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Abstract. The scaling relations between the fundamental parameters for 31 nearby spiral galaxies with
large angular sizes, based on published elliptically averaged 2MASS brightness profiles, are built. The
differences between the slopes of the relations with two different size parameters (disk scale length or
disc diameter) or two kinds of magnitudes (corresponding to "disk only" or "disc + bulge" luminosity)
are insignificant. The fundamental plane of the galaxies in coordinates "absolute magnitude of the disk
— scale length of the disk — HI line width" is shown. The standard error of the fundamental plane fit is
0.36 mag while the standard error of the most tight scaling relation (the Tully-Fisher relation) is 0.47
mag. The derived numerical results are close to these of other authors in the I band.
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Mamiabau 3aBucuMocT n PyHIAMEHTAJTHA PaBHUHA 34 COUPAJTHUA

rajlJakTuku BbB (poTroMerpuvuHa cucrema J
Opuma 1. Crandues, Bopuc 2K. Temes, ITerko JI. Hensikos, [Iseran B. T'eoprues

ITocropenu ca MaiabHUTE 3aBUCUMOCTH Mexk Ay dyHIaMeHTaIHUTe TapaMeTpu Ha 31 coupasHu rajaak-
tuku or 2MASS 10 ny6auKyBaHu eTUITUYHO yCpeaHeH:u spKocTHE npodunu. Pa3zmukure Mexay Hak-
JIOHUTE HA 3aBUCUMOCTUTE TIPY /1B PA3IWYHA NapaMeTbpa Ha pa3mepa (MamabHa [Tb/KAHA HA JIACKA
WU IAAMEeThp Ha JAUCKA) WU TPHU JBa BAAA abCOMIOTHY 3BE3THA BEJUYUHN (CHOTBETCTBAIIN Ha, 'camo
muck" mm "muck + Gammk") ca mesmaunTemau. [locTpoerna e m byHIAMEHTATHATA, PABHUHA 33 TAIAK-
THUKUTE B KOOpAWHATH "abCOIOTHA 3BAa3/IHA BEJIWYMHA HA JUCKA — MaImabHa Ib/IKWHA HA JUCKA —
mwupuna Ha JjuHugTa HI". Crammapraara rpemika Ha Mozena Ha dynmameHtansHara pasauHa € 0.36
mag, JOKATO CTAHJAPTHATA IPEITKA HA HAW-TACHATA OT MAIMAOHOTE 3aBUCHMOCTH (3aBHCAMOCTTA Ha
Tym-®umep) e 0.47 mag. ITomyuennre gncnenn pesyararnm ca OJIU3KH 10 TE3W HA APYTH ABTOPU 32
doromerpuuHaTa cucrema, l.

Introduction

The observing parameters of galaxies can be divided into two groups. The first one
includes the global parameters such as luminosity (expressed usually by the absolute
magnitudes of bulge, disk or bulge+disk), mass (expressed by some kinematic parameter
as the central velocity dispersion og for ellipticals, the rotation velocity amplitude V' for
spirals or HI line width W for spirals), size (expressed by some characteristic radius like
the effective radius r, for ellipticals, disk scale length for spirals or disk diameter at a
given brightness level A for spirals) and mean mass density (expressed e.g. by the mean
or effective surface brightness (SB),). The second group includes the shape parameters,
like disk-to-bulge ratio D/B, mean ellipticity €, velocity dispersion anisotropy (v/o)*,
isophote shape a4/a, etc.

Here we concentrate on the most prominent and important scaling relations be-
tween the fundamental parameters of spiral galaxies. Actually they are projections of a
Fundamental Plane (FP), just like that for elliptical galaxies.

The most important projection is the Tully-Fisher (TF) relation which is a tight
correlation between the amplitude of the rotational velocity V' (or the HI line width
W) and the absolute magnitude of the galaxy M (e.g. Tully & Fisher [1977]). It can be
expressed as M = alogV + «, where « is the slope coefficient and + 1s the zero-point.
This empirical relation has been used for estimating the distances to galaxies, and hence
for determining the Hubble constant (e.g. Sakai et al. [2000]). The existence of the TF
relation could be a result of the self-regulated star formation in disks of different mass,

Astrophys. Invest. 1, 2007, pp. 77-7?



2 O. Stanchev et al.

or a direct consequence of the cosmological evolution of mass and rotational velocity
(e.g. Mao [2000]).

Some efforts have been made by many authors to search for a tighter correlation
among the luminosity, rotational velocity, and disk radius for spiral galaxies. It is in-
triguing to know whether and how the third parameter, the galactic size, really plays
some role in galaxy evolution, and how the mass and luminosity are physically related
to this parameter. Koda et al. [2000b] have already done a set of numerical simulations.
When the galactic size was involved as a key parameter the slope and the shape of the
plane are well reproduced. The simulations show that the galactic mass and angular
momentum play a prominent role during galaxy formation.

In this paper we derive scaling relations and a FP for nearby spiral galaxies with large
angular sizes in the J band using fundamental parameters obtained after decomposition
of the elliptically averaged brightness profiles of the galaxies published in Jarrett [2003].

1 Physical origin of the scaling relations

The scaling relations are in fact correlations between a comprehensive set of parameters:
the size of the galaxy, the mean surface brightness within a given radius, the velocity of
rotation, the luminosity, and the mass of the visible matter. The following two equations
relate these quantities:

L M

2R’ R
Here SB is the mean surface brightness, L is the luminosity, M is the mass and

R represents some scaling factor concerning the size of the galaxy. The structural pa-
rameter c contains all unknown details about the galaxy structure. Using the equations

above, the galaxy size can be expressed as:

c M7y
Rm (2) () s

If (M/L) and ¢ do not vary very much, the galaxies should define a plane-like distribu-
tion in the 3D space of their global parameters (R, SB, V). For example, for elliptical
galaxies the derived FP relation is (see Robertson et al. [2006]):

R o o8B0,

where o is the kinematic parameter for elliptical galaxies.

This result is consistent with the theoretical expectation within limitations about
the variations of the dynamical structure, of the mass-to-light ratio, of the amount of
the dark matter within R, of the slope of the stellar initial mass function and of other
possibly varying parameters.

2 Data sample used

This work is based on the published radial brightness profiles of 31 spiral galaxies,
selected from the 100 largest 2MASS galaxies (Jarret et al. [2003]|). The galaxies cover
the range of morphological types between Sa and Sd with inclination angles in the range
20°-70° and J-band absolute magnitudes between -22 and -25 mag. The rotational curve
amplitudes lie between 200 and 700 km/s. We use the accurate distances, extinction
estimations and HI line widths collected in HYPERLEDA database.

Figure 1 presents the absolute magnitude — morphological type relation for the
sample of 31 galaxies in the J-band. It reproduces the known correlation between the
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morphological characteristics of galaxies and their luminosities. As can be seen, the
most luminous galaxies in the sample belong to morphological type codes between 3
and 4. That is, early type galaxies are more luminous.

Figure 2 shows how the sample used obeys the TF relation. Here the photometry
data about M are taken from 2MASS, while the kinematic data (W - the HI line
width measured at the 20% level in km/s) are taken from HYPERLEDA database.
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Fig. 1. Least-square fit to the luminosity — morphological type relation with J-magnitudes taken from
2MASS and type codes taken from HYPERLEDA.

3 Fundamental Plane and projected scaling relations

Now it is well known that a FP exists for the physical properties of elliptical galaxies in
the 3D space defined by the central velocity dispersion, effective surface brightness and
effective radius (Dressler et al. [1987]; Djorgovski & Davis [1987]; Faber et al. [1987]).
Besides its remarkable distance indicator capabilities, the amazing simplicity of the FP
(due to the virial theorem and the homology of structure and kinematics) allows us
to investigate several physical issues: stellar population effects, rotational contribution,
and dark matter content.

The generality of the concept of the FP of ellipticals makes it suitable for applica-
tion to spiral galaxies as well (Persic, Salucci & Stel [1996]; Shen, Mo & Shu [2002];
Graham [2002| & Han et al. [2001]). It is therefore important to search for the FP from
observational data with the galactic size as a third parameter. In principle, if M repre-
sents the photometric parameter, V' - the kinematic parameter and R - the radius, then
the FP relation would be expressed as:

M =alogV + fGlog R+~

Here «, 8 and ~y are the coefficients from the fit applied to the observational data sample.
For example, Kodaira [1989] gave o« = —2.5 and § = —5.0, while Koda et al. [2000a)
obtained @ = = —3.25. In Han et al. [2001] the FP relation for spiral galaxies in the
I-band has the coefficients o = —4.75, § = —2.85, v = —6.21.
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Fig. 2. Least-square fit to the Tully-Fisher relation with J-magnitudes taken from 2MASS and HI line
widths log W2 taken from HYPERLEDA.

In this paper we consider the known scaling relations as 2D projections of the 3D FP
relation, including luminosity — size (LS) relation, luminosity — velocity (LV) relation
and size — velocity (SV) relation.

-25 T T T T T T T T T T LS|
| M (total) =-20.42-3.4910g R, e
c=0.66 i

(6]

M, (disc) = -20.22-3.511og R,

-20 4
“ o=0.63
T T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2
log Ry [kpc]

Fig. 3. Least-square fits of the luminosity — size relations with "bulge + disc" (dotted line) and "disk
only" (solid line) J-magnitudes as well as disk scale lengths taken form the results of the profile decom-
positions (see the text).
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Figure 3 presents the LS projection relation. Sometimes it is called "diameter Tully-
Fisher relation". In fact, we derived two relations. The first of them, represented in
Fig. 3, uses the absolute disk scale length of the galaxy and the second one (not shown

here) uses the absolute disk diameter, corresponding to the 25 [mag/arcsec?] surface
brightness level. Both size parameters are derived from a disk model, obtained after
decomposition of the galaxy profile into bulge and disk components in the spirit of
Kormendy (Yankulov [2005]). The disk profile (as the bulge one) is fitted by Sersic’s

formula I'p = Iyexp(—(R/Rq)"), where the free parameter Ry is the disk scale length.
The exponential-power number N is also a free parameter that describes the curvature
of the disk profile (see Georgiev & Stanchev [2005] for details). The absolute values of the
size parameters are derived through the distance modulus taken from HYPERLEDA.

The solid and dotted lines in Fig. 3 show the least-square fits for "disk only" and
"bulge+disk" (labeled as total in the figures) magnitudes. Both magnitudes are derived
after numerical integrations of the bulge and disk models, obtained after decomposition
procedure. It can be seen that the dotted fits are shifted upwards because of the contri-
bution of the bulge luminosity. Figure 3 shows also that the obtained standard errors of
the fit for the "disc only" and "disc + bulge" case are comparable. Unfortunately, the
data sample used is large and it seems hard to make more detailed conclusions. But we
rather focus on the demonstration and confirmation of well known scaling relations as
projections of the FP for spiral galaxies, here in the J-band.
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Fig. 4. Least-square fits of the Tully-Fisher relations with "bulge + disc" (dotted line) and "disk only"
(solid line) J-magnitudes taken form the results of the profile decompositions (see the text).

Figure 4 shows the TF relation with the absolute J-band magnitudes obtained
through the iterative decomposition procedure and the logarithm of the kinematic pa-
rameter Wyg. This figure confirms the basic idea behind the TF relation: the bigger
the galaxy is, the faster it is rotating. Just like in the previous figures, there are two
lines representing two least-square fits — for the "disk+bulge" (dotted line) and the
"disk only" (solid line) TF relations. The obtained zero-points and slopes are given in
the figure. It can be seen that the least-square fit describes slightly better the "bulge
+ disc" TF relation compared with the "disk only" TF relation. Maybe the reason is



6 O. Stanchev et al.

uncontrolled errors in the decomposition procedure for determination of the disk scale
lengths. "Bulge + disc" luminosity describes better the rotational support of the galaxy
than "disc only" luminosity and that can contribute to a larger standard error of the
fit for the "disc only" TF relation.

T T T T T T T T T T T T T
12 logR, =-2.85+1.34logW,, = E
| =018

1.0+

o
o
1

log Ry [kpc]
o
o
1

e
N
1

L e L e e I S B
22 23 24 25 26 27 2.8 29

log Wy [kmis]

Fig. 5. Least-square fit of the size — rotational velocity relation with disk scale lengths taken from the
decompositions (see the text).

Figure 5 shows the SV relation. We constructed this relation for both, the absolute
disk scale lengths and absolute disk diameters, but only the relation with the disk scale
length is shown. By comparing both relations we obtained that the least square fit for
the disk scale length SV relation (log Rq — log Wy) has a larger error (o = 0.18) than
that of the absolute diameter SV relation (log Ay —log Wag) (0 = 0.14). Probably this
description is due to the three outlying points in the (log Ry — log Wyg) relation. Figure
5 expresses the known correlation between the size and the rotational velocity of the
galaxies: larger galaxies are faster rotators.

Figure 6 shows the FP in the space of the global parameters luminosity, size and
rotational velocity for our sample of 31 2MASS spiral galaxies with large angular sizes.
As it can be seen in the figure, the distribution of the points in the 3D space is well
projected into each plane, showing quite good correlation between each pair of param-
eters. These are the known scaling relations for spiral galaxies - the LV (TF) relation,
the LS relation, and the SV relation. Here the luminosity parameter is the "disk only"
J-absolute magnitude. The size parameter is the absolute disk scale length (in kpc) and
the kinematic parameter is the HI line width measured at the 20% level (in km/s). The
empty squares show the 3D distribution of the points and the filled squares show the
projections of the FP, corresponding to the scaling relations for the spiral galaxies.
Figure 7 represents the FP in the 3D space as a result of a least-square plane fit. Based
on the sample of 31 2MASS spiral galaxies, we obtain the following Fundamental Plane
relation:

M j(disc) = —5.29log Wog — 1.331log Rq — 7.79.
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M (disk)

Fig. 6. Fundamental Plane represented though its 2D projections, that are the galaxy scaling relations.
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Fig. 7. The obtained Fundamental Plane relation.
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Table 1. Fundamental Plane relations for 6 different sets of global parameters

FP relation «a I¢] v o

(log Wao — log Ag — Miorar) |-5.679]-1.307]-5.833]0.362
(log Wao — log Rq — Miotar) |-5.723]-1.125(-6.698]0.351
(log Wao — log Ag — My) -5.679[-1.166(-5.870[0.404
(log Wao — log Rq — My) -5.289[-1.323]-7.796]0.361
(log Wao — log Ay — Maaass)|-5.160]-2.195]-6.158(0.369
(log Wao — log Rq — Maaass)|-6.703]-0.795]-4.945[0.458

The standard error of the least square fit is 0.36 mag. The coefficients of this FP are
close to the coefficients for the I-band data derived by Han et al. [2001], given in Section
3.

Results

The results of this work can be summarized as follows:

— We derived scaling relations between the global parameters of the spiral galaxies in
the J-band. We found close values of the relation slopes in the cases of two different
size parameters (the disk scale lengths R, or disc diameters Ay) and two kinds of
magnitudes (corresponding to "disk only" or "disc + bulge" luminosity). The coef-
ficients of our relations in the J-band are comparable with the same coefficients of
Han et al. [2001] in the I-band .

— We derived the FP coefficients « = —5.29, 8 = —1.33, v = —7.79. The standard
error of the fundamental plane fit is 0.36 mag while the standard error of the most
tight scaling relation (the Tully-Fisher relation) is 0.47 mag. Our results are close
to these of Koda et al. [2000a] and Han et al. [2001] in the I band.
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