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Abstract. We study the contribution of projectiorffects to the intrinsic thickness of the Fundamental Plane (FP) of elliptical
galaxies. The Monte—Carlo mapping technique between model properties and observed quantities, introduced by Bertin et al.
(2002), is extended to oblate, two—integrals galaxy models, with nhon—homologous density profiles, adjustable flattening, vari-
able amount of ordered rotational support, and for which all the relevant projected dynamical quantities can be expressed in
fully analytical way. In agreement with previous works, it is found that projectitects move models not exactly parallel to

the edge—on FP, by an amount that can be as large as the observed FP thickness. The statistical contribution of fiegjsction e

to the FP thickness is however marginal, and the estimated physical FP rms thickn®&884f the observed one (when
corrected for measurement errors).

Key words. galaxies: elliptical and lenticular, cD — galaxies: fundamental parameters — galaxies: kinematics and dynamics —
galaxies: photometry

1. Introduction (after correction for measurement errors, hereaftg), that
rresponds to a scatter i at fixedo andle ranging from
% to 20% (see, e.g., Faber et al. 1987; JFK96).

For a stationary stellar system the scalar virial theorem can
lge written as

In the observational three—dimensional space of cent%@
velocity dispersionog, (circularized) €ective radiusR,
and mean surface brightness within thefeetive ra-
dius le, early-type galaxies approximately locate on

plane, called the Fundamental Plane (hereafter FP; Dres&fer:L _ Ky o2 o)
et al. 1987; Djorgovski & Davis 1987), and represented byRe o

the bestfit relation: where Y, is the stellar mass—to—light ratio in the photomet-
logRe = logog + Blog e + . (1) ric band used for the determination bfandRe, while the co-

efficientKy takes into account projectiortects, the specific
The codlicientse, B, andy depend slightly on the consid-mass density, the stellar orbital distribution (such as velocity
ered photometric band (e.g., Pahre et al. 1998; Scodeggji§persion anisotropy and rotational support), and tiieces
et al. 1998). By measuringe in kpc, oo in km s, and related to the presence of dark matter. Equations (1) and (2)
le = L/(27R%) in Lo/pc (whereL is the total galaxy luminos- imply that in real galaxies, no matter how complex their struc-
ity), reported values in the Gurmband arex = 1.24+ 0.07, tyre is,r,/Ky is a well-defined function of any two of the
B = -082+0.02,y = 0.182" (Jgrgensen et al. 1996, herethree observabled(Re, 0o). For example, by eliminatingo

after JFK96). One of the most striking observational propertiggm Eqs. (1) and (2) one obtains that along the FP
of the FP is its small and nearly constant scatter: the distri-

bution of logRe around the best—fit FP has a measured rmllg*_ o REFBrOa ~@2pra)la 3)
V

Send g@print requests toB. Lanzoni,
e-mail: lanzoni@ho.astro. it where the dependence of the ralfo/Ky on galaxy proper-

* Appendices A, B and C are only available in electronic form 4i€s is commonly referred as the “FP tilt”. The physical con-

http://www.edpsciences.org tent of Eq. (3) is truly remarkable: all stellar systems de-
! This value of y refers to the Coma cluster and td, = Scribed by Eq. (2) are in virial equilibrium, but only those for
50 km st Mpct. which T, /Ky scales according to Eq. (3) (and with the same
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scatter) correspond to real galaxies. In other words, Eq. K96; VABS), their conclusions pointing in the direction of
indicates thatstructurajdynamical(Ky) and stellar popula- a small contribution of projectionfkects to the FP thickness.
tion (.) properties in real galaxies are strictly connected, po&-different source of information on projectioffexts is also
sibly as a consequence of their formation process: understamgresented by the end—productshefbody numerical simu-
ing the origin of the FP tilt is thus of the utmost importance fdations (see, e.g., Pentericci et al. 1995; Nipoti et al. 2002a,b,
the understanding of galaxy formation. 2003; Gonales & van Albada 2003). The impression one gets
A first possibility in this direction is to focus on the vari-from these simulations is that projectiofiexts can be signifi-
ation of asinglegalaxy property among the plethora in prineant contributors to the FP thickness, the range spanned by the
ciple appearing in the quantity./Ky, while fixing all the models for changing viewing angle being comparable;tpor
others to some prescribed value: we call this appraattiog- more.
onal explorationof the parameter space. For instance, one can We explore this matter further, by extending the BCD ap-
explore the possibility that a systematic variatioritofwith L proach to a class of oblate ellipsoids with non homologous
is at the origin of the FP tilt, while considering the galaxies afensity profiles, adjustable flattening and variable amount of
strictly homologous systems (i.e., with density and dynamidaternal velocity streaming. However, in order to maintain
structures only dfering for the physical scales, and thi¢ = the dimension of the parameter space acceptable we do not
const. See, e.g., Bender et al. 1992; Renzini & Ciotti 199ke into account the presence of DM halos, and the stellar
van Albada et al. 1995, hereafter vVABS; Prugniel & Simiemass—to—light ratior, is assumed to be constant within each
1996). Another possibility is to enforce a constahit and to galaxy. For these models all the relevant quantities can be
assume that the galaxy density profiles, dark matter content @xgressed explicitly, thus allowing for fast numerical calcu-
distribution, stellar orbital distribution, and so on, vary sydation. The paper is organized as follows. In Sect. 2 we de-
tematically withL (see, e.g., Ciotti & Pellegrini 1992; Caonrive the relevant properties of the adopted models. In Sect. 3
et al. 1993; Renzini & Ciotti 1993; Djorgovski 1995; Hjorthwe illustrate in detail a few representative cases, focusing on
& Madsen 1995; Ciotti et al. 1996, hereafter CLR; Grahamhe dfects of the various model parameters on the observa-
& Colless 1997; Ciotti & Lanzoni 1997; Prugniel & Simientional properties entering the FP relation. In Sect. 4 the results
1997). of the Monte—Carlo investigations are shown, and finally, in
Orthogonal explorations lead to important results, but, b8ect. 5 we summarize and discuss the results. Appendix A col-
sides starting from a (more or less) well motivated choice t&dcts the explicit formulas describing the model internal dy-
the specific parameter assumed to be responsible for the FPtidimics, while in Appendix B we derive the expressions for
they also bring to dine tuningproblem: the large variation of the associated projected quantities. In Appendix C the simplest
such a parameter along the FP, necessary to reproduce thentitidel of the family (the homogeneous ellipsoid) is described
must be characterized by a small scatter of it at any fixed pagi-detail.
tion on the FP in order to preserve the observed small thickness
(e.g., Renzini & Ciotti 1993; CLR). Moreover, the severity of
the fine tuning problem is strengthened by the unavoidable pfo- 1 Ne models
jection dfects associated with the three—dimensional shapeé?ﬁ_ 3D quantities
galaxies, if they also contribute to FP thickness. THius jnter-
pretation of the FP cannot be limited to the study of its tilt onlyn our study we use a family of oblate galaxy models with
but requires to take consistently into account also its thinnessomeoidal density distribution, belonging to the so-called
Recently, a statistical approach to this problem, based Berrers ellipsoids (Ferrers 1877). The density profile is
Monte—Carlo simulations and overcoming the intrinsic limigiven by
tations of orthogonal explorations has been proposed (Bertin
et al. 2002, hereafter BCD). In this study the authors showggh) — ;) x {(1— ne)" if0 <m<1, )
that, ascribing the origin of the FP tilt to thmombinedef- 0 ifm>1,

fect of luminosity dependent mass—to—light ratio and shape r\JNaFerepo is the central density > O is an integer number

rametem in spherically symmetric and isotropiRY™ models . o . . .
(Sersic 1968)pcan rec)(/)nz:/ile the FP tilt with tr?eRlobserved Iararéd in cylindrical coordinatégR, ¢, 2) the isodensity surfaces

. . . o ; re labeled by’ = R2/R? + Z2/(g?R?). With this choiceR,
s:sgﬁslggdog? ? 2xae:dg;:ixgélé)r;ur:\loostléy r(li)(\a;vee\l/:égsthatiiiadthls the model semi—major axis, while its flattening is given by
~1gS. ; 7 L ' < (g < 1. Note that these density profiles, when considered in
BCD analysis the FP thickness is entirely produced by var]

ations from galaxy to galaxy of thephysical properties, as etail, are only a rough approximation of those of real galax-

. . 8% especially for low values of However, most of the model
a consequence of the assumption of spherical symmetry. On

the other hand, elliptical galaxies are in general non sphericl%trlopertIes that are relevant for this study show a behavior sur-

and the quantities entering the FP expression do depend on Hselngly swmlar to that of galaxy m_o_dels with more I’ea|.IStIC
! i . . density profilegsee Sect. 3). In addition the above mentioned
observation angle: it is therefore of great interest to estima

€ . - . . . )
the contribution of projectionfiects to the FP thickness, an roperties can be explicitly written in _analyt_|c form, making

e . : he models suitable for Monte—Carlo simulations.
to quantify itsphysicalscatter. Few analytical works have ad-
dressed this issue in the past (e.g., Faber et al. 1987; SagHaThese coordinates are related to the natural Cartesian coordinate
et al. 1993; Jargensen et al. 1993; Prugniel & Simien 19%¢stem by the relatiorR = /X2 + 42, cosp = x/R, sing = y/R.
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The mass withirm and the total mass of the models arand

given by 5 5 NS o

o2 =ch+(1-12)(v2 - oB). (12)
M(m) = pORt32ﬂq BB/Z,n+1(rnz), (5)
and with 0 < k < 1. Fork = 0 no ordered motions are present,

and the velocity dispersion tensor is maximally tangentially
3 anisotropic, while folk = 1 the velocity dispersion tensor is

M= pORt32”qB(§’ n+ 1)’ (6) isotropic, and the galaxy flattening is due to azimuthal stream-

ing velocity (the so called “isotropic rotator”). In principle,

respectively, wher@,5(2) = [7't31(1 - t)>Ydt is the incom- by relaxing the hypothesis of a constanand allowing for

plete Euler Beta functiorB(a, b) = Bap(1) = ['(@I'(b)/T'(a+b) k = k(R 2), even more rotationally supported models can be

is the complete Euler Beta function, and the complete Euler constructed, up to thenaximum rotationcase considered in

Gamma function. Ciotti & Pellegrini (1996), wherek(R, 2) is defined so that

We assume that the density profiles in Eq. (4) are supportgg = 0 everywheré
by a dynamics described by a two—integrals distribution func-
tion f = f(E, L,) (whereE andL; are the energy and tlzeom-

ponent of the angular momentum of stars). Thus, the Je#né Projected quantities

equations reduce to To project the galaxy models on the plane of the sky (the
dpo2 ¢ projection plane), we employ a Cartesian coordinate system
=—p—, (7 (X,y',Z), with the line of sightlps) directed along the axis,
0z 0z and with thex’ axis coincident with thex axis of the natural
and Cartesian system introduced at the beginning of Sect. 2.1. The
5 — 5 angle betweez andZ is 9, with 0 < 6 < x/2: 6 = 0O corre-
Opog p(v¢ B O-R) _ _p3_¢ ®) sponds to the face—on view of the galaxy, wiile /2 to the
oR R oR’ edge—on view. With this choice, the projection planexsy’),

where ¢ is the gravitational potentiabg = v, = O every- and thelosdirection in the natural coordinate system is given
where, the @-diagonal elements of the velocity dispersioRY N = (0, - siné, cosf).> Accordingly, the coordinates of the
tensor vanish, and? = o2 (see, e.g., Binney & Tremainetwo Cartesian systems are related by

1987, hereafter BT). The appropriate boundary conditions are

o4 = 0% = 0 onm = 1 (Ciotti 2000), and so, the formal solu- X=X,
tion of Egs. (7) and (8) is: y = iy’ cosf — Z sing, (13)
. z=y'sind + Z cosh,
poti= | pelaz, (@ \*7Y
z and the homeoid labeled lmy can be rewritten in the observer
wherez = q th _R2 and coordinate system as:
_ B -\’
— dpag e =(VAZ + —y/| + 22 14
P(V3-0§)=R( R +p£)- (10) (\/— L I (14)

As it is well known, the gravitational potential of homeoida/here from now on, the symbok* over a coordinate will in-

systems can be obtained by evaluating a two—dimensional §licaté normalization t&;, and

tegral (see, e.g., Chandrasel_<har 1969), but in general th!s "R = sirf 0 + co a

tegral cannot be expressed in terms of elementary functionfs.

From this point of view the density profiles adopted here afeB = (1/9? - 1) sinf cos,

a nice exception: their potential can be written explicitly (fior 2 = X2 + y2/q(0)2 (15)

integer) as a finite sum of integer powerddndz Thus, from ’

Egs. (9) and (10) alsor? andp(V2 - o2) can be written in the | A(6)” = cos' 6 + ¢ Sir? 6.

same way (their explicit expression is given in Appendix A).
To split v2 into streaming motiom, = V, (that for sim-

plicity we assume nowhere negative), and azimuthal disp

sion, oz = (v, —v,)? = V2 — v2, we adopt the Satoh (1980)

k—decomposition: 7. =—

When integrating a model quantity along tles at given
é)é’ y’'), the limits onz" are derived by settinopp= 1 in Eq. (14)

1-¢2
A

y +

A (16)
02 = K2(v2 - oB), (11)

4 Note that the important issue of the models phase—space consis-
3 We use symboV for the velocity in the phase space, whil@) = tency is beyond the tasks of this work.

V is the streamingvelocity as defined in Eq. (B2). In general, a bar 5 Thelos vector pointsowardthe observer, and gmsitiveveloci-

over a quantity means average over phase—space velocities. ties correspond to blue—shift
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For examples, the surface density profile is given by changing coordinates in Egs. (23) and (24), and then integrat-
» ingonz:
ZQ(K)EI pdZ Z,
z L Ou-y) = [ puncz. (25)
z
q 1 —o\N+1/2 z
=poR—B|Z,n+1|(1-7 , 17 ' '
PR o (2 : )( ) U siovien = [ pikaz. (26)
where p(X,y’,Z) is obtained by substitution of Eq. (14)and
in Eq. (4). The quantity’ determines the size of the el- 2,
liptic isophotes, and their (constandépparent ellipticity is Ze(é’)ag(x',y’) Ef po2dz . (27)
& =1-q(0). For afixed’, the major and minor isophotal semi- z

axes area = £ andb = q(6)¢, and the associatedrcularized |, generab2 will not coincide with the velocity dispersion we
radiusis defined by the identityR? = rab, i.e.,R; = ya(®){. measure in observations: in fact, in presence of a non—zero pro-
In particular, thecircularized gfective radius Ris given by jected velocity field,, the correct definition for this quantity is

Re = va(8)le. (18)

where/, is the solution of the equatiolly(¢) = M/2, and
where the projected mass withfiris = %4(0) (0.'2) +V2 - US) (28)

S
LOt¢.o) = [ o (v - ) 2

Mo(£) = f To(¢) dX dy’ where the last expression is derived from the identity)? =
b=t o2 + v2. Note that, independently of thes orientation, on the
isophotal minor axig’ (where, by definition, cag = 0) v, Vg,

=poR27qB (g n+1, ) [1 - (1 - Ez)ms/z] . (19) andv? vanish, andr, = or: on this axiss? is the projection
of o andof = o5, In addition, the last identity holds every-
We obtain where when observing the galaxy face—én=( 0), or in the
casek = 0. Since the observed velocity dispersion is always
le= V1-2-UM32R = RS, (20) measured within a given aperture, we finally integesgg over

) ] ) the isophotes (even thoughy,s in general is not constant over
with RY the dfective radius of the model when seen face_qgophotes):

(or in case of spherical symmetry). As can be easily protred,

identity R = +/q(6)RC is a general property of all axisymmetric Mﬁ(f)oﬁzosa(f) =(Sp02 ) EfEe(f’)O'ﬁ)S(X’, y/)dX dy’. (29)
homeoidal distributions, independently of their specific density 0<¢
profile. In Appendix B we obtain the explicit expressions tef, V2

To obtain the velocity fields ak(, ') we integrate along the an( their aperture values. Unfortunately.cannot be cast in
lostheir projected component an This is done by transform- gigepraic form whem > 0, and so we have to resort to nu-
ing the corresponding spatial velocity moments from cylindrinerical integration of Eq. (25) for its evaluation; the details are
cal to Cartesian coordinates (see Appendix B). For exampi@en in Sect. 3.
thelos component of thetreamingvelocity field is As a check of the exactness of the derived projected fields,
we use a general consequence of the projected virial theorem
(see, e.g., Ciotti 2000), i.e.

where, ) is the standard inner product and the repeated indgx (02 " V2)>f—R =2nin; K;;
convention has been applied. The analogous quantity associ- PR Y

(v,n) =uin;, (21)

Un

ated to the velocity dispersion tensor is = —MEWi1 — NWap — NGWag, (30)

o2=(v-u,ny?= oijnin;. (22) WwherekK;j; is the kinetic energy tensor, and

By using the two definitions above, and Egs. (B.4)—(B.5\; = _fpxi§_¢d3x (32)
X]

the expressions fay, ando? are:
] are the components of the potential energy tensor. For our mod-

Un = —0, COSp SING, (23) els,Ws, = Wy1, ny = 0, and the explicit expressions @f;;
andWjs3 are given in Appendix A.

We recall that a similar approach to the one presented in
o2 =02+ (1_ k2) (v_g— UzR) co€ g sirnt 6, (24) this Section was adopted by VABS, who used a homeoidal,

modified J#&e density profile; in particular, they studied the

where the last identity is obtained by using Eq. (12). The cqurojected field corresponding (in our notation) to the quantity
responding (mass-weighted) projected fields are obtaineddfy, + v3 = o3 + V averaged within GRe.

and
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3. The model properties I 200

0.02 0.11 021 031 041 051 061 070 080 090 1.00
To better understand the results of the Monte—Carlo simula- o /O
tions presented in Sect. 4, here we illustrate in details a few los/ = los,moax
representative models, focusing on tieeets of the various
parameters on the projected velocity fields, and on the observa-
tional quantities entering the FP. O

The projected velocity dispersion and quadratic velociteé;

fields in Egs. (27) and (26) are evaluated by using the explieit 0.2
expressions given in Appendix B. To obtain the projected fiele
vp in Eq. (25) a numerical integration ahis required. For sym-
metry properties we restrict the computation to the first quad-
rant of the projection plane, that is organized with an ellipsoidal
grid made of 50 uniformly spaced isophotal contours. Each
contour is divided in 50 angles, while thes lengthz, — Z 0.0 0.2 0.4 0.6 0.8 1.0
(see Eg. (16)) is divided in 100 elements. The computation of x' /R,
the projected fields on this grid, by means of a double precision ) L
Fortran90 code, requires20 min on a 12 GHz workstation. "'9- 1. The projected velocity fields of the1(= 3,9 = 03,k = 1)

odel, when seen edge—oh € 7/2). The color contour plot shows

To check the robustness and correctness of the code, for allt evelocity dispersion fieldr, normalized to its maximum value

eXP'F’red mode.IS (man.y.more than those_presented) we hg\@maxz 0.23R: v/Gpy. Dashed lines represent the projected rotation
verified the projected virial theorem given in Eq. (30), and Wgy|q Up/Tlosmax, With numerical values labelled in the figure. Solid

found relative errors10°3. lines are the surface brightness isophgtes —2.5 logZ,(¢) sampled
The illustrative cases presented here all refer to a model mag diterence, while dotted lines are the isophotes corresponding
with n = 3 andq = 0.3, but their main properties applyto R./8 andRe.
to the whole family of models studied in this paper. Due to
the constancy of the mass—to—light ratio within each model, T
the mass weighted and the luminosity weighted quantities are 003 012 022 032 042 051 061 071 08 080 100
coincident. - /O
Figure 1 shows the edge—on view of the two observation- los/_*~ los,max
ally accessible projected fields,s andup, in the isotropic ro- 0.8
tator case. As expected, the maximum value-gf is reached
at the center, whilerios is not constant on isophotes. Note 0.6
thatinside the ellipse corresponding to a circularized radius ..
of R./8 (an aperture often used to corregtin the FP studies; % 0.4
e.g., JFK96) oo is constant well within 10% (in fact, better >
than 1%) As a consequence of the adopted decomposition of
azimuthal motions and of the edge—on view of the model, the
projected streaming velocity fielg, (dashed lines) is nearly
verticaP, its value decreases towards the center of the galaxy, ©-©
and vanishes on thg’ axis. As anticipated in Sect. 2.1 the 0.0 0.2 0.4 0.6 0.8 1.0
adopted density profiles, at variance with real galaxies, are very x' /R,
flatin their_inner regions: this is clearly visible here, where thFeig 2. The fieldsors/or and o, /o of the same model in
surface brightness = —2.5logZy(¢) drops from the c_enter to Fig. 1 when seen @‘ES: ﬂ;’zmjxn this gase(;?;n:r:ax ~ 0.24R, \Gps,
Re by an amountu = [(2n+1)/(2n+3)]251og2 < 1, in con-
trast with the drop of more than 8 magnitudesmRdr* galaxies.
In Fig. 2 we show the same model seervat n/4: for
obvious geometrical reasons, the lines of constajatare now

more similar to the optical isophotékhe fieldorios within Re/8  velocity fields are modified as shown in Fig. 84 7/2) and
is still constant with very good approximatioeven thoughRe  in Fig. 4 (¢ = x/4). Direct comparison with Figs. 1 and 2 in-
has increased according to Eq. (18). The figlss deformed by dicates that such a reductionlofmoves the maximum afjos
projection efects, and its value, normalized to the maximuftom the center to the external regions of the model, a conse-
of oes, is lower than in the edge—on case, as expected. quence of the increase of, at large galactocentric distances
When the amount of ordered rotation is substantially ren the equatorial plane in order to sustain the model flatten-
duced (for example, by assumirlg = 0.5), the resulting ing. This trend ofrs is usually not observed in real galaxies,
and it can be ascribed to the too “rigid” Satoh decomposition:

® Then = 0 model is an exception: its lines of constaptare al- however is again nearly constant within 8
ways parallel to the isophotal minor axis (Eq. (C.7)), and in the edge— los IS 9 y '

on, isotropic rotator caseres is constant on isophotes (Egs. (C.9) While we have shown here a few illustrative examples, we
and (C.10)). find that for all the models studied in detat|,s Stays nearly
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0.05 0.15 0.24 0.34 0.43 0.53 0.62 0.72 0.81 0.91 1.00 0.03 0.13 0.22 0.32 0.42 0.51 0.61 .71 0.81 0.90 1.00
O\os/g\os,mex O\os/g\os,mex
‘ ‘ _ ] 0.8 ‘ ‘ _
0.5 7 0.6
o o
~ 02 TN 04
> ] >
0.1 , 3 0.2
5 : $
0.0 2, ¢ ] 0.0 E 9
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X‘/Rt X‘/Rt

Fig. 3. The fieldsoos/0iogmax andvp/oiosmax Of the model in Fig. 1 Fig. 4. The fieldsoios/ojosmax and vp/ciesmax Of the same model in
when seen edge—on, in case of a substantial reduction of the orddtied 3 when seen @ = n/4. In this caseripsmax = 0.31R vGpo.

motions k = 0.5). The maximum value of the velocity dispersion field

iS olosmax = 0.41R: 4/Gpy; all the comments in the caption of Fig. 1

apply. of rotational support. The only relevant case is when the total

aperture is considered (circlem)dthe galaxy flattening is sup-
ported by the azimuthal velocity dispersion (these results can
be qualitatively interpreted by using Eq. (C.11) with= 1)’
In Fig. 5b, the &ect of the viewing angle for efierent values of

2 o > the shape parametaris illustrated. At variance with Fig. 5a,
U'ZLE‘(K) ~ [3(1 K )sze( l:l - )_ 1] i (32) all models have the same flattening € 0.3), mass, mass—
o(0.0) 2 qws 2 to—light ratio, and truncation radius. The amount of projection

and sop(0,0) and asa(Re/8) differ less than 0.1%, while effe_cts is quantitatively similar for ffierent vz_alue_s ofh, being
for then = 3 models represented in Figs. 1-4 the two quaA1ainly due to the dependenceR{ on the viewing angle. In
tities differ less than 1%. This implies that when using apef¥mmary, since in all cases the directions along which models
tures of the order oR./8, the averagéos velocity dispersion MOve are not parallel to the FP best fit liggojection gfects
can be safely replaced by its central value, s a(Re/8) ~ do contrlbu_te to the obsgrved FP scatter, v_vufeetsSme.
010s(0,0) = (0,0), independently of rotation and los in- Interestingly, f_ro_m Fig. 5b it is e_llso evident that the tre_nd
clination angle(note that the last identity holds exactly; se€f nalong the FP is in agreement with what found observation-
Sect. 2.2). These considerations are also confirmed by the @Y. When galaxy light profiles are fitted with tHe¥™ mod-
pier models discussed in VABS. els (e.g., Caon et al. 1993; CLR; Graham & Colless 1997;
We now describe how models “move” in the edge—on viefRrugniel & Simiens 1997; Ciotti & Lanzoni 1997; BCD): in
of the FP, when changing the intrinsic (., g, andk) and ob- fact, in this I_atter c!ass, _anncrea_seof m c_orresponds to the
servational §) parameters. In Fig. 5a we illustrate the behavi¢falaxy density profile being radiallatter in the external re-
of threen = 0 models in the (Io§erp, logR:) space, where 910NS, as Ferrerg modgls behave ﬁmcreasmg. nH_owever,
logRefp = alog g + Blog e + y. Two models have maximumthe amount of thllsféect in Ferrers density pr(_)flle§ is substan-
intrinsic flattening ¢ = 0.3), and difer for the amount of ro- jually smaller. This can be est!mated by co_nadt_armg the behav-
tation & = 1, andk = 0); the third one is a roundeq( 0.5) i0F Of Ky = GM/Reo5(0,0): in the spherical limit, 83 <
isotropic rotator. Owing to the particularly simple expressiofv(n) = 6 for 0 < n < 10, to be compared with the range
of riesa (EQ. (C.11)), we also investigate thefeet of adopting 7-96 2 Kv(m) 2 1.75for 1< m< 10 in case oR"™ models
different apertures for the estimateca. In all cases, varying (BCD). Thus, while structural non-homology alone, with con-
the projection angle from 0 to/2, makesR. to decrease ac- Stantl’, is suficient to reproducg th_e Wholeultpf the FP in the
cording to Eq. (18), thus producing the vertical down—shift &@se of theR/™ models (CLR; Ciotti & Lanzoni 1997; BCD),
the representative models; obviously, such a shift is smaller f§fS iS not true for the Ferrers ellipsoids. Also note that, at least
the rounder galaxy. WheR. decreasek increases, and galaxy'" the spherical I|_m_|t, the yalue_s &ty (n) are within the range
models move along straight lines of constant inclination wiPanned by the virial cécient in the case of the"™ models.

reSpe.Ct t_O the edge—on FP, independently of their SpeCiﬁc_ Gera'Note that the observed velocity dispersion entering the FP
Sity d'St_”bUt'on (see comments below Eg. (_20)_)’ and pmv'd(?glation is usually corrected to a circular aperture with diame-
that og is only weakly dependent on tHes inclination. We o 119p2 kpc (e.g., Jorgensen at al. 1999), corresponding to a ra-
find that even whewrg is measured within apertures of up tgjig range~0.05R—R. for h = 0.5, and for typical values oR.. In

the order ofR, the dfect on the model displacement in the FRny case, the FP equations derived by ug(g or the fixed metric

is marginal, independently of the viewing angle and the amouapterture are in mutual good agreement (JFK96).

constant withinRe/8. For example, for th@ = 0 model, by
expanding Eqg. (C.11) fof << 1 we obtain
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Table 1. The quantityKy for Ferrers ellipsoids as a function of g,
and viewing angl®, whenog = 0(0, 0).

Kv g=1 q=03 q=03

=0 0=n/2

v n=0 4.93 8.29 15.13
a0 n=3 5.78 8.61 17.36
2 n=6 5.92 8.68 17.72
n=10 6.00 8.71 17.89

by JFK96 for the Coma cluster galaxies in Gur(iq. (1)). For
its intrinsic scatter we adopt the valug,; = 0.057, as quoted
by JFK96 for the galaxies withro > 100 km s™.

The domains of model parameters considered in the simula-
tions are the following: & n < 6, 1< Y, < 10 (different from
galaxy to galaxy, but constant within each modely, 2 L <
50 (in 10°L,, the same range of values spanned by the JFK96
Coma cluster galaxies), & R < 200 (in kpc), 3 < g < 1,
and 0< 6 < n/2. The values oh and Y. are randomly ex-
tracted from uniform distributions, while power-law distribu-
tionsp(L) « L~ andp(R,) o« R1° have been used to extract
andR; by means of the von Neuman rejection technique. The
assumption of strongly non uniform input distributions for
andR; was necessary in order to end (after the FP selection)
with galaxy models having a luminosity function and a distri-
bution of fective radii in agreement with those observed (see
Sect. 4.3). For the extraction of the flattenipg fit to the ob-
e.FP served distribution of intrinsic ellipticity (as derived for a pop-

log R

0 0.5 1 1.5
log R

Fig.5. Panela): effects oflos direction and spectroscopic aperturgylation of oblate spheroids by Binney & de Vaucouleurs 1981)
on threen = 0 models, arbitrarily placed on the edge-on FP (solid

line), as a function of flatteningg} and amount of ordered rotation 0.6(q+ 0'055)(q2 -1.07q+ 0'377)
(k). Dotted lines markriy. In each model, the three aperture radip(q) ~ > , (33)
are R./8 (squares)Re (triangles), whole aperture (circles), and for Q* - 11979+ 0.372

each aperture radius, the three points at decregsags correspond . pean ysed. Even though the assumption of a population

o6 = 0 /4, ”/?'.Panelb): effects oflos direction and density made of oblate spheroids o%ly is not fullyionsistentp\)/viit)h ob-

profile on the position of the models along the edge—on FP, when . . o o

o0 = (0, 0). As in panel ag increases along the arrows. servatlt_)ns (sge, e.g., er_1e_y& Merrlflel_d 1998)_, itis acceptable
for our investigation, and it is also consistent with the geometry
of the adopted models. Concerning the estimate of the model

In particular, they are close to the value of 4.65 that charagentral velocity dispersion, we recall that the way how models

terizes the de Vaucouleurs profi/*. SinceKy is the only move along the FP is almost the same when using apertures of

model-dependent property that explicitly enters the FP relatigy/g or R,, and so, according to the results of Sect. 3, we as-

(through Eqg. (3)), this ensures that the class of models we 8(fnesq = ¢(0,0). In such a way the dimensionality of the

using is suitable for our investigation. The behaviomf(n) parameter space is reduced by exc|ud{rfg)m the ana|ysis_

for different flattenings and viewing angles is summarized finally, to sample theféect of thelosinclination, we compute

Table 1. the projections of each model along 11 viewing angles equally

spaced in (< cosd < 1.

For each projection angle we first check whetRerand
oo are within the ranges 1< Re/kpc < 20 and 100 <

4.1. The numerical procedure oo/(kms?t) < 350; if not, the model is discarded as un-

. ) - realistic, otherwise we construct thengle averageguanti-
In this section we extend the statistical approach presen ﬁgdog Re), (I0goo), (1ogle), and(logRere) = @ (logoo) +

in BCD, and we determir_1e the most general man_ifold (i/§‘<logle) + v, we calculate the quantfy(AFP) = (logRe) —
the parameter space) defined by the models that lie on %99 Rerr), and we apply the following criteria to check

observed FP. In practice, for each seven—dimensional pojffather this candidate model “belongs” or not to the FP.
(n,T.,L,R, 0,k 6) in the model space, we determifRg, I,

andop. Then, we check if the model “belongs” to the FP. The® we define residuals about the FP the quantiBP = logR. —
observational FP that we take as a reference is the one obtaing®.rp.

4. Simulations and results
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Since the FP residuals are consistent with being distributed S R R DY &
as a Gaussian (JFK96), we require that, according to the 1.5 = o~ 7=
von Neuman rejection technique, thagle average modés$ - i 5
extracted from the distribution o’ 1 = A =
PAFP) o exp(~(AFP2/202, ). (34) o5k L E
whereoinp is an input parameter. We finally accept the model if C a 3
it also belongs to the face-on FP, i.e., if it satisfiéAX + y < 0 ;//I/ | | | B
4.2, with 266X = 2.2KlogRey — 0.8%logle) + 1.24log o), A
and 149y = 1.24(logle) + 0.8Xlog o) (JFK96). 0 0.5 1 1.5
The end product of a complete run is the data sample com- log Re’FP
posed by the 11 projections of each accepted model. For this
sample, in the (lo&.rp, l0gR:) Space we estimate both the 4.5 P L L L Y L L L L L
linear best—fit and the rms of the residuals around the best fit = 3
line, rms AFP). The procedure is repeated by changing the 4 C -
input parametersrin, until rms (AFP) = 0.057. Thephysi- 35 - =
cal thickness of the FP is then evaluated as Kn&p)), and o E 3
the contribution of projectionfiects is estimated asp.j = 3 F —
\/rms (AFPY — rms (AFP))2. - =
Note that in this approach, due to the high dimensionality 2.5 = b =
of the parameter space, to the thinness of the FP, and to the von 5 T e
Neuman rejections oh, R;, g, and(AFP), we usually need to 0 1 o
calculateseveral hundreds thousand projected moft®®ach -
choice ofainp. This is feasible with the adopted class of mod-
els, becaus®, ando can be expressed in a fully analytical e
way. C 7
’ 15 F e
- L ]
4.2. Projection effects on the FP thickness o 1 B .
Following the procedure described above, we find that for oD - .
oinp = 0.054 the sample of accepted models defines a synthetic S 05K =
FP that matches very well the observed one, both in the edge- - P .
on (Fig. 6a) and in the face-on (Fig. 6b) views. The model FP 0 _—//// ¢ —
is characterized (by construction) by rmAd&P) = oint, while 28 RN NN R N

its physicalthickness is rms{@FP)) ~ 0.052= 0.91cy. It fol- 0 0.5 1 1.5
lows thatopr; ~ 0.410ne. In this simulation, the fraction of
accepted models is2.2%.

Another possibility to estimate the contribution of projecrig. 6. Accepted models (dots) selected according to Eq. (34) and
tion efects to the FP thickness is that of selecting the a#y,, = 0.054, plotted in the edge-on (par&), and face-on (pandd))
gle averaged models from what we call the “zero—thicknesg@éws of the FP. For models in pan&), o, = 0.057. Solid triangles
FP: in practice, we adopted,, = 0.001 in Eq. (34), so that are the Coma cluster galaxies in Gunffrom JFK96). Panet): the
the dispersion produced by the accepted models when sedge-on FP for the models selected in the “zero-thickness” approxi-
from the 11 diferentlos is entirely due to projection. Note mation. Solid and dashed lines in panajsandc) represent Eq. (1)
how, in agreement with the results shown in Fig. 5, the ﬁ_ndultsmtrlnsm sca_tter’1 respectively. The dotted line in paheharks
nal data set nicely fills thed strip in Fig. 6¢. In these zero— "¢ ‘Zone of exclusion” (JFK96).
thickness realizations, the fraction of accepted modeid%,
and rms AFP) = 0.4507n. Accordingly, we quantify the phys-

i — 2 2 o .
ical FP scatter asphys = /07y — 01 = 0.8%0int.

As a test of the robustness of the above estimates we aIsoFOr the whole sample of mod_els that reprpduces the ob-
explored the case in which the distribution AFP is a step ;er\rqez F;en?_sfter\xﬁitl'g t\:\?en?i?]gvm;?;rfj L%i'i?::izzgesgown
function, i.e., instead of using Eq. (34), we accept the mOdeItvt/een the apparent ellipticity= 1—q(6) and the mass-to-light
5 = [10%FP — 1] < Sinp, (35) ratio 1., andAFP. In agreement with the analysis of JFK96

(cf. Fig. 8a therein) and Saglia et al. (1993), flatter galaxies in
and we choséi,, so that rmsAFP) of the selected modelsprojection are preferentially characterized by positive residuals
equalsrin: the resulting values farpnys andoyrg; are in perfect (Fig. 7a), whileAFP decreases from positive to negative values
agreement with those obtained with the previous approach. for increasindy.. (Fig. 7b).

log Re’FP
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Fig. 7. Distribution of the residuals about the FP as a function of apparent ellipticity (pdnahd mass—to-light ratio (pani)), for models
reproducing the observed FP. Points within the dashed lines correspond to modéi& Mtk — 1| < 0.15.
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Fig. 8. Histograms of the properties of the models reproducing the observed FP (solid lines). Dotted histograms &)j,ggnejcorrespond
to the observational data for the Coma cluster in Guigitom JFK96). The dotted line in pand) represents the input distribution qf as

given in Eq. (33).

4.3. The FP tilt

available observational counterparts.

In Fig. 8 the distributions of the model properties are sho

be contrasted with the one (not shown here) obtained when ex-

tractingL andR; from uniformdistributions: in that case, Idg
We now address the issue of the HE and compare the prop-andR. peak at~1.1 and~14, respectively. An interesting case
erties of the models that reproduce the observed FP againstisheresented by the flattenirgg in Fig. 8d it is apparent how
the input distribution (dotted curve) is not modified by the FP

with solid lines, while those of the adopted observational sa

ple are represented with dotted lines. From Fig. 8 it is apparé 4

V\ﬁglection. Also theféect on the shape parameteis not very
rong, even if the FP seems to be marginally selective against
lowest and the highest valuesrofFig. 8e). On the con-

how the FP selection modifies the input power-law distribd 2" the éfect on the mass-to-light ratio is remarkable: its in-
tions of L andR, into distributions that match remarkably WeIIput uniform distribution has been substantially altered towards

the observed ones farandRe. In particular, the result shouldsma” values by the FP selection (Fig. 8f). Note the peak around
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Fig. 9. Distribution along the FP of luminosity and mass—to—light ratio of the models that reproduce the observed FP (dots). Solid triang
correspond to the observational data for the Coma cluster in G(fnrom JFK96).

T. =~ 3,avalue in good agreement with the commonly accepted 1 L L
stellar mass—to—light ratios in elliptical galaxies in the Gunn
band.

We now describe how the model properties vary along the 0.8
FP. Whilen andqg do not show any particular trend or segrega-
tion, L and, are found to systematically increase wiRhrp
(Fig. 9). In both cases, the scatter is large, but almost constant
for fixed Rgrp. As shown in Fig. 9a, not only the trend &f *O'
with Rerp, but also the overall region populated by the model§”
in this space, correspond remarkably well to those found in the’
observations. 0.4

The distributions ofL and T, along the FP translate in a
well defined mutual dependence of these model properties, as
illustrated in Fig. 10 (small dots). Also in this case the agree- 02
ment with the estimates from the observational data is remark- | ®7<-0 0 :
able (cf. Fig. 3a in JFK96). The large scatteryin at fixed L Lo o i
is by construction consistent with the small thickness of the L y

FP: apparently, other model properties vary within the sample 0 Lo e
of accepted models so that their combindiiet is to main- 0.5 1 1.5
tain the FP thin. A clearer view of the situation can be ob- log L

j[alr;jed by Cro].nsklderlng only gala_xyl mo.d(:]IS Iy:ng_ onbthe 'dealj—"ig. 10.7. vs. L for the models that reproduce the observed FP (small
1€ zgro—t Ic nes_s FP (open circles): the relation etweendots). Circles correspond to models belonging to the zero-thickness
andL is better defined now, even though the scatteilinat gp \hile black filled triangles are their sub-sample in which ©

fixed L is still significant. In case of an orthogonal exploratiog < 1.
based on a systematic trend6f with galaxy luminosity, the

set of models would be just a 1-dimensional line in Fig. 10 (cf.

to Fig. 6 in BCD). Here, such a case can be mimicked by re-
stricting further to a sub—sample of models characterized by a
small range of flattenings (for example9& q < 1, filled tri-

angles in Fig. 10). For this latter data set, the strict correlatipfofiles andL is qualitatively the same in the two families, as
T. o« L%3 is obtained, as predicted by Eq. (3) wily ~const. discussed at the end of Sect. 3. In fact, when limiting to Ferrers

We recall that in this class of modeidias only a minor ef- ellipsoids with constant’. and g, a correlation between the
fect in determiningro (at variance with the shape parameter ishape parameter and the luminosity appears, mitbcreasing
the case oRY™ models). However, the behavior of the densitfor increasing..
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5. Discussion and conclusions The latter is in good agreement with the results of JFK96
and Saglia et al. (1993).

In this paper we have explored the importance of projection ef- £ the models that reproduce the observed FP, a very good
fects on the FP thickness. We extended the statistical approaChagreement between their propertiés Re, oo, andg) and

introduced by BCD to a class of oblate galaxy models, with he ohservational data is found. Also the trentrofwith L
variable density profile, flattening, amount of rotation, and fully corresponds very well to the one estimated from the obser-
analytical spatial and projected dynamical properties. In partic- \ations. In order to get these results, it has been crucial to

ular, after generating galaxy models corresponding to random eyiract the models from steep power-law distributions of
choices of the model parameters, we retained only those defin-3nqR while uniformdistributions in input produce an ex-
ing a FP with the same tilt and thickness as the observed one.qss of models with bright luminosities and larggeetive

With this approach not only we quantified the importance of ;i while the conclusions about the contribution of pro-
projection défects on the observed FP thickness (thus also de- jection dfects to the physical FP thickness would remain
termining the “physical” FP scatter associated to the dispersion unchanged, it is still unclear why the requirement that mod-
in the galaxy internal properties), but we also studied in a con- g|g belong to the FP is so selective against loandRe.
sistent way the possible origins of the FP tilt. Such a framework £, what concerns the FP tilt, and T, of the accepted
represents a valuable alternative to the somewhat arbitrary or- .5 qels appear to systematically increase VRtfzp. The
thogonal explorations, where the property responsible for the corresponding increase &f. with L is also well defined
FP tilt is selected a priori, and fine tuningproblem for the and in very good agreement with the observational esti-
selected parameter is unavoidable. In the present approach inyates. In addition, in thex(, L) plane, the models appear
stead, we find that model properties can vary significantly from 5 e segregated in terms of the flattening: at any fixed
galaxy to galaxy, while preserving the observed FP thinness systems with lowY, are preferentially rounder than those
(a result in agreement with what found by BCD). Of course, \ith high ..

we stress again that (at a deeper level) the very existence of the,o ranges of variation of the shape paramatdftatten-

FP with such a small scattés a fine tuning case, in the sense ing, and mass—to—light ratio for models of given luminos-
that stellar populatiori,) and structural and dynamical prop- ity can be very large, although consistent (by construction)
erties Kv) are tightly correlated, as described by Eq. (3). The \ith 3 thin FP. This naturally solves the fine tuning problem
reason for that can only be found in a comprehensive theory of ¢ by the “orthogonal exploration” approach, and it pro-

galaxy formation and evolution. vides better agreement with observational data. In practice,
The main results of the present work can be summarized as model parameters mutually combine in such a way that a
follow: large dispersion of galaxy properties is allowed at any fixed
location of the FP, while preserving its thinness.
— For the adopted class of models the contribution of ordered =~ | L
streaming motions to the observed velocity dispersion Q" Simplicity we have used, as a guiding tool for the present
negligible when smafinedium aperturessRe) are used for investigation, simple one—component, twol—lntegrals_ oblate
the spectroscopic observations. This implies that a systeﬂ‘?—laxy models. The study would be best carried out with other

atic decrease of rotational support with increasing lumino@milies of models, better justified from the observational and
ity is notat the origin of the FP tilt of elliptical galaxies. PYsical point of view, but for the present purposes the sim-

However, the contribution of rotation can be non negligibil€ Models used provide an adequate demonstration. In fact,
when using larger apertures, and this must be taken pr hough the density distributions adopted here are not a good

erly into account when studying the FP at high redshift representation of real elliptical galaxies, the conclusions ob-
— When observed from fierent los inclinations models tained about the projectiorifects on the FP can be considered

move along a direction that is not exactly parallel to the bd@PUst: It is also reassuring that the displacements in the FP

fit line of the edge—on FP, thus confirming that projectiofiP2c€ ©f our models due to a change inlthedirection agree

effects do contribute to the observed FP scatter. The amofififh dualitatively and quantitatively with the analogous results

of such a shift depends mainly on the intrinsic flattening #Ptained from the end—productsitbody simulations. This is

the models (being larger for more flattened systems) artfcause the wal. (and thude) depends on the viewing angle

to a minor extent, on the adopted aperture used for the Jg.the same for all homeoidally stratified density distributions.

termination ofao., A substantial improvement of the present exploration, assum-
_ The estimated contribution of projectioffects to the ob- ing more realistic density profiles, would require much more

served dispersion of 108 around the FP is~0.4 0 time expensive simulations, since numerical calculation of the

while the FPphysical scatter(as determined by varia- Proiected velocity dispersion would be necessary.
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