 1891, Uber die Integration der Hamilton-Jacobischen Differential gleichung mit-
telst Separation der Variabeln. Habilitationsschrift, Halle

Statler T. S., 1987, ApJ, 321, 113

Statler T. S., 1991, AJ, 102, 882

Statler T. S., 1994a, ApdJ, 425, 458

Statler T. S., 1994b, Apd, 425, 500

Statler T. S., 2001, AJ, 121, 244

Statler T. S., Dejonghe H., Smecker-Hane T., 1999, AJ, 117, 126

Statler T. S., Fry A. M., 1994, ApJ, 425, 481

Strauss W. A., 1992, Partial Differential Equations. New York, John Wiley

van der Marel R. P., Cretton N., de Zeeuw P. T., Rix H., 1998, ApJ, 493, 613

Verolme E. K., et al. 2002, MNRAS, 335, 517

Weinacht J., 1924, Math. Ann., 91, 279

Zhao H. S., 1996, MNRAS, 283, 149

APPENDIX A SOLVING FOR THE DIFFERENCE IN STRESS

We compare our solution for the stress components T, and T}, with the result derived
by EL89. They combine the two Jeans equations (2.25) into the single equation

PA (D D\ A 0poVs opdVi Al
OO O ON)20N—p)  OXN Op O O’ '
for the difference A = Ty — T}, of the two stress components. Eq. (A.1) is of the form

0pdVg  0pdVs
AN= ——2 - = A.2
£ O\ O Ou O\’ (A.2)
where £* is the adjoint operator defined in eq. (3.6). As in §3.1, eq. (A.1) can be solved
via a Riemann-Green function.
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A.1 THE GREEN’S FUNCTION

In order to obtain the Riemann-Green function G* for the adjoint operator £*, we use
the reciprocity relation (Copson 1975, §5.2) to relate it to the Riemann-Green function
G. derived in §3.1.2 for £. With ¢; = ¢, = —1 in this case, we get

1
Ao — 2
G*(A, 115 Ao, o) = G (Ao, pos A, ) = (0750) 2 F1(—1,3; 1 w), (A.3)

where w as defined in (3.16). EL89 seek to solve eq. (A.2) using a Green’s function G
which satisfies the equation

L*G = 6(Ao — A) (ko — p).- (A.4)

That they impose the same boundary conditions that we do is evident from their re-
mark that, if £* were the simpler operator 92/0\du, G would be H( g — \)H (o — p).
This is the same result as would be obtained by the singular solution method of §3.2,
which, as we showed there, is equivalent to the Riemann-Green analysis. Hence their
G should match the G* of eq. (A.3). We show in §A.3 that it does not.

A.2 LAPLACE TRANSFORM

We use a Laplace transform to solve (A.4) because the required solution is that to an
initial value problem to which Laplace transforms are naturally suited. The PDE is
hyperbolic with the lines A = const and p = const as characteristics, and its solution is
non-zero only in the rectangle bounded by the characteristics A = \g and p = uo, and
the physical boundaries A = —« and p = —f (Fig. A.1). We introduce new coordinates

E=A—w)/vV2,  n=-A+u)/V2, (A.5)
so that eq. (A.4) simplifies to

2 2
ca=90- 08 - 2 (5) =2t - 50— m) (.6
where & = (\g — po)/V2 and 1y = —(\o + po)/v2 are the coordinates of the source
point. The factor of 2 arises from the transformation of the derivatives; the product of
the delta functions in (A.4) transforms into that of (A.6) because the Jacobian of the
transformation (A.5) is unity. The reason for our choice of n is that G = 0 for n < 7y,
thatis A+ u > Ao+ po. Hence 7 is a time-like variable which increases in the direction
in which the non-zero part of the solution propagates. We take a Laplace transform
in 77 = 1 — 1o, and transform G(¢,7n) to

o0}

émmzjkﬂammﬁ. A7)

0

There are two equally valid ways of taking proper account of the 6(n — o) in taking the
Laplace transform of eq. (A.6). One can either treat it as (77— 0+), in which case it has
a Laplace transform of 1, or one can treat it as §(7 — 0—), in which case it contributes
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FIGURE A.1 — The physically relevant region of the (), u)-plane for the determination of the
Riemann-Green function G, overlayed with the new coordinates ¢ and n (A.5). The dot marks
the source point of the Riemann-Green function G at (Ao, o). This function is non-zero only
in the shaded region, which denotes the domain of influence in the (), u)-plane of that source
point. Fig. 4 on the other hand shows the (), uo)-plane. It is relevant to the solution for
the stress at a single field point (\, n). The hatched region D of Fig. 4 shows the domain of
dependence of the field point, that is the portion of the source plane on which the solution at
the field point depends.

a unit initial value to dG/9n which must be included in the Laplace transform of
0?G/0n? (Strauss 1992). Either way leads to a transformed equation for G(¢, p) of

p

2y 420 d (é
3

_d—fg_d_f —> :25(5_50)- (A.8)

The homogeneous part of eq. (A.8) is the modified Bessel equation of order one in the
variable p{. Two independent solutions are the modified Bessel functions /; and Kj.
The former vanishes at £ = 0 and the latter decays exponentially as £ — oco. We need
G to decay exponentially as { — co because G(¢,n) vanishes for 77 < £ — £y, and hence
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its Laplace transform ( is exponentially small for large ¢. We also need G to vanish
at £ = 0 where A\ = u. The focus at which A = y = —« is the only physically relevant
point at which ¢ = 0. It lies on a boundary of the solution region in the \g — —«
limit (Fig. A.1). The focus is a point at which the difference A between the stresses
vanishes, and hence G and G should vanish there. The delta function in eq. (A.8)
requires that G be continuous at £ = & and that dG/d¢ decrease discontinuously by 2
as ¢ increases through ¢ = ¢,. Combining all these requirements, we obtain the result

280 K1(p€) I (p€o), &o < & < o0,
280 K1(p&o) I (pg), 0 <& <&

We use the Wronskian relation 14 (z) K/ (z)—I{(z) K1 (z) = —1/z (eq. [9.6.15] of Abramowitz
& Stegun 1965) in calculating the prefactor of the products of modified Bessel func-
tions. The inversion of this transform is obtained from formula (13.39) of Oberhet-
tinger & Badii (1973) which gives

Ge m:{\/%Fl(—;,z;l;w), G-l <<+, A10)
7 0, —o00 <17 < [§o — ¢,

G(&p) = { (A.9)

we have (cf. eq. [3.16])

- i — (& — €)? _ Qo= (po—p) (A.11)

480¢ (Ao — po)(X — )
The second case of eq. (A.10) shows that G does indeed vanish outside the shaded
sector A\ < Ag, p < po. The first case shows that it agrees with the adjoint Riemann-
Green function G* of (A.3) which was derived from the analysis of §3.1.

A.3 COMPARISON WITH EL89

EL89 use variables s = —p and t = £, whereas we avoided using ¢ for the non-time-like
variable. They consider the Fourier transform

oo

G(& k) = / e~ MG(€,7)dA. (A.12)

—0o0

Because G = 0 for 7 < 0, we can rewrite our Laplace transform as their Fourier
transform. Setting p = —ik gives G(¢, k) = iG(¢, —ik), and using the formulas [;(z) =
—Ji(iz) and K;(z) = %m’Hfl)(ix), eq. (A.9) yields

wigo HY (k€) Jy(k€o), €0 < € < o0,

) (1) (A.13)
migo Hy ' (k&o) J1(kE), 0 <& < &.

e |

This formula differs from the solution for the Fourier transform given in eq. (70) of
EL89. The major difference is that their solution has Hankel functions of the sec-
ond kind H{Q)(kt) = H1(2)(k;§) where ours has J; Bessel functions. Consequently their
solution has an unphysical singularity at ¢t = £ = 0, and so, in our opinion, is incor-
rect. Our solution, which was devised to avoid that singularity, gives a result which
matches that derived by Riemann’s method in §3.1.
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A.4 THE SOLUTION FOR A

The solution for A using the adjoint Riemann-Green function is given by eq. (3.14)
with G replaced by G* and the sign of ¢, changed for the adjoint case (Copson 1975).
The hypergeometric function of eq. (A.3) for G* is expressible in terms of complete
elliptical integrals as

o= i) = Z(B(w) + 20E ()] (a14)

Hence, the solution for the difference A between the two principal stresses is given by

A ) =

o0 —

ol oyt (2005 9 Vs
/dAo /dlio {E(w) +2wE (w)} (Ao — o) <8>\0 D10 Do Do
A u

o0

- / dAo [E(w)+2wE’(w)} diAO [()\oJra)%A(/\o,a)]}. (A.15)

Ho=—0

The determined reader can verify, after some manipulation, that this expression is
equivalent to the difference between the separate solutions (3.21a) and (3.21b), de-
rived in §3.1.

NOTE ADDED IN MANUSCRIPT

We agree with the amendment to our method of solution for A given in Appendix A.4.
Our Green’s function, while solving the differential equation, had the wrong boundary
conditions.

N.W. Evans & D. Lynden-Bell



