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Abstract

Surface Photometry of the Shell Galaxy NGC 2865 

David L. Wing July 1990

This thesis presents independently calibrated CCD surface photometry 

derived from 12 images of the shell galaxy NGC 2865 in the B, V, and R 

passbands. Short exposures were used to permit accurate sky subtraction. 

Mean isophotes were derived for each passband over the radial distance range 

3" - 60". The isophotes are presented in the form of their best-fit (least- 

squares) ellipse parameters. The parameters for the best-fit de Vaucouleurs 

surface brightness law were determined for the mean profile in each passband 

and deviations of the actual surface brightness profile from the r*̂ '̂  law are 

discussed in terms of the galaxy’s shell structure. From the best-fit ellipse 

parameters, the amplitudes of the cos(46) component of the isophotes could 

be measured. It was found that they do not show the boxiness often observed 

in a galaxy which had experienced a recent merger. On the contrary, a peak 

amplitude of about +1 percent (2a) over the interval of 25" - 40" suggests 

only the presence of a weak disk. If the disk is real it indicates that NGC 

2865 is an SO, rather than an elliptical, galaxy. Also, both (B - V) and (B - R) 

colour gradients were measured and show that the galaxy becomes bluer with 

increasing radius. This may be explained in terms of a radial metallicity 

gradient in the sense that the metallicity decreases by about a factor of two per 

decade increase in distance.
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I. INTRODUCTION

a) Galaxies with Shells

Elliptical galaxies which appear to have large concentric shells of very low 

surface brightness in their outer halo have been known to exist for over two 

decades (Arp 1966; Vorontsov-Velyaminov 1959). Malin and Carter (1981, 

1983) and Schweizer (1983) have noted that about 10% of normal elliptical 

galaxies exhibit sharp-edged, concentric features at various radii. These fea

tures have been termed “shells” by Malin and Carter and “ripples” by 

Schweizer. NGC 1344 is perhaps the best example of a galaxy with low sur

face brightness shells (Malin and Carter 1980; Carter, Allen, and Malin 1982). 

'Hie shells were revealed by application of a photographic amplification tech

nique (Malin 1978) on deep plates from the UK Schmidt telescope. Use of 

another technique, the unsharp masking procedure (Malin 1977), also showed 

the presence of inner ripples or shells that appear to be a continuation of the 

outer ones. The observational data on shells are scarce, however, mainly 

because the shells are faint, and because they are superimposed on the com

paratively bright background of an elliptical galaxy.

Shells have been detected around both normal (for example NGC 3923 and 

NGC 1344) and abnormal (NGC 5128, NGC 7070A) elliptical galaxies, but 

are not seen around spiral galaxies and very rarely around SO galaxies. They 

appear to occur preferentially around galaxies in the field. The shells are 

believed to be three-dimensional structures because of the fact that no galaxy 

has been found having thin, pointed shells, which would be expected if they 

were intrinsically planar. They do not completely surround the parent galaxy, 

but rather are seen as concentric arcs which are usually aligned with the major



axis of the galaxy. Shells are staggered or interleaved so that the next outer

most shell is on the opposite side of the galaxy and the shell separation 

increases with distance. They are found over a wide range of radii that can 

extend to very large distances from the galaxy. Their total number has been 

observed to be as large as 20.

h) Theories o f Shell Formation

Very different explanations for the origins of these features have been pro

posed. A model in which shells are composed of stars that were formed in a 

shock wave resulting from a galactic wind was first proposed by Fabian, 

Nulsen, and Stewart (1980). Later, Williams and Christiansen (1985) con

sidered the effects of a wind-driven blastwave associated with an active phase 

in the early history of the galaxy. In their model an expanding shell is created 

as the original interstellar medium of the galaxy is driven out at supersonic 

speeds. As the shell cools, primarily by radiation, the compression across the 

shock-wave front will be very large causing the shell to become thin in the 

direction of motion. The nonthermal continuum from the still active galaxy 

nucleus keeps the material in the shell at about lO'̂  K. Once the activity in the 

nucleus ceases, the material cools until fragmentation occurs at a temperature 

of about 10  ̂K and stars begin to form. These stars then decouple from the 

blast wave and will begin to follow radial bound orbits. After ~10^ years 

supemovae from the massive stars reheat the expanding blast wave, which 

will again cool radiatively resulting in a second episode of star formation. 

This allows multiple shell structures to be built up.

Quinn (1982, 1984), on the other hand, proposed that these shells are 

caused by the capture and eventual breakup of a low-mass disk galaxy or per



haps a dwarf spheroidal galaxy by a much more massive elliptical galaxy. 

Disk systems consisting of 5000 test particles and having masses 10 to 100 

times smaller than the elliptical galaxy were used in his N-body simulations. 

It was found that low-orbital-momentum encounters cause a wrapping of the 

disk system in phase space in the gravitational potential well of the elliptical 

galaxy. The stars end up oscillating within the elliptical galaxy’s potential 

well, producing sharp crests at the radii of turnaround, but the galaxy which 

falls in must have small internal random motions in order for the shells to 

remain sharp. The maximum and minimum energy of the stars in the disk of 

the small galaxy set a limit to the maximum and minimum radius between 

which shells may form. In time, the number of shells should increase. 

However, the shells will merge into each other and become less distinct, and 

the shell spacings should decrease at smaller radii. This model of phase 

wrapping can explain quite naturally the shell properties of being interleaved, 

being aligned and concentric, and appearing only as arcs.

In this model, Quinn shows that the spatial distribution of the shells may 

be used to estimate the form of the potential well of the galaxy, and he uses 

the distribution of shells around NGC 3923 to infer the existence of a moder

ately massive dark component. Quinn also finds that the central potential is 

less concentrated in several galaxies than is predicted by an r’̂ '̂  surface bright

ness law under the assumption of a constant mass-to-light ratio. This result 

depends crucially on the difficult task of finding all the shells in the galaxy.

Thus, shells offer a tool for probing the intrinsic structure of some ellip

tical galaxies. The number of shells present in a galaxy can be used to date the 

encounter under the assumption that all the shells are the result of that 

encounter.



c) Usefulness o f Multicolour Surface Photometry

The colours of the shells, and tlieir geometric properties such as their spac

ings, may be useful in deciding which model discussed above is likely to be 

correct. For instance, if an elliptical galaxy tidally rips apart a disk galaxy, 

causing the debris to form shells, then tlie colours of these shells should be 

identical and approximately the same colour as the disk galaxy that has fallen 

in (Quinn 1984, Hemquist and Quiim 1986,1987a,b). On the other hand, if 

the blast wave models are correct then the shells might have a range of ages. 

Their colours should depend on the elapsed time since they were formed and 

also on the initial mass function of the stars in the shells. This, in turn, 

depends on the physical conditions present during each episode of star forma

tion. In this case, the colours of the stars would have to be very blue since the 

stability of the shells would be less than one freefall time (Fabian et al. 1980).

Kundt and Krause (1985) investigated a variation of the galactic wind sce

nario in which an active galactic nucleus creates a wind that forms gas-rich fil

amentary shells. Stars formed in these gas shells would c.gain have to be very 

blue because of the short dissipation time of the shells. This explanation 

seems unlikely, though, as the orbits of the stars would need to be fairly 

eccentric and would have to fall into thin shells. A series of explosive events, 

required to form the inner and outer sh e llse em s also unlikely as most shell 

galaxies do not have active galactic nuclei.

Multicolour surface photometry by Carter et at. (1982) and Fort et al. 

(1986) have shown that some shells are bluer than the parent galaxy. The 

shells appear to have the colour of a disk galaxy, thus favoring the theory that



they may have been accreted from either a low-mass disk galaxy or perhaps a 

dwarf spheroidal galaxy.

The location of shells may tell us something about the shape of elliptical 

galaxies. Dupraz and Combes (1985,1986) suggest, by statistical arguments, 

that when shells are short arcs bisected by the major axis, the galaxy is likely 

to be prolate and edge-on. If the shells are aligned with the major axis, then 

the galaxy is probably oblate and edge-on, and if the shells appear randomly 

distributed in azimuth and the elliptical galaxy is nearly round, then it is likely 

to be oblate and face-on.

d) The Shell Galaxy NGC 2865

NGC 2865 is located in the constellation Hydra at R.A. 9  ̂ 2 1 T24, Dec. 

-22° 56'.8 (1950). Its galactic longitude and latitude are I = 252?05 and b = 

18?94. In the Second Reference Catalogue o f  Bright Galaxies (de 

Vaucouleurs, de Vaucouleurs, and Corwin 1976) it as listed as an E3 galaxy 

with a total (asymptotic) B? magnitude of 12T35 ± 0T09. Its (B - V>r and (U - 

B)t colours, uncorrected for foreground extinction are 0T92 ± 0 T05 and 0?35 

± 0T06 respectively. These colours, corrected for foreground extinction, are 

listed as 0T79 ± 0 T05 and 0T27 ± 0 ?06 respectively. The redshift velocity, 

corrected for solar motion, is Vo = 2443 ±75 km s ' which implies a distance 

of 24 Mpc ( Ho = 100 km s ' Mpc ')  and a K correction of 0T04 for the effect 

of redshift on the B magnitude. In the catalogue the galactic extinction is esti

mated to be 0T46 (cosecant law), so that the corrected total B t magnitude is 

11?85.

In deep photographs (for example Malin and Carter 1983 (Figure 5), 

reproduced here in Figure I -1 )  the galaxy has a chaotic outer structure that
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Figure I - 1. A long exposure photograph of the shell galaxy NGC 2865 
(reproduced from Malin and Carter (1983), Figure 5). A bright shell can be 
seen immediately to the east of the galaxy whereas to the west a jet-like feature 
is present. Note the small diffuse loop extending ~1' to the south-west and a 
much larger and fainter loop extending ~4' to the north-west.



shows as many as three outer shells together with a tail (or a jet) extending 

outward to the west. A faint diffuse loop to the north-west can be seen 

together with sharp-edged shells to the east. Malin and Carter (1983) include 

NGC 2865 in their Catalog o f Elliptical Galaxies With Shells, which lists 137 

elliptical galaxies south of -17° declination which exhibit shell or ripple fea

tures at large radii.

Evidence for a recent merger includes a somewhat blue colour for an ellip

tical galaxy. Sandage and Visvanathan (1978a, b) made photometric observa

tions of a sample of 405 elliptical and SO galaxies and provided transforma

tions from their ubV passbands to the Johnson system. Their data, corrected 

for foreground extinction and K factor, indicate that <U  - B> = 0 *"64 for a 

sample of 53 field elliptical galaxies compared to their observed (U - B) of 

0'"48 for NGC 2865. The bluer colour for NGC 2865 may be due to a 

recently accreted small galaxy. Although NGC 2865 is not listed in the 

General Catalog o f HI Observations o f Galaxies (Huchtmeier and Richter 

1989), a substantial amount of neutral hydrogen [3.2 x 10®*(50/Ho) ‘̂M @] was 

observed in this galaxy by Carter and Wellington (1987). This material is 

thought to have been donated during the accretion process.

Fort et al. (1986) published CCD surface photometry of two of the shells 

and the jet-like structure in NGC 2865. Their photometry was transformed to 

the Johnson B, V, and R passbands, and to a passband intermediate between 

Johnson R and I which they call RL. They found the colours of the shells, 

corrected for galactic reddening, to range in (B - V) between 0T72 ± 0 ?11 and 

0?53 ± 0T13 and in (V - R) from 0?77 ± 0T08 to 0T84 ± 0T09. The colour of 

the tail, also corrected lor galactic reddening, was found to have (B - V) =



0T75 ± 01*09 and (V - R) = 01*80 ± 0T07. This indicates that the shells appear 

to be slightly bluer than the main body of the galaxy which has (B - V) = 01*79 

(Second Reference Catalogue). Their (B - V) colours are similar to the 

colours of Sb or Sc galaxies which typically lie in the range of 01*5 to 01*8 (de 

Vaucouleurs 1977), They estimate the luminosity of the shell system to be in 

the range of 2.4 - 4.8 x lO’-L o, which contributes between 11% and 22% of 

the mass of NGC 2865 under the assumption of a mass-to-light ratio of 5 for 

the shells. As for the jet-like feature, they found it to have a colour similar to 

but slightly redder than the shells, although the errors were large.

Fort et al. also attempted to calculate the dynamical age of the shell system 

using the model of Quinn (1984). Based on the number of separate shell fea

tures they could identify and on the gravitational potential of the parent galaxy, 

they estimated an age on the order of 10  ̂yrs under the assumption that the 

shell system was formed as the result of a radial collision.

Jedrzejewski (1987) obtained CCD surface photometry of NGC 2865 in 

the B and R passbands. Synthesized aperture photometry measurements for 

the well-studied galaxies in his programme were used in conjunction with 

published aperture photometry to calculate the extinction and zero-point con

stants needed to normalize the observations to the photometric system. Based 

on the best-fit relation, all observations were then placed on a uniform scale. 

He fit the isophotes of the galaxy to ellipses out to a distance of 100 arcsecs 

from the galaxy centre and presented his results in the form of the best fit 

least-squares ellipse parameters as a function of radius. Although 

Jedrzejewski does not discuss his surface photometry results for NGC 2865, 

his work does appear to be the only published photometry for the galaxy to 

date.
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Wilkinson et al. (1987) surveyed a subset of the Malin and Carter (1983) 

catalogue of shell galaxies and attempted to observe NGC 2865 with the VLA. 

At a wavelength of 20 cm and resolution of about 15" they failed to detect the 

galaxy above a limiting flux of 0.36 mJy (3o).

Thronson et al. (1987) used the Infrared Astronomical Satellite (IRAS) 

database to survey early-type (elliptical and SO) galaxies that exhibit shell 

structure. By combining satellite scans, they estimated the following IR 

fluxes for NGC 2865: Fi2nm ^  75 mJy, ^  50 mJy, Feoum = 250 ± 25 

mJy, Fiooum = 450 ± 130 mJy. In terms of its IR fluxes, NGC 2865 appears 

to be similar to normal SO type galaxies rather than to an elliptical galaxy,

e) Purpose o f this Study

This study set out to obtain accurate CCD surface photometry of NGC 

2865 in the B, V, and R passbands in an effort to improve upon the available 

data. The photometry reported here should be a significant improvement over 

Jedrzejewski’s results because it has been independently calibrated using 

aperture photometry on standard stars observed during the same night as the 

galaxy. Also, to ensure that the sky intensity on each image could be reliably 

determined, short-integration images of the galaxy were used.

Mean isophotes were derived for each passband over the radial distance 

range of ~3 - 60 arcsecs which are presented in the form of their best-fit (least- 

squares) ellipse parameters. This ellipse-fitting technique was chosen not 

only because it increases the surface brightness signal-to-noise ratio but also 

because it produces a set of ellipse parameters (contour intensity, ellipticity, 

and position angle) as a function of radius. Ellipticity changes and position-



angle twisting seen in the isophotes of elliptical galaxies can be explained as 

the result of the projection of triaxial figures, though it can not be used to 

determine the triaxial shape of elliptical galaxies unambiguously.

Although Fort et al. (1986) looked at the colours and structure of only two 

of the shells and the tail of NGC 2865, they did not examine the galaxy’s 

overall surface brightness. Accurate surface photometry is needed to deter

mine the characteristics of the underlying galaxy. If the presence of shells is 

the result of unusual activity occurring within the parent galaxy, then that 

activity may be reflected in its surface brightness distribution.

The parameters for the best-fit de Vaucouleurs surface brightness law were 

determined for the mean profile of NGC 2865 in each passband. Deviations 

of this mean surface brightness profile from the standard law are dis

cussed in terms of the galaxy’s shell structure.

Nieto and Bender (1989) suggest that boxy isophotes in elliptical galaxies 

may be the result of a merging process. If the shells of NGC 2865 are the 

result of a merger with another galaxy, then one might expect to see a devia

tion of the isophotes from being almost perfectly elliptical to having a slightly 

boxy shape. On the other hand, Kormendy and Djorgovski (1989) point out 

that accreted material captured by a parent galaxy should continue to trickle in 

long after the merger process is complete. In this case, pointed isophotes 

would form after the merger if enough material is accreted to form an observ

able disk.

The departure of the isophotes from perfect ellipticity is usually expressed 

in terms of the coefficients of a Fourier decomposition. In such a decom

position, the amplitude of the cos(40) component is most sensitive to devia

10



tions from pure ellipticity due to boxy or pointed isophotes. Therefore, the 

amplitude of the cos(40) component of the isophotes has been measured to 

determine whether or not the isophotes are boxy or pointed.
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II. DATA REDUCTION

a) Observations

A total of twelve images of NGC 2865 were obtained over a two hour 

period on the night of January 24/25,1987 on the 1 metre Swope Telescope at 

Cerro Las Campanas, Chile, by Dr. Mario Pedreros. The observations were 

taken during a photometric night, with the FWHM of stars typically being 1 !'9 

(B), r.'6 (V), and T.'4 (R). A journal of observations of the galaxy is given in 

Table II -1.

The RCA 53612 CCD chip used to obtain the data consisted of 320 x 512 

pixels each 30 x 30 pm in size. The scale was ~0.87" pixel ' so that the pro

jected size of the field on the sky was approximately 4.'6 x 7 '.4. Four frames 

in each of the B and V passbands and in the Gunn r passband were taken with 

integration times ranging from 60 sec to 210 sec. Each frame also includes an 

overscanned region of 32 columns which was used to determine the DC offset 

of the electronics. As mentioned before, short integrations were used to 

ensure that the sky intensity in each frame could be reliably determined, and 

also so that the galaxy nucleus would not saturate the CCD. The most impor

tant parameters describing the CCD/telescope combination are listed in Table 

II - 2.

To measure extinction and calibrate the surface photometry of the galaxy in 

the Johnson B and V passbands and in the Cousins R passband, six stars 

from Landolt’s (1973,1983) standard star lists were also observed three times 

throughout the same night. A journal of observations of the standard stars is 

given in Table II - 3.

12



Table II -1 : Observations of NGC 2865

Frame
no.

Exposure 
Time (sec)

Filteri Sidereal Time 
(mid-exposure)

Airmass
(X)

LC0588 60 B 9:28 1.006
LC0589 210 B 9:40 1.008
LCO590 180 B 9:44 1.010
LC0591 180 B 9:49 1.011
LC0592 60 r 9:55 1.014
LC0593 100 r 9:58 1.016
LC0594 100 r 10:00 1.017
LC0595 60 r 10:03 1.018
LC0596 60 V 10:06 1.020
LC0597 90 V 10:08 1.022
LC0598 90 V 10:10 1.024
IC0599 60 V 10:12 1.025

' Johnson B and V, and Gunn r filters

13



Table II - 2: CCD/Telescope parameters

CCD chip: RCA 53612 

Format: 320 x 512 pixels 

Pixel size: 30pm x 30 pm

Pixel size at Cassegrain focus of Swope: 0.862" x 0.862"

Frame size at Cassegrain focus of Swope: 4.6’ x 7.4’

Readout noise: -30 e"

System gain: 0.28 ADU/e" = 3.6 e" /ADU

Dark current (average): -0.04 e" pixel'^ s’̂  = 136 e” pixel'^ hr'^

Linearity: ratio of obser\'ed pixel count to true pixel count varies by a factor

of -4  - 5 over the true pixel count range of -10^ - lO**

Cosmetic details: 1 row spanning the length of the frame having signifi

cantly low sensitivity - row no. 188, with rows 187 and 189 also 

being slightly affected.

14



Table II - 3: Observations of the Standard Stars

Frame # Field#! Exposure 
Time2 (sec)

Filter^ Sidereal Time 
(mid-exposure)

Airmass
(X)

RIB495 95 7 r 4:41 1.161
VIB498 95 7 V 4:48 1.164
BIC501 95 20 B 4:55 1.167

RIB509 99 5 r 4:59 1.566
VIC512 99 8 V 5:08 1.534
BIC515 99 14 B 5.T5 1.510

VIB537 95 5 V 6:08 1.553
RIB540 95 5 r 6:17 1.585
BIB543 95 15 B 6:24 1.614

VIB548 99 5 V 7:23 1.156
RIB551 99 5 r 7:30 1.153
BIB554 99 10 B 7:39 1.149

VIB565 95 5 V 8:19 2.703
RIB568 95 5 r 8:27 2.835
BIB571 95 20 B 8:36 2.993

VIC600 99 3 V 10:49 1.463
RIB603 99 5 r 10:59 1.496
BIB606 99 8 B 11:09 1.531

' Field #95 contains the standard stars #301 and #302.
 ̂ Field #99 contains the standard stars #267, #366, #367, and #362.

2 Average of 3 frames.
3 Johnson B and V, and Gunn r filters
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b) Detector Linearity

Today, most standard surface photometry of galaxies is done using CCDs. 

This is due primarily to a high quantum efficiency reaching a peak of ~80%, a 

wide dynamic range of over 10 ,̂ a linearity that is accurate typically to about 

10 ,̂ and a spectral response covering 4000Â to 11.000Â (Okamura 1988). 

Many older CCD chips, however, suffer from a low-level charge transfer 

inefficiency which manifests itself as a non-linear response in chip sensitivity 

at low light levels.

The RCA-CCD used at Cerro Las Campanas during these observations 

was found to have a significant non-linear response in sensitivity almost 

throughout its entire range. Since this non-uniformity was not restricted to 

low light levels, the problem was not believed to be associated with a low- 

level charge transfer inefficiency in the chip. Therefore, exposing the chip to 

a short pre-flash before each image was taken would not have removed this 

effect. Therefore, to remove this effect an empirical correction factor k, was 

defined by

logio(Observed pixel count) 
logio(True pixel count)

Data necessary to construct a correction curve were supplied by Dr. Ian 

Thompson of the Carnegie Institution of Washington and are given in Table II 

- 4. The calibration is based on tests conducted with the CCD over several 

months, and appears quite stable over that time period.

A plot of the correction factor k against the observed pixel count is shown 

in Figure I I -  1, where the correction factor is normalized to be unity for a
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Table II - 4: CCD Linearity Correction Data

Log(Observed count) Correction 
Factor (k)

1.43 0.775
1.73 0.794
2.09 0.849
2.20 0.872
2.41 0.914
2.53 0.936
2.71 0.961
2.73 0.963
2.85 0.980
2.85 0.983
3.03 1.000
3.04 1.000
3.05 1.000
3.16 1.012
3.16 1.015
3.20 1.015
3.26 1.020
3.34 1.026
3.36 1.025
3.47 1.036
3.65 1.044
3.78 1.051
3.96 1.062
4.08 1.062
4.26 1.065
4.38 1.059
4.43 1.062
4.45 1.060
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Figure II - 1. Plot of the correction factor k as a function of the log
arithm of the observed pixel count. A straight line was fit to the two 
data points having the lowest count values while a third order poly
nomial was fit to the remaining points.
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pixel count of 1000. A third-order polynomial was fit by the method of least- 

squares to all the data points except the first two, which correspond to raw 

pixel counts of less than 100. These first two points were fitted separately 

with a straight line. Thus, the equation for the true pixel counts can be 

expressed as

True pixel count = (Observed pixel count)^^, 

where the coefficients of the best-fit polynomials are 

k =  2.12 X 10'^+ 6.02X 10'  ̂N

-1.12 X 10 * + 6.57 X 10  ̂ , for N > 1.90, and

k = 6.84 X 10 * + 6.33 x 10'^ N , for N < 1.90,

where N = logio (observed pixel count).

All the data frames taken with this CCD chip, as well as the mean dark and 

flat-field frames, were corrected for this non-linearity effect before any pre

processing was begun. The correction was applied by dividing the logarithm 

of each raw pixel count by the correction factor derived from die curve fit and 

then computing the antilogarithm of the quotient.

c) Preprocessing o f the Galaxy Frames

The procedure for preprocessing CCD images often varies among CCD 

camera systems and even among investigators. Okamura (1988) gives a good 

review of the factors that affect the performance of CCD detectors, and out

lines the basic CCD preprocessing techniques used to convert a "raw" data 

frame into an appropriate form for analysis. The procedures outlined in his
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paper were essentially followed in the preprocessing of all the galaxy frames 

used here.

First, a DC offset value equal to the mean of 7500 pixels in the over

scanned region of each image was subtracted from that image. This offset 

component is indicated in Figure II - 2 which is a diagram showing a cross- 

section of a typical raw CCD image. The horizontal axis in the diagram repre

sents the column number of the chip and the vertical axis shows the average 

ADU counts across five columns and 11 rows (through the middle of the 

galaxy) in the raw image.

A bias pattern was then removed in each frame by subtracting, pixel by 

pixel, a high signal-to-noise average of eight zero-exposure frames (the mean 

bias frame). The structure found in this mean bias frame was generally on the 

order of ± 0.2 analog-to-digital units (ADU) superimposed on a mean value of 

about 0.5 ADU. However, the ADU row averages beginning from row 1 to 

about row 10 jumped from a high of about 200 down to a low of about -5. 

Beyond row 10, the row averages approached the 0.5 ADU level. The pixel 

to pixel variations in the mean bias frame were on the order of 1.6 ADU rms.

Next, a mean dark frame was created by adding two individual dark frames 

amounting to a total of 900 seconds. This frame was then scaled to each 

galaxy frame according to its exposure time, and subtracted from the data 

frame. Upon examination, the mean dark frame showed a bright region in the 

lower left comer of the frame (coordinates 0,0). Tlie ADU values in this 

comer reached values as high as about 1(X), but fell to a more typical value of 

about 0.9 in the center of the frame. At the opposite comer the mean pixel
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I’igure II - 2. Cross-section of a typical, raw CCD image. The hori
zontal axis represents the column number (x axis) of the chip and the 
vertical axis shows the ADU counts averaged over five columns and 11 
rows. The large peak in intensity centred around column #250 is due to 
the galaxy, whereas the smaller peak centred around column #450 is 
due to a star.
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value fell to about 0.2 ADU. The pixel to pixel variations in the mean dark

frame were on the order of 9 -1 0  ADU rms.

Spatial nonuniformities in chip sensitivity, determined from the flat field 

images, were found to be about 14 percent across the frame (V passband) and 

were removed by flat-fielding each data frame. Inspection of the flat-field 

images revealed that some of the these nonuniformities were clearly not asso

ciated with chip sensitivity. Dust within the telescope, located along the opti

cal path, cast doughnut-shaped shadows onto the chip. To remove these 

nonuniformities in chip sensitivity and illumination, a mean flat-field frame 

image was created in each passband from an average of three exposures of an 

evenly illuminated white patch located on the inside wall of the observatory 

dome. After both the galaxy and flat-field frames were corrected for offset, 

bias, and dark counts, the galaxy frame was divided, pixel by pixel, by the 

flat-field frame. The pixel to pixel variation in the mean visual flat field image 

was on the order of 0 .8  percent.

A small amount of fringing could be seen on the galaxy frames and was 

due primarily to the presence of strong night-sky emission lines. The fringing 

appeared strongest in the R passband with progressively weaker amounts in 

the V and B passband images and appeared only on one side of the frames. 

Since no fringing was visible near the galaxy, it was decided not to correct for 

this effect.

Cosmic ray events, which appear as single- or double-pixel events of very 

high charge, and some cosmetic defects in the chip, were also removed from 

the flattened data images. This was accomplished using a program that 

searched the data frame for pixel values that were more than about three stan-
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dard deviations from the mean pixel value within a 7 x 7 square region sur-
f

rounding the pixel being examined. Such pixel values are replaced with the I
median pixel value of the surrounding 7 x 7  pixel region. I

!

Finally, cosmetic defects too large to be removed in the previous step 

(longer than three or four pixels in length) were dealt with. Small areas in the 

chip contain “hot” pixels which trap charge and consequently produce a large 

signal regardless of the level of illumination. Likewise, small areas of “cold” 

pixels are not efficient at trapping charge and therefore produce a low signal 

regardless of the level of illumination. These defects were removed inter

actively by replacing their value with the median value of a surrounding region 

chosen by the operator. More severe problems in the chip appeared as two to 

three adjacent rows that showed systematically higher/lower pixel values. 

Tliese defective rows often extended about a quarter to a half of the length of 

the field, with the longest one extending the entire field length and passing 

near the galaxy centre. Linear interpolation was performed across the width 

of these shorter features to reduce their effects, but the defective row running 

through the galaxy was not altered. It was thought that the large intensity 

gradient in the inner region of the galaxy would have been adversely affected 

by using a linear interpolation.

d) Determination o f Sky Level

In the images, the galaxy is oriented with its long axis only about 20° - 30° 

away from the long dimension of the CCD frame, so that the comers appear 

clear of any contribution from the galaxy’s halo. To confirm this, the inten

sities along the borders of each frame were examined to determine at what 

radial distance the outskirts of the galaxy merged into the background sky
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level. This was accomplished by displaying the mean ADU values of a small 

number of rows (or columns) as a function of their x (or y) coordinate for 

each frùme. The contribution from the galaxy was considered negligible when 

it could no longer be distinguished from the typical background intensity. In 

some cases the outskirts of the galaxy extended to the frame border closest to 

the galaxy, though in no frame did the galaxy light extend to the frame borders 

furthest away from the galaxy. In all cases the frame comers were free of 

galaxy light.

In each frame small regions free of background stars were selected in the 

frame comers, and elsewhere along the border if the galaxy contamination 

was negligible. Typically, six regions were chosen comprising about 9 000 to 

11 000 pixels. The pixel values contained in these regions were used to 

model the background sky intensity by fitting them to a 2 -dimensional first- 

order polynomial (plane) by the method of least-squares. This sky level (see 

Figure II - 2) was then subtracted from the data frame to produce the final 

galaxy image frame.

e) Isophote Fitting

To analyse the intensity in a galaxy image along only the major and minor 

axes is very wasteful of the information contained in the rest of the image. A 

more useful method of presenting the surface photometry data is to fit the 

derived isophotal contours with a set of concentric ellipses. These are often 

found to be satisfactory approximations to the isophotes of most elliptical 

galaxies, as well as to the bulges of most disk galaxies (Carter 1987, 

Jedrzejewski 1987).
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For each of the twelve galaxy frames, a set of ellipses was constructed 

according to the following procedure. A set of target intensity values was 

chosen that was expected to span the brightness range of the galaxy in a par

ticular frame, at approximately equal radial increments. To accomplish this, 

the galaxy brightness profile was approximated using a r*̂ '̂  law, from which 

the brightness levels at equal increments of about two pixels were found.

Based on this set of target intensities, a contour image was formed by 

“turning on” or “turning o ff’ each pixel in the preprocessed image. A simple 

criterion for turning an individual pixel on or off was chosen and was based 

on the values found in a 3 x 3 square pixel cell surrounding the pixel under 

consideration. If at least two contiguous pixels in this cell had values greater 

than the target intensity value, and at least two contiguous pixels had values 

less than or equal to the target intensity value, then the central pixel was 

“turned on”. If either one of these conditions was not met then the central 

pixel was “turned o ff’. TTie position of a pixel that had been “turned on” was 

used later in the ellipse-fitting procedure. A pixel that had been “turned o ff’ 

was given zero weight in this procedure, while a pixel that had been “turned 

on” was given a weight of unity.

Once the contour frame was made, it was cleaned to remove pixels “turned 

on” because of background stars or row defects not removed in the prepro

cessing steps. This was accomplished using an interactive program that dis

played each of the individual contour images within a set. The operator can 

examine each contour, one by one, and “turn o f f  pixels not associated with 

the galaxy surface brightness distribution.
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Once all the contour images within a set had been cleaned, ellipses could 

then be fitted to each one. There are five parameters needed to describe com

pletely the position, size, shape, and orientation of a particular ellipse. These 

are the x and y coordinates of the centre, the ellipticity, position angle and 

semi-major axis length. The simplex method (Jacoby et al. 1972), with a 

least-squares goodness of fit criterion, was chosen as the computational 

method to determine these parameters. In addition, each ellipse has a mean 

isophotal intensity associated with it, which was determined by sampling the 

intensity values of the galaxy around the best-fit ellipse at one degree intervals. 

The four pixels surrounding each sampling point were used to interpolate the 

intensity values at that sampling point along the ellipse.

This type of fit provides not only the brightness profile of the galaxy but 

also isophote ellipticities and position angles as functions of the semimajor 

axis, which are important in the study of its structure.

The departures of the isophotes from perfect ellipticity are usually charac

terized in terms of the Fourier amplitudes a; and b; in the series

Ar(0 ) = ^  [a; cos(i9) + b; sin(i0 )] ,
1=0

where Ar(6 ) is the radial displacement of the actual isophote from the best-fit 

ellipse at position angle 0. Of most interest is the 84 amplitude. If positive, it 

indicates “pointed” isophotes, suggesting the presence of a highly inclined 

disk oriented along the long axis of the galaxy. Figure II - 3 shows the outline 

of a perfectly elliptical contour (solid dots) together with the same contour 

having a +10% a4  component (open circles). The contour with the a4 com-
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Figure II - 3. A diagram of a “pointy” contour. The solid dots represent a 
contour having unit area and the same ellipticity as an E3 galaxy. The open 
circles show the same contour having a 1 0  percent positive a4 component 
added to it.
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ponent extends to a greater distance along the major axis, but at 45° from the 

major axis it extends a smaller distance, than the perfectly elliptical contour. 

This gives the contour its “pointy” appearance. If, on the other hand, the a,i 

component is negative, it indicates that the galaxy has “boxy” isophotes. 

Figure II - 4 shows the outline of a perfectly elliptical contour (solid dots) 

together with the same contour having a -1 0 % a4 component (open circles). 

The contour with the a4 component extends to a smaller distance along the 

major axis, but at 45° from the major axis it extends a greater distance, than 

the perfectly elliptical contour. This gives the contour its “boxy” appearance.

The value of 34 for each contour was computed using the following proce

dure. First, the distances from the center of the best-fit ellipse to each of the 

“turned on” pixels were averaged into 5° bins. Then, within each bin, the 

average radius of the best-fit ellipse was determined and subtracted from the 

average pixel distance. This yielded a total of 72 mean residuals around the 

contour. By dividing the mean residual in each bin by the average radius of 

the best-fit ellipse within that bin, the residuals were transformed to values 

describing the deviations from an ellipse with a unit semi-major axis. Finally, 

these 72 normalized residuals were fitted by least-squares to the trigonometric 

series described above using the coefficients 33 , bs, 3 4 , and b4 .

/)  Testing the Algorithms

It is very difficult to determine the accuracy to which the intensity, elliptic

ity, position angle, and cos(46) coefficients of the isophotes can be measured. 

The reliability of such measurements may be strongly influenced by such 

things as the seeing during the observations, the changing signal-to-noise ratio 

that occurs from the center of the galaxy to its outer regions, and the type of
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Figure II - 4. A diagram of a “boxy” contour. The solid dots represent a 
contour having unit area and the same ellipticity as an E3 galaxy. The open 
circles show the same contour having a 1 0  percent negative 84 component 
added to it.
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algorithm used to find the best-fit ellipse. The first two effects cannot easily 

be controlled by the observer. The algorithm to find the the ellipse para

meters, however, can be tested to determine its ability to extract the “correct” 

ellipse.

In order to estimate the reliability of the ellipse fitting program, a model 

galaxy was constructed with known geometrical and photometric parameters. 

The model was based on parameter values that had already been derived from 

a typical galaxy frame - LC0591. This was done so that it would resemble 

NGC 2865 as closely as possible. The observed surface brightness of the 

galaxy was fitted to a r̂ ^̂  law using a least squares criterion. From the best-fit 

r̂ '̂* law the model intensities could be computed at any semi-major axis dis

tance. The estimates of isophotal ellipticity and position angle as a function of 

semi-major axis were obtained by modeling the observed values with a series 

of low order polynomials that were spliced together . A look-up table was 

formed containing values for each parameter at one-pixel increments. This 

was used to construct an ideal artificial galaxy frame, to which a noise level 

having a  = 8 .8  was added. This was typical of the level present in the pre- 

processed observational frames.

The normal procedure for creating the contour images and determining the 

ellipse parameters was followed on this model galaxy frame. Figure II - 5 

shows the radial dependence of the residuals between the model galaxy 

intensity distribution in the look-up table and the intensity values found by the 

program, and Figures II - 6  and 7 show the radial dependence of the derived 

model ellipticities and position angles together with the values found by the 

ellipse fitting algorithm. Figure II - 8  is a radial plot of the normalized a#
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Figure II - 5. Surface brightness residuals computed by subtracting the 
actual model surface brightness |Xm (in magnitudes per arcsec^) from Pe» 
the values estimated by the computer program.
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Figure II - 6 . Comparison of the isophotal ellipticity e estimated by the 
ellipse fitting program (solid dots) with the actual model values (line).
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Figure 11-7. Comparison of the isophotal position angles 0  found by 
the ellipse fitting program (solid dots) with the actual model position 
angles (line).
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Figure II - 8 . Plot of the normalized 84 residuals (ai/r) found for the 
model galaxy using the ellipse fitting program. Since the isophotes in 
the model galaxy were formed using perfect ellipses, the expected 
residuals should be zero.
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components found by the computer program. Since the model galaxy was 

constructed using perfectly elliptical isophotes, the expected residuals in the â  

components should be zero.

The graphs show that the agreement is good between the actual and esti

mated ellipse parameter values. The rms residuals from the expected results 

for the model galaxy give a typical uncertainty for intensity measurements of ± 

0T02. For position angle, the values derived by the computer program are 

very close to the model values except very near the galaxy centre. The derived 

position angles of the two isophotes with the smallest semi-major axes (r < 

6 ") both deviated by about 15® from the model values. The large discrepancy 

in position angle found for these two isophotes is most likely tied to their 

small ellipticities (e < 0.18). The combination of small isophotes, composed 

of only a small number of pixels and having an almost circular shape, makes 

the position angle ill-defined. An rms residual of ± 2 ?2 for semi-major axes 

greater than 6 " applies when these two data points are omitted. This is 

comparable to the rms mean difference of ± 2 ® quoted in the studies by both 

Franx et a i  (1989) and Jedrzejewski (1987). Naturally, it follows that larger 

uncertainties would be expected if NGC 2865 were more circular in overall 

appearance.

The bright asymmetric spike extending from the galaxy towards the north

west appeared to alter the shape of the isophotes significantly. Therefore, to 

assess the effect of the spike on the derived ellipse parameters, one contour set 

taken from a typical image frame had a section of its isophotal contours 

removed in the regions where the spike appeared to influence its shape. The 

ellipse fitting program was run on this contour set and it was found that the
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ellipse parameters were not altered beyond the level of scatter already seen 

between the values found in the four frames of each passband.

There are two factors which may tend to cause the ellipticity of the 

isophotes to be underestimated near the galaxy core. At small radii, because 

of the low number of sample pixels in the image, the ellipticity is underesti

mated if the galaxy is flattened (Jedrzejewski 1987). In addition, seeing will 

also tend to cause the isophotes to become more circular at small radii, again 

resulting in the ellipticity being underestimated. In this study the smallest 

isophote that was fitted was twice as large as the estimated seeing; therefore, 

the underestimation of the ellipticity for small semi-axes due to seeing was not 

considered to be significant. The inner isophotes were treated no differently 

in the reductions. The rms residual for ellipticity was found to be ± 0.015. 

Finally, the rms deviation of the normalized 84 term (Figure II - 8 ) about the 

expected value of zero was ± 0 . 6  percent, which is comparable to the rms 

residual of ± 0.5 percent quoted by Jedrzejewski (1987) for faint galaxies.

An improvement over the testing procedure done for this study would be to 

create several more model galaxies spanning a greater range of isophotal 

ellipse parameters. In this way more accurate estimates of where the ellipse 

fitting algorithm begins to have difficulty in determining each ellipse para

meter, as a function of the others, can be made. Also, by creating model 

galaxies having isophotes of different ellipticities in their central regions and 

convolving them with an assumed seeing function, the effects of both seeing 

and sampling rate can be properly assessed. With this information, predic

tions of how well the algorithms will perform as functions of seeing and 

CCD/telescope combination can be made. Unfortunately, adequate time and 

resources were not available to carry out this additional testing.

3 6



The use of a model galaxy is limited to testing such things as the accuracy 

of the ellipse fitting procedure and the accuracy of tlie mean contour intensity 

value. A model galaxy, however, is not affected by the uncertainties in the 

pre-processing steps that lead up to a typical galaxy frame. For example, the 

tests done here do not give an indication of how well the background sky was 

subtracted which is very important in the faint outer regions of the galaxy. 

Also, the ellipse fitting algorithm does not have to contend with large asym

metries in surface brightness which are evident in the outer regions of NGC 

2865 and which may greatly affect the derived ellipse parameter values.

g) Reduction o f Standard Star Photometry

To calibrate the derived galaxy photometry, six stars from two fields 

(fields 95 and 99) of Landolt’s (1973,1983) standard star lists were observed 

three to four times during the same night that NGC 2865 was observed. To 

help simplify the photometric reduction procedure, each set of B, V, and r 

frames of a particular field was taken one after the other so that they would 

have similar air masses. The frames were pre-processed in the same way as 

the galaxy frames and aperture photometry was done using DAOPHOT 

(Stetson 1987). The stellar magnitude was found by plotting a curve of 

growth for each star and estimating its asymptotic magnitude by eye. At this 

point all instrumental magnitudes were scaled to a common exposure time 

arbitrarily chosen to be one second. The results are given in Table II - 5.

Only two of the standard stars, #301 and #302, were found to have a range 

of air masses large enough to estimate the extinction reliably. These two stars 

generated preliminary extinction coefficients of:
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Table II - 5: Reduction of the Standard Stars

Star #301 B 
V = 11.21 V

Air mass

-V=1.29 
-R  = 0.692

Vx (b - v)x (v - r)x Vo (b - v)o (v - r)o

1.164 14.420 0.851 0.914 14.214 0.782 -0.016
1.585 14.510 0.870 0.977 14.230 0.775 -0.003
2.835 14.725 0.949 1.131 14.224 0.780 -0.012

Star #302 B - 
V = 11.68

Air mass

V = 0.84 

Vx (b - v)x (v - r)x Vo (b - v)o

1.164 14.916 0.483 -0.142 14.710 0.388
1.585 14.984 0.517 -0.118 14.704 0.388
2.835 15.204 0.619 -0.066 14.703 0.388

Star #362 B 
V = 10.80

Air mass

- V = 1.14

Vx (b - v)x (v - r)x Vo (b - v)o

1.153 14.013 0.720 -0.041 13.809 0.642
1.496 14.061 0.731 -0.017 13.797 0.629
1.534 14.076 0.729 -0.027 13.805 0.624
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Table II - 5 continued.

Star #366 B 
V = 11.5Ü

Air mass

-V  = 0.16

Vx (b - v)x (v - r)x Vo (b - v)o

1.153 14.676 -0.046 -0.560 14.472 -0.176
1.496 14.747 -0.014 -0.528 14.483 -0.183
1.534 14.779 -0.008 -0.512 14.508 -0.181

Star #367 B - V = 1.00 
V = 11.14 V - R = 0.531

Air mass v* (b - v)x (v - r)x Vo (b - v)o (v - r)o

1.153 14.332 
1.496 14.393 
1.534 14.409

0.654
0.642
0.644

-0.078
-0.083
-0.072

14.128
14.129 
14.138

0.572
0.532
0.531

-0.138
■0.157
-0.149

Star #267 B 
V = 12.30

Air mass

- V = 0.58 

Vx (b - v)x (v - r)x Vo (b - v)o

1.153 15.676 0.171 -0.176 15.472 0.056
1.496 15.547 0.368 -0.265 15.283 0.233
1.534 15.570 0.357 -0.267 15.299 0.219
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kv = 0?1767±0T0034, 

kb = 0^2471 ±070074, 

k, = 071199 ±070086.

Because the three frames in each set must be taken sequentially at the tele

scope, the air mass of each frame was slightly different. With the above pre

liminary extinction coefficients, the instrumental magnitudes for individual 

frames were transformed to a common air mass, namely that for the red 

passband. Since these corrections for air mass were small (none were more 

tlian 07008), no colour terms were used in the transformations at this stage.

Once the observations in each set were reduced to a common air mass, the 

following procedure for photoelectric reductions was employed. First, using 

the data for stars #301 and #302, the first and second order terms in the 

extinction equations were determined. TTie results were:

kv = 07177 ± 0.003, kÿ = 0 (adopted),

k,:y = 07103 ± 07010, UV = -0.056 ± 0.010,

kJr = 07070 ± 0702, k^r = 0.133 ± 0.07.

Figures II - 9,10, and 11 show the variations in the instrumental v magnitude 

and in the instrumental (b - v) and (v - r) colours measured for stars #301 and 

#302 as a function of air mass. The resulting equations to convert the instru

mental magnitudes to zero air mass become:
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Vx 14.8

14.6

14.4
Star #301 
Star #302

1.5 2.0 2.5 3.0 3.5

Air mass X

Figure II - 9. The instrumental magnitudes of stars #301 and #302, 
from Landoit’s lists of standard stars, as a function of air mass. The 
lines are the least-squares fits to the data.
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b - v  0.7

•  Star #301
0  Star #302

3.51.5 2.0 2.5 3.01.0

Air mass X

Figure II - 10. The instrumental (b - v) colours of stars #301 and 
#302, from Landoit’s lists of standard stars, as a function of air mass. 
The lines are the least-squares fits to the data.
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1.0 1.5 2.0 2.5 3.0 3.5

Air mass X

Figure II > 11. The instrumental (v - r) colours of stars #301 and #302, 
from Landoit’s lists of standard stars, as a function of air mass. The 
lines are the least-squares fits to the data.
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Vo = V* - (0.177 X ) ,

( b - v ) , - (0.103 X)
C b ' V ) o -  (1 . 0 .056 X)

(V - r)x - (0.070 X) 
i v - r j o -  (1 + 0.133 X) ’

where quantities with a subscripted x are the observed values and the subscript 

0  denotes extra-atmospheric quantities (zero air mass). Figures II - 12, 13, 

and 14 show the magnitudes and colours of all the standard stars plotted 

against their extinction-corrected instrumental colours.

Finally, the transformation equations to obtain Johnson B and V magni

tudes, and Cousins R magnitudes, are:

/ 0 >V - Vo = -2?996 (± 0?007) - 0.019 (± 0.012) (b - v).

rms difference = 0T015,

B -V  = 0T375 (± 0TO8) + 1.182 (± 0.014) (b - v)„,

rms difference = 0T017,

V -R  = 0T703(±0T006) + 1.16 (± 0 .06)(v - r)o,

rms difference = 0?008.

In the graphs for the transformation relations of V - Vo and B - V, one obser

vation of star 267 in field 99 consistently deviated from the trend of the other 

observations. The reduction process for that one observation was recheckcd 

but revealed no error in the analysis. Therefore, star 267 was omitted in 

determining the transformation equation coefficients. Of the remaining five
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-2.7
•  Star #301 o Star #367
+  Star #302 x Star #362
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0.5 0.0 0.5 1.0

(b-v)o

I'igure II - 12, Plot of V - Vq against the extinction-corrected 
instrumental (b - v) colour for the 5 standard stars. The
straight line represents the least-squares fit to the data.
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Figure 11-13. Plot of (B - V) against the extinction-corrected instru
mental (b - v) colour for the 5 standard stars. The line represents the 
least-squares fit to the data.
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V-R

•  s ta r  #301 
0 Star #367

0.0
-0.5 0.0 0.5 1.0

(v -r )o

Figure II -14. Plot of (V - R) against the extinction-corrected instru
mental (v - r) colour for the 2 standard stars having R magnitudes listed 
by Landolt. The line represents the least-squares fit to tlie data.
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stars, Landolt lists R magnitudes for only two, and their V - R colours differ 

by only 0T15. Because of this, the V - R equation coefficients are rather 

poorly determined.

h) Calibration ofNGC 2865 Imagery

In applying the transformation equations to the galaxy frames, the pixel 

ADU values in the central region of the galaxy were integrated and treated in 

the same way as a stellar source. The region chosen was one enclosed by an 

isophote with a semi-major axis of about 32 pixels (-28") which corre

sponded to an area of 2460.8 pixel^. It contained a little over one half of the 

total galaxy light, under the assumption of an intensity distribution. 

Reference frames were chosen to represent each of the B, V, and R 

passbands. Frames LCO590, LC0597, and LC0593 were selected as the 

reference frames because each appeared to be typical of the set of images taken 

in the same passband.

The integrated intensities and exposure times for the galaxy region 

described above in each of the three reference frames were: 937 466 ADU 

(180 sec), 760 017 ADU (90 sec), and 783 095 ADU (100 sec) respectively. 

The reference frames were then scaled to an exposure time of one second, the 

same exposure time that was used in the stellar photometry. The integrated 

intensities per second of time in the galaxy region were: 5 208.14 ADU (B), 

8 444.63 ADU (V), and 7 830.95 ADU (R).

One bright star within the integration area was located about 8" from the 

galaxy nucleus. In order to estimate this star’s contribution to the galaxy 

light, the galaxy’s surface brightness was linearly interpolated across the star.
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I ’his was difficult owing to the rapidly changing intensity gradient near the 

galaxy’s centre. It was estimated from the mean blue frame that the star con

tributes approximately 343 ADU per second (with about ±10%  uncertainty), 

which is a little less than 7 percent of the galaxy light within the contour or a 

little more than 3 percent of the total blue galaxy light. Since we only mea

sured the galaxy light to determine its (b - v)o colour, the small contribution 

from the star was not removed at this time.

The instmmental magnitudes from each of the reference frames within the 

galaxy region described above were computed using the formula

m% = 25 - 2.54ogio(ADU),

where m% is the instrumental magnitude for either the B, V, or R passband and 

the ADU values are given for an exposure time of one second.

These instrumental magnitudes were then transformed to a common air 

mass of X = 1.0156 (the air mass of the R frame) using the preliminary 

extinction coefficients. The corrections were veiy small, -OTOOl and OTOOl 

for the V and B frames respectively. The instrumental magnitudes for the ref

erence frames at an air mass of zero and X = 1.0156 were:

Vx = 15T183, bx = 15T709, r* = 15T265,

Vo=15T004, bo = 157451 , r«= 157139,

so that

(b - v)x = 07526. (v - r)x = -07082,

(b - v)o = 07447, (v-r)o = -07135.
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With tlie transformation equations, the transformed magnitudes for the refer

ence frames become:

V=12?000, B .V  = 0?903, V -R  = 0 5 4 7 .

Since we now know the B, V, and R magnitudes that correspond to a region 

of the galaxy for which the integrated ADU values are known, the calibrated 

surface brightness can be expressed as:

Pb = '2.5 logio(ADU) + 22T195‘arcsec'^,

Pv = '2.5 logio(ADU) + 21?816 arcsec \

Pr = -2.5 logio(ADU) + 21?188*arcsec'^.

In these expressions the ADU values are given for a one second exposure time 

and Pbi and |Xr are the Johnson B and V, and Cousins R, magnitudes 

expressed in units of mag*arcsec'^. The first term on the right side of the 

expressions is equal to an instrumental magnitude such that one ADU pro

duces a magnitude of zero. The second term is an offset that was computed 

by substituting into the above equations the ADU values and B, V, and R 

magnitudes determined for the galaxy contour region. An additional term of 

-0?322 is included in the offsets to convert the contour intensities from ADU 

per pixel to ADU per arcsec^.

ITie remaining galaxy frames can now be calibrated by first correcting them 

to the same air mass as the reference frames using the preliminary extinction 

coefficients. Then, after thes» imes are scaled to a one second exposure 

time, the previous equations can be applied to them. The differences in air 

mass, however, between the reference frames and the other frames resulted in
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changes in the derived surface brightness that were no more than 0T003. 

Since this is much smaller than the uncertainty in estimating the contour inten

sities, these corrections were not applied.

Because the determination of both V - Vo and B -V  depend on the (b - v)o 

colour through the transformation equations, we should ideally determine (b - 

v)o as a function of radial distance from the centre of the galaxy. However, 

this is a very lengthy procedure and it will be shown that the range of (b - v)% 

expected in the galaxy will only have a small effect on the final (B - V) 

colours.

The ranges of (B - V) and (V - R) found for the galaxy in this study are 

about OTl and 0?05, respectively. It was assumed that instrumental (b - v) 

and (v - r) colours may be lower by about the same amounts, that is (b - v)% 

and (v - r)x might be as low as about 0T43 and -0TT3, respectively. By fol

lowing the same procedure as before, the expressions for the calibrated 

magnitudes become:

me = -2.5 logio(ADU) + 22T174-arcsec'^,

mv = -2.5 logio(ADU) + 21?818arcsec\

mR = -2.5 logio(ADU) + 21 T l90arcsec^ .

The changes in the equation constants due to the changes in the galaxy 

colours are only -0T021 in B, 0T002 in V, and 0T002 in R. It can be seen that 

internal variations in (b - v)% and (v - r)% expected for this galaxy produce a 

change in the equation constants of no more than about 0 T02. These small 

variations in galaxy colour were not corrected for in the reductions.
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i) Plate Scale and Chip Orientation

The pixel scale of the CCD and the orientation of the chip with respect to 

the sky were checked by measuring the positions of seven standard stars in 

two different star fields. Only stars #267, #362, #366, #367 in field 99, and 

stars #528, #526, and #529 in field 103 were considered in the analysis 

because they had the largest separations from each other.

The centres of the stellar images were found by fitting them to a 2-dimen- 

sional Gaussian function; their sky coordinates were taken from Landoit’s 

(1973,1983) papers. Landolt lists the right ascension coordinates of the stars 

to the nearest second of time, which caused the estimates of angular separation 

to be, in general, several times (1.5 to 3 times) larger tlian the uncertainty 

associated with their pixel distance measured in the images. Star #528 

showed a chip orientation, when it was paired with any other star, that was 

over 2 degrees larger than the values obtained using other pairs of stars. 

Therefore, it was decided not to use this star in determining the chip’s scale or 

orientation.

From the remaining six stars, five pairs were chosen having the largest 

separations. The separations between these stars ranged between about 261 

and 427 pixels (227" to 368"). The weighted mean pixel scale from these five 

pairs was 0"862 pixel'* ± 0 1’003 pixel * and the weighted mean difference in 

the orientation of the chip’s x-axis with the true N-S direction, A0, was -0?2 ± 

0?4. Since A0 was « 0° to within the calculated uncertainty, no correction 

was applied to the ellipse position angles.
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III. RESULTS

a) Average Parameter Values

The isophotometry covers approximately the inner 60" (= 7.1 h^ kpc with 

h = Ho /  (100 km-s'^-Mpc'^)) of NGC 2865, extending roughly to the loca

tions of the bright shells studied by Fort et al. (1986), and covering the base 

of the jet-like feature that extends westward from the galaxy centre.

In the V and R passbands the best fit ellipse parameters derived from the 

four frames were linearly interpolated to a common set of semi-major axis 

values. Then, the mean surface brightness was determined using the 

weighted mean ADU value computed from the four frajnes in each passband. 

For ellipticity, position angle, and a# term, an equally weighted mean was 

computed.

In the B passband the surface brightness estimated from one of the frames 

appeared to be inconsistent with the values obtained from the other three blue 

frames. Frame LC0588 produced a surface brightness, over its entire semi

axis range, that was approximately 7 percent fainter than the mean of the other 

three frames. The preprocessing steps which could have led to such an appar

ent offset in the derived surface brightness were rechecked but showed noth

ing unusual compared with the other three blue frames. As well, the surface 

brightness profile for LC0588 appeared no different from the other blue 

frames. This frame, however, did have the shortest exposure time (60 s) 

which may indicate that the estimated exposure time was incorrect. If the 

offset in the intensity values was due to an error in the exposure time, then the 

error is between 5 to 6 seconds.
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To be able to use the surface brightness data derived from this frame, it 

was decided to bring its profile in line with the mean of the otlier three frames. 

This was accomplished by multiplying its ADU values by the constant factor 

1.07025. The remaining parameters for this frame were given equal weight in 

determining the mean values for this passband.

The average values for the surface brightness, isophotal position angle, 

ellipticity, and cos(49) amplitude are presented in Tables III -1 ,2 , and 3 as a 

function of the semi-major axis. These are shown graphically in Figures 111 - 

1 ,2 ,3 , and 4 for all three passbands. For each parameter the rms differences 

between the values derived in each frame and the mean value derived from the 

four frames were computed and then averaged over all semi-major axis dis

tances. These average rms differences are listed at the bottom of each table for 

each passband.

In their current form, it is not possible to compare directly our R or (B - R) 

surface brightness profiles with those of Jedrzejewski since the two sets were 

not calibrated on the same photometric system. However, Davis et al. (1985) 

derived a set of transformation equations that relate the Cousins and Johnson 

systems. By rearranging their equations, one obtains the following relation

ships:

(Rc-Rj) = 0.12(B j-R c) + 0?07,

(B -R )j= 1 .1 2 (B ,-R c) + 0?07,

where the subscripts J and C refer to the Johnson and Cousins systems, 

respectively. For a median (Bj - Rc) value of IT45 for NGC 2865, one finds 

(Rc - Rj) to be 0?24. Therefore, to convert between Rc and Rj, and between
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Table III -1: B Surface Photometry of NGC 2865

Semi-Major 
Axis Length 

(arcsec)

B Surface 
Brightness 

(mag-arcsec’2)

Ellipticity 
(1 - b/a)

Position Angle 
N thruE 

(deg)

Cos(40)
Component

(xlOO)

2.831 18.83 0.097 148.0 -3.7
3.94 19.35 0.132 162.1 0.4
5.28 19.81 0.158 168,6 1.3
6.93 20.23 0.182 165.1 0.2
8.43 20.56 0.203 162.5 0.1

10.25 20.85 0.240 159.9 0.0
11.74 20.05 0.253 159.7 -0.6
13.98 21.31 0.271 159.1 0.1
15.65 21.50 0.278 158.4 0.0
17.30 21.69 0.270 158.0 -0.4
18.97 21.87 0.271 157.2 -0.3
20.67 22.05 0.273 157.0 -0.5
22.47 22.23 0.276 15>7.3 0.1
23.79 22.36 0.274 157.0 0.7
25.51 22.52 0.266 156.2 0.7
27.18 22.67 0.262 156.2 0.4
28.47 22.79 0.252 155.4 0.8
29.15 22.86 0.240 154.1 1.1
31.23 23.03 0.229 155.2 1.0
32.95 23.15 0.221 153.5 0.9
34.67 23.26 0.220 153.3 1.1
36.19 23.36 0.218 153.0 1.2
38.68 23.50 0.219 152.7 0.3
40.672 23.60 0.215 150.5 0.3
42.772 23.76 0.208 151.4 0.1
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Table III - 1. Continued

Semi-Major 
Axis Length 

(arcsec)

B Surface 
Brightness 

(mag*aicsec"2)

Ellipticity 
(1 - b/a)

Position Angle 
N thru E

(deg)

Cos(40)
Component

(XlOO)

45.452 23.90 0.203 150.1 0.5
46.712 23.95 0.204 148.6 0.2
49.812 24.08 0.202 145.5 -0.5
52.232 24.16 0.191 144.3 0.1
54.432 24.26 0.184 143.1 -0.6
55.212 24.30 0.178 143.3 -0.4
61.011 24.51 0.176 151.0 2.9

Mean rms diff. 
in 4 data frames

±0?02 ± 0.009 ±1?6 ±0.6

1 Ellipse parameters are the average of 2 data frames
2 Ellipse parameters are the average of 3 data frames
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Table III - 2: V Surface Photometiy of NGC 2865

Semi-Major 
Axis Length 

(arcsec)

V Surface 
Brightness 

(mag arcsec-2)

Ellipticity 
(1 - b/a)

Position Angle 
NthruE 

(deg)

Cos(48)
Component

(XlOO)

3.94 18.49 0.100 161.7 0.3
5.28 18.90 0.175 164.7 0.4
6.93 19.32 0.181 163.1 -0.3
8.43 19.64 0.205 163.0 0.2

10.25 19.95 0.237 160.4 -0.1
11.74 20.15 0.252 158.7 0.0
13.98 20.40 0.283 159.6 0.1
15.65 20.60 0.276 157.9 -0.1
17.30 20.79 0.275 158.0 -0.3
18.97 20.97 0.276 157.3 -0.3
20.67 21.15 0.275 157.3 -0.3
22.47 21.35 0.268 156.2 0.0
23.79 21.48 0.263 156.1 0.3
25.51 21.63 0.259 156.1 0.6
27.18 21.79 0.250 156.2 1.0
28.47 21.91 0.236 155.6 1.0
29.15 21.98 0.230 155.2 0.9
31.23 22.15 0.223 155.0 1.5
32.95 22.27 0.222 154.6 1.5
34.67 22.37 0.226 154.7 1.2
36.19 22.47 0.228 154.4 0.9
38.68 22.63 0.224 152.3 0.7
40.67 22.77 0.209 151.8 0.4
42.77 22.88 0.209 152.3 1.3
45.45 23.04 0.204 152.0 0.8
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Table III - 2. Continued

Semi-Major 
Axis Length 

(arcsec)

V Surface 
Brightness 

(magarcsec'2)

Ellipticity 
(1 - b/a)

Position Angle 
N thruE 

(deg)

Cos(40)
Component

(XlOO)

46.71 23.10 0.203 151.4 1.1
49.81 23.23 0.196 149.5 1.3
52.23 23.33 0.184 147.8 -0.2
54.431 23.40 0.180 148.8 0.2
55.211 23.42 0.179 149.2 0.5

Mean rms diff. 
in 4 frames

±0?04 ± 0.014 ±2?0 ± 0.5

1 Ellipse parameters are the average of only 2 data frames
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Table III - 3; R Surface Photometiy of NGC 2865

Semi-Major 
Axis Length 

(arcsec)

R Surface 
Brightness 

(inagarcscc-2)

Ellipticity 
(1 - b/a)

Position Angle 
N thru E 

(deg)

Cos(46)
Component

(XlOO)

3.941 17.93 0.098 163.5 0.2
5.28 18.37 0.150 167.3 0.5
<x93 18.77 0.187 164.3 0.3
S.43 19.06 0.226 I62.I 0.7

10.2.5 19.36 0.252 159.7 0.8
11.74 19.57 0.271 158.8 0.1
13.98 19.83 0.288 158.6 -0.1
15.05 20.03 0.285 158.3 -0.4
17.30 20.22 0.280 157.6 -0.5
18.97 20.41 0.276 158.0 -0.7
20.67 20.60 0.271 158.3 -0.6
22.47 20.78 0.270 157.7 -0.1
23.79 20.90 0.272 156.9 0.3
25.51 21.08 0.263 155.8 0.5
27.18 21.25 0.252 155.4 0.6
28.47 21.36 0.248 155.1 0.6
29.15 21.42 0.243 155.0 0.6
31.23 21.60 0.228 154.5 0.8
32.95 21.71 0.228 1.53.3 0.9
34.07 21.82 0.229 152.7 1.2
3().19 21.91 0.233 153.1 1.2
38.08 22.07 0.236 153.6 0.5
40.07 22.22 0.225 152.5 0.6
42.77 22.36 0.218 153.2 -0.3
45.45 22.51 0.215 152.4 0.3
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Table HI - 3. Continued

Semi-Major 
Axis Length 

(arcsec)

R Surface 
Brightness 

(mag arcsec 2)

Ellipticity 
(1 - b/a)

Position Angle 
N thru E 

(deg)

Cos(40)
Component

(XlOO)

46.71 22.56 0.218 152.8 0.8
49.81 22.68 0.216 150.2 0.2
52.23 22.79 0.204 148.7 1.2

Mean rms diff. 
in 4 data frames

± 0?03 ±0.013 ± 1?5 ± 0.6

Ellipse parameters are the average of 3 data frames
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Figure III - 1. The mean apparent surface brightness (i (in magni- 
tude*arcsec of NGC 2865 in the B, V, and Cousins R passbands as 
a function of semi-major axis. The data are taken from Tables III - 1, 
2, and 3.
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Figure III - 2. Variation of the mean B, V, and R isophotal position 
angle, 0  (in degrees), with semi-major axis. The data are taken from 
Tables III - 1, 2, and 3. The length of the bar represents twice the 
average rms deviation from the mean profile derived from the four 
frames in each colour.
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Figure ill - 3. Variation of the mean isophotal ellipticity, e, in each 
passband with semi-major axis, where the data are taken from Tables 
III -1 ,2 ,  and 3. The length of the bar represents twice the average rms 
deviation from the mean profile derived from the four frames in each 
colour.
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Figure III - 4. Variation of the normalized 84 term (a^/r) as a function of 
semi-major axis for NGC 2865, where the data are taken from Tables 
III -1 ,2 ,  and 3. The length of the bar represents twice the average rms 
deviation from the mean profile derived from the four frames in each 
passband.
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(Bj - Rc) and (B - R)j, an average offset of 0?24 can be applied. Table 111 - 4 

lists the (B - V), (Bj - Rc), and transformed (B - R)j galaxy colours as a func

tion of semi-major axis. The (B - V) and (Bj - Rc) colours are shown graphi

cally in Figure III - 5. No changes were made to the other parameters derived 

using the Cousins R passband.

The colour of an old stellar system is a complex measure of metallicity 

(Burstein et al. 1984, Aragôn et al. 1987) and age (O’Connell 1986). Thus, 

measurements of radial colour gradients may reveal corresponding changes in 

metallicity or age in the galaxy. In addition, if the isophotal ellipses show 

radial gradients in ellipticity and position angle, this would suggest that NGC 

2865 has a triaxial shape. This would imply that the galaxy does not possess 

an axis of rotational symmetry.

Tlie logarithmic gradients in the isophotal position angle, ellipticity, and (B 

- V) and (B - R) colours were measured for each passband by fitting a least- 

squares line to each profile. The linear trends seen in all the parameter profiles 

are most clearly evident in the outer region of the galaxy, and so this region 

was used in determining the best-fit lines. This meant that a few data points 

near the galaxy centre were excluded from the fits because they deviated 

strongly from the linear trends; these data are also strongly influenced by sys

tematic effects and noise.

For the isophotal position angle and ellipticity, the data beyond, and 

including, the peak values appeared to comprise the most linear section of each 

profile. Therefore, the best-fit line was computed using only those data 

points. Large departures from linearity were seen in the galaxy colours 

mainly at radii less than ~8" (950 h'^ kpc), and so these points were excluded
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Table UI - 4. (B - V) and (B - R) Colours of NGC 2865

Senii-Major 
Axis (arcsec)

Mean (B - V)
(magarcsec'2)

Mean (Bj - Rc)* 
(mag arcsec 2)

Mean (B - R)j 
(magarcsec'2)

3.94 0.86 1.42 1.66
5.28 0.91 1.45 1.69
6.93 0.91 1.46 1.71
8.43 0.91 1.49 1.74

10.25 0.90 1.49 1.74
11.74 0.90 1.48 1.73
13.98 0.92 1.48 1.73
15.65 0.90 1.47 1.72
17.30 0.90 1.47 1.72
18.97 0.90 1.46 1.71
20.67 0.90 1.45 1.69
22.47 0.88 1.45 1.69
23.79 0.89 1.46 1.71
25.51 0.89 1.44 1.68
27.18 0.88 1.42 1.66
28.47 0.88 1.43 1.67
29.15 0.88 1.44 1.68
31.23 0.88 1.43 1.67
32.95 0.88 1.44 1.68
34.67 0.89 1.45 1.69
36.19 0.89 1.45 1.69
38.68 0.87 1.43 1.67
40.67 0.83 1.38 1.62

42.77 0.88 1.41 1.65
45.45 0.86 1.40 1.64
46.71 0.84 1.38 1.62
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Table III - 4. Continued

Semi-Major 
Axis (arcsec)

Mean (B - V) 
(magarcsec 2)

Mean (Bj - Rc)  ̂
(magaicsec'2)

Mean (B - R)j 
(magaicsec'2)

49.81 0.85 1.41 1.65
52.23 0.83 1.37 1.60
54.43 0.87 _ 2 _ 2

55.21 0.88 2 __2

1
• The subscripts J and C indicate Johnson and Cousins passbands respectively. !
2 Semi-major axis is beyond limit of R magnitudes obtained in this study. |

]
I
i
i
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Figure i n  - 5. Plot of the colour variations (in mag arcsec )̂ across the 
galaxy as a function of semi-major axis. The data are taken from Table 
n i  -4 . The solid circles are (B - V) and the open circles are (Bj - Rc).
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Irom the fits. For (B - V) the first value in Table III - 4, corresponding to the 

smallest radial distance, was excluded from the fît. For (B - R), the first three 

data points were excluded. Hie gradients, measured per decade change in 

semi-major axis, were:

Passband
Ae

Alog(r)

A 0
Alog(r)

B -0.194 + 0.011 -19?2± lf5

V -0.183 ± 0.009 -14?9±1?I

R -0.152 ±0.008 -14?8±1?0

= .(T065 ± 0T009, = -0?139 ± 0T014.
Alog(r) Alogvr)

b) Departures from Perfectly Elliptical Isophotes

Departures of the isophotes from perfect ellipses may carry important 

implications for the structure of elliptical galaxies. Nieto and Bender (1989) 

suggest that galactic interactions, including mergers, may result in boxy 

isophotes in elliptical galaxies. If the shells of NGC 2865 are assumed to be a 

merger product, then the isophotes should display boxy isophotes. The radial 

distribution of the normalized a4 term for each passband is shown in Figure III 

- 5. All colours show approximately the same trend in the values of a4 , but 

there do not appear to be any significant (2a) departures from purely elliptical 

isophotes. If anything, a small positive a4 component of about 1 percent is
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present between 25" and 40" (3.0 and 4.7 h"' kpc). This suggests the pres

ence of a very weak, nearly edge-on, disk in the galaxy.

c) Comparison with other work

Jedrzejewski (1987) published a similar analysis of 49 galaxies including 

NGC 2865, and his results are compared with those found here. First, the 

mean values found in this study were linearly interpolated to the semi-major 

axis positions given by Jedrzejewski. Then the residuals were formed by 

subtracting Jedrzejewski’s ellipse parameter values from the interpolated mean 

values. Figures i n  - 6 ,7 ,8 ,  and 9 show the residuals for surface brightness, 

ellipticity, position angle and term in both the B and R passbands. The 

residuals in the (B - R) colours are plotted in Figure HI -10.

Figure 111 - 6 is a plot of the surface brightness residuals determined by 

subtracting Jedrzejewski’s Johnson B and R surface brightness profiles (in 

mag-arcs^) from the linearly interpolated mean Johnson B and Cousins R 

profiles found here. The solid line at 0?24 indicates the difference expected 

between the Johnson and Cousins photometric R systems, as explained in 

section 111(c). The dashed lines located at ± 0 ?035 from the two solid lines 

represent the estimated mean combined uncertainty of both this study and 

Jedrzejewski’s work.

The B surface brightness residuals show a trend throughout the range of 

observations that appears approximately linear. The residuals indicate that we 

find the galaxy to be fainter at larger radii but brighter at smaller radii than 

reported by Jedrzejewski. The difference between the two values is about 0 at 

-30" but deviates at the rate of about 0T005 arcsec'^ per arcsec in radius. In 

the B passband the inner isophotes appear -0T15 arcsec^ brighter than
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Figure III - 6. Comparison between the mean surface brightness Pm (in 
mag arcsec^), found in this study with the p j values measured by 
Jedrzejewski. The solid line at 01*24 indicates the estimated mean dif
ference between the Johnson and Cousins R photometric systems. The 
dashed lines represent the estimated combined uncertainty of both stud
ies.
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Figure III - 7. Plot of the residuals between the mean isophotal elliptic
ity determined in this study, Em, and the values measured by 
Jedrzejewski, ej, in the B and R passbands. The dashed lines represent 
the estimated combined uncertainty of both studies.
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Figure III - 8. Plot of the residuals between the mean isophotal posi
tion angles, 0m (in degrees), and the values measured by Jedrzejewski, 
0 j, in the B and R passbands. The dashed lines represent the estimated 
combined uncertainty of both studies.
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Figure III - 9. Plot of the residuals between the mean normalized a4 

components of the isophotes found in this study, (a4 )m, and the values 
measured by Jedrzejewski, (a4 )j, in the B and R passbands. The 
dashed lines represent the estimated combined uncertainty of both stud
ies.
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iMgure III - 10. Plot of the residuals between the mean (B - R)m 
colours found in this study and the (B - R)j colours measured by 
Jedrzejewski, as a function of semi-major axis. The solid line at 0?24 
indicates the estimated mean difference between the Johnson and 
Cousins R photometric systems. The dashed lines represent the esti
mated combined uncertainty of both studies.
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reported by Jedrzejewski and the largest isophotes appeal about 0"’15 arcsec ’ 

fainter. The mean residual in B between the two studies was -0T045 witli a 

rms difference from zero of ± 0T087.

The R surface brightness residuals (Figure III - 6) show a trend of about 

0T005 arcsec'^ per arcsec in radius within the inner -25" of the galaxy. 

Beyond -25", the difference between the two profiles remains approximately 

constant, with our R surface brightness (converted to the Johnson system) 

being -0711 brighter than Jedrzejewski’s R surface brightness.

It is worthwhile at this point to investigate whether the residuals seen in 

Figure III - 6 may be due, in part, to an inaccurate non-linear correction being 

applied in section 11(b). Qualitatively, when the residuals show that the 

derived surface brightness is too bright, then this means that the k factor is too 

small. Conversely, when the residuals show that the mean surface brightness 

is too faint then the k factor is too large. The range where the k factor is the 

least well known is clearly in the region where the observed pixel counts are 

less than 10̂   ̂(Figure II -1 ). This region corresponds to an equivalent blue 

galaxy surface brightness of about 22"' arcsec'^ which, from Table III - 1, 

begins at a radial distance of about 20" from the galaxy in the blue passband. 

As noted before, the blue surface brightness residuals appear to have a linear 

trend extending from about 20" outward. If this trend is attributed to an incor

rect k factor, then the trend is in the sense that the k factor should be smaller 

for fainter intensities than is currently estimated. In Figure II - I this would 

mean that the lower part of the curve should be steeper, perhaps as steep as 

the polynomial curve if it was extended to observed counts of less than 10̂
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'l'ü determine if such a change in the k factor would reduce the trend seen 

in the residuals, a blue frame with a typical exposure time, LC0591, was cho

sen and its mean sky and contour ADU values were computed to the point 

before the k factor was applied. Then, new k factors were computed using 

only the third order polynomial fit. Finally, values for the sky levels and 

contour ADUs were re-computed using the new k factors, which were then 

compared with the previous results. It was found that tlie slope in the resid

uals was reduced by only about 30% for semi-major axes greater than 20". 

However, because the sky value had been altered by the use of a new k factor, 

the slope of the residuals in the inner region of the galaxy had increased by a 

factor of six over its previous value (to about 0?03 arcsec'^ per arcsec). The 

new k factors slightly improve the residuals in the faint outer regions of the 

galaxy, but their effect in the bright inner regions is to make the residuals 

much worse than before. It does not seem possible, then, to extrapolate the 

correction curve from the well determined high pixel count region to the 

poorly determined low pixel count range. The determination of the k factor in 

the low pixel count range must remain somewhat uncertain, as it depends 

entirely on only two data points.

It is not likely that the trend in the residuals is due to incorrect sky subtrac

tion during the preprocessing stage. Subtracting a sky level that is slightly 

incorrect would cause the residuals to become progressively larger as the 

galaxy’s brightness level declines at large radii. For the bright inner regions 

of the galaxy, however, the residuals should remain small. Figure III - 6 

shows that the residuals, especially in R, do not increase rapidly at large radii 

but instead change at a relatively constant rate. At very small radii the residu

als do become large, but this is not expected to .*ü .̂ c from the sky subtraction
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process. Tlîis indicates that some other effect is influencing one or both of the 

estimates of surface brightness.

At first glance, there would seem to be no difference between the two stud

ies. The uncertainty quoted for surface brightness by Jedrzejewski (1987) is 

essentially the same as the value estimated in this study. But Jedrzejewski’s 

telescope/CCD combination produced a pixel size of 0.49 arcsec % which is 

approximately 60% smaller than what was used here, Tliat, togetlier with 

seeing conditions reported to be about 0785 (FWHM) in the blue (more than 

twice as good than this study), allowed him to measure more accurately the 

isophote intensities near the galaxy centre.

However, the smaller chip scale would require separate background sky 

frames to be taken in order to estimate the sky intensity. These sky frames 

would have to be taken at a distance far enough away to prevent contamination 

by the galaxy and so may not be representative of the sky intensity nearer the 

galaxy. The short exposure images used in this study, and the averaging of 

four profiles in each passband, allow a more accurate measurement of the 

isophotes at greater distances from the galaxy. In addition, using standard 

star photometry produces a more accurate calibration of the galaxy’s surface 

brightness intensities.

For the isophote ellipticity, the residuals between the mean value found in 

this study and the values found by Jedrzejewski (Figure III - 7) are small 

compared to the estimated combined uncertainty. The mean residual in ellip

ticity was -0.002 with a rms difference from zero of ± 0.014. There are only 

a couple of residuals that lie outside the mean combined uncertainty of ± 0.025
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estimated for this study and Jedrzejewski’s work (indicated by the dashed 

lines in Figure III - 7).

The mean position angles of the isophotes agree well with those found by 

Jedrzejewski over the radial range from about 10" - 50" (Figure III - 8) 

showing a mean residual of 1 ?5 and a rms difference from zero of ±  2 ?4. 

Jedrzejewski’s results do not show the slightly more rapid isophotal twist in 

the blue passband which is seen in this study at about 40" - 55". This 

increased twisting amounts to an offset of about 5° over the other two pass

bands. Within the inner ~10" of the galaxy centre, however, the residuals 

become as large as 15° and extend beyond the estimated mean combined 

uncertainty of ± 3?0 estimated for this study and Jedrzejewski’s work (shown 

by the dashed lines in Figure III - 8). Such large residuals near the galaxy 

centre are probably caused by the effects of seeing and the small number of 

pixels in tlie isophotal contours.

The residuals found between the the mean cos(49) amplitude of the 

isophotes and Jedrzejewski’s values are shown in Figure III - 9. Tlie dashed 

lines at ± 0.008 represent the estimated mean combined uncertainty from both 

this study and Jedrzejewski’s work. In general, the residuals are small except 

for one measurement within 5" of the galaxy centre. The residual may be 

large for this measurement due to the small number of pixels making up the 

isophotal contour. Omission of this data point produces a mean residual of 

0.07 percent with a rms difference from zero of ± 0.5 percent.

Finally, the residuals between the (B - R) colours found in this study and 

the colours measured by Jedrzejewski are shown in Figure III-10. Included 

in the plot is a solid line at 0T24 showing the mean difference expected
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between the Johnson and Cousins R passbands. As well, the dashed lines 

represent the mean combined uncertainty of ± 0T045 estimated for this study 

and Jedrzejewski’s work. Essentially all the residuals in (B - R) are greater 

than the estimated combin ed uncertainty of the two studies. Out to 30" the 

mean colour found in this study is about 0?1 (converted to the Johnson sys

tem) redder than the values measured by Jedrzejewski, Beyond 30" the resid

uals decrease, approaching Jedrzejewski’s values, at a rate of about 0'I'Ü04 

arcsec'^ per arcsec.

Based on the comparison between this study and the results of 

Jedrzejewski, there is good agreement in all the ellipse parameters. However, 

the residuals in the surface brighmess profiles, and in (B - R) colour profile, 

show a clear disagreement between the two studies. For reasons previously 

discussed, Jedrzejewski’s surface brightness measurements were probably 

more accurately determined near the galaxy centre whereas measurements 

made further out were likely more accurately determined in this study.
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IV. D ISC U SSIO N

a) Surface Brightness Profile Fits

l ’he surface brightness of the galaxy NGC 2865 does not show evidence 

for an exponential stellar disk component in any of the three passbands (see 

Figure III-l). The best-fit de Vaucouleurs profile in each passband has the 

following parameters:

ro(B) = 23'.'4 ± 0"6 Po(B) = 22.35 ± 0.05 mag-arcsec'^

ro(V) = 22:'8±0:'6 Po(V) = 21.42± 0 .0 5 mag-arcsec^

ro(R) = 21 !'9 ± 0:'6 Po(R) = 20.79 ± 0.06 mag arcsec'^

where )io is the effective surface brighmess at the radius To tliat encloses one 

half of the total light of the galaxy. Within the region of the galaxy studied, 

the mean radial brightness profile is well fitted by the standard de Vaucouleurs 

law.

A tight correlation in the de Vaucouleurs law parameters was found by 

Kormendy (1982) for elliptical galaxies, and SO galaxies whose disks are 

barely detectable and are assumed not to influence the bulge structure. Tlie 

relation is

Bo(V) = 3.28 log[ro(B)] + 19.45 B mag*arcsec'^,

where ro(B) is given in kpc (Ho = 50 km s^'Mpc^), and Bo(V) is the galaxy's 

blue effective surface brightness corrected for foreground extinction. Using 

the same galactic extinction and K correction given in the Second Reference 

Catalogue (0T46 and 0T04 respectively), and the value of p«,(B) given above.
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one obtains an effective surface brightness of Bo(V) = 21?85. Under the 

assumption that the distance to NGC 2865 is 48 Mpc (Ho = 50 km s'* Mpc '), 

foCB) is found to be 5.5 kpc. With these values of Bo(V) and fo(B), NGC 

2865 fits well into the above relation, being only 0T04 brighter in Bo(V) than 

predicted. From these characteristic parameters, derived for radial distances 

of about 5" - 60", the main body of NGC 2865 appears to be a typical ellip- 

tical/SO galaxy.

The absolute B magnitude of NGC 2865 can be estimated by combining 

the results of the best-fit de Vaucouleurs profiles and using the method of 

integrated ADU counts employed in section 11(h). First, an average blue 

image frame was formed by registering the blue frames to one master frame, 

in this case LC0589. Next, the ADU values from the four frames were added 

pixel-by-pixel and divided by the total exposure time of 630 seconds. Then, 

all of the bright stars within T of the galaxy centre were removed by linearly 

interpolating the galaxy brightness profile across the stellar image. Finally, 

the ADU values of this mean frame were integrated within a ellipse represent

ing the largest isophote determined in this study. This isophote had a semi

major axis of 61 "0 corresponding to an area of 9 632.4 pixel^. This gave an 

integrated ADU value of 6 377.6.

To estimate the contribution from the galaxy beyond 61", the best-fit r’ '̂̂  

law was integrated from a radial distance of 61" to infinity, where the parame

ters derived in section IV(a) were used. Under the assumption that the 

isophotes beyond 61" have the same ellipticity as the last measured contour (e 

= 0.176), the integration gives a value of 2 120 ± 224 ADU, where the 

uncertainty is based on the r*̂"̂ law parameter uncertainties. This integration 

represents about 25 percent of the total r*̂ '* profile integration. Therefore, the
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total ADU for the galaxy was 8 497, or ma = 12 ™35, which turns out to be 

exactly the total B magnitude listed in the Second Reference Catalogue. 

Another uncertainty associated with the integration of the r*̂*̂ law beyond 61" 

is whether the ellipticity of the isophotes eventually drops to zero (circular 

isophotes). If we assume that the galaxy’s isophotes beyond 60" are all 

circular, then me becomes brighter by 0705.

With an estimated distance to NGC 2865 of 48 Mpc (Ho = 50 km s'* 

Mpc *), and applying the same galactic extinction and K correction as given in 

tlie Second Reference Catalogue (0 750 total), one finds an absolute B magni

tude of -20764 ± 0 706. The uncertainty is estimated by combining the rms 

uncertainties from the transformation equations (± 0 702), the uncertainty in 

the parameter values of the r*̂"̂  law (0703), and the uncertainty in the ellipticity 

of the isophotes beyond 61" (0705). Compared with the mean absolute 

magnitude for elliptical galaxies of about -18 estimated from their observed 

luminosity function (Binggeli 1987), NGC 2865 is roughly 2'” brighter. This 

absolute magnitude converts to a total luminosity of about 2.8 x 10*°*Lo.

Under the assumption of a mass to light ratio (M/L) of about 10 (in solar 

units) for elliptical galaxies (Faber and Gallagher 1979), one finds a total mass 

o f  3 X 10**-M e. This gives a ratio of neutral gas mass to total galaxy lumi

nosity of about 0.01 M*/L@, which is similar to values found for SO galaxies 

although it is somewhat high for an elliptical galaxy (Gallagher et al. 1975).

b) Deviations from the Standard Brightness Profile

ITte profiles show a small scale bumpiness in the light distribution which 

was also noted by Jedrzejewski (1987). These bumps can be isolated by 

subtracting a least-squares de Vaucouleurs profile from the mean surface
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brightness data in each passband. Figure IV - 1 shows the residuals when tlie 

best-fit de Vaucouleurs profile, expressed in magnitudes per arcsec^, is sub

tracted from the mean profile. Another way to describe this plot is that it is 

equivalent to the intensity ratio between the two profiles converted to units of 

magnitude. The largest departure found between 5" and 55” (0.6 - 6.6 h'* 

kpc) from the galaxy centre is only 0T08 arcsec'^ in the blue passband. The 

graph shows one peak in the surface brightness residuals located at approxi

mately 20” (2.4 h'  ̂ kpc) from the galaxy centre having a radial thickness of 

roughly 20". The residuals begin to rise again at about 45” (4.7 h^ kpc) and 

continue to increase out to the limiting distance of the isophotometry without 

showing signs of leveling off. If these rises in surface brightness residuals 

are associated with the shells surrounding the galaxy, then the increase seen 

for radial distances greater than 45” correspond to a combination of the shells 

2A and 2B investigated by Fort et al. (1985). In the core of elliptical galaxies 

the de Vaucouleurs law typically underestimates the galaxy’s surface bright

ness. This explains the sharp rise in the residuals at very small radial dis

tances.

c) Isophotal Shapes and Orientations

The isophotal ellipticity (Figure 111 - 3) rises very sharply from a value of 

about 0.1 at a radial distance of 5” to a maximum ellipticity of 0.3 at radial 

distances of about 10” - 15”. The ellipticity then gradually decreases at a 

constant rate of approximately 0.0025 arcsec'^ until it reaches 0.2 at 55”. All 

passbands follow the same trend within the 2cy uncertainties. The drop in 

ellipticity near the centre cannot be due entirely to seeing since the estimated 

seeing was found to be better than 2” in all passbands.

8 4



0.2

- 0.1

- 0.2
30  4 0  5 0  6020100

Semi-Major Axis (arcsec)

Figure IV -1 . Surface brightness residuals obtained by subtracting the 
best-fit r̂ '̂̂  law, |ii /4 (in mag arcsec'^), from the mean surface bright
ness profile, p-m. found in this study. Sections of the curve above the 
zero line indicate that the galaxy is brighter than the r̂ '̂̂  law and vice 
versa. The length of the error bar represents twice the average rms dif
ference from the mean between the four blue data frames.
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In the innermost regions of the galaxy, where the ellipticity tends towards 

zero (circular isophotes) and where there are the fewest number of pixels to 

work with, the position angle of the best fit ellipse (Figure HI - 2) is poorly 

defined. Therefore, we expect to see, and do see, a large amount of scatter in 

the value of the position angle for radial distances of less than ~5 " from the 

centre of the galaxy. The position angle profile shows a rapid isophotal twist 

of about 5° -10° occurring over the range 5" - 10" from the galaxy centre. 

The greatest jump in position angle is seen in the blue passband with a slightly 

smaller jump (~5° smaller) occurring in the R passband. At a radial distance 

of ~ 1 0 " the position angle is about 160° and begins to twist at a slower con

stant rate of about -0?25 arcsec ^ This appears to be independent of colour 

out to about 40", with a spread of less than 5°, This results in a 10° position 

angle twist over an interval of -50". However, beyond 40" the position angle 

in the blue passband appears to twist slightly faster than in the other colours. 

This results in a position angle that is about 5° smaller in the blue at a radial 

distance of -55".

The normalized 34 components of the isophotes are shown in Figure 111 - 

5, averaged between the four frames in each passband. In the range of about 

25" to 35" from the galaxy centre, the 34 component reaches its furthest devia

tion from zero, reaching a value of about +1 percent in all passbands. This 

very small rise (less than 2a) in 34 is also seen in Jedrzejewski’s R and B data 

at the same radial position and size, and suggests the presence of a weak disk 

in NGC 2865. The possible presence of a disk in NGC 2865, together with 

the 100pm flux detected by IRAS indicating the presence of dust, may point 

to this galaxy being more like an SO galaxy than an elliptical galaxy.
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If the disk is real, it would be contrary to the suggestion by Nieto and 

Bender (1989) that a merger process leads to a high velocity dispersion in the 

parent galaxy which in turn produces boxy isophotes. This is because they 

find that a violent merger is likely to completely destroy a disk that may 

already be present in the parent galaxy. The results found here in this study 

suggest that boxy isophotes may not be an inevitable outcome of a merger 

process. Indeed, accreted material captured by a parent galaxy should con

tinue to trickle in long after the merger process is complete (Konnendy and 

Djorgovski 1989). Enough material may be accreted to form an obseivable 

disk which would change the galaxy’s morphological type resulting in secular 

evolution by accretion.

As illustrated in Figures III - 2, 3, and 5, the isophotes of NGC 2865 

undergo large changes in both orientation and shape with radial position. 

Although seeing and sampling effects are likely to become important within 

~5" of the galaxy centre, the overall trends would not be altered significantly. 

The significant twisting observed in the isophotal position angle (10° -15° 

total, or 15° - 20° per decade in radius) supports the idea that this galaxy may 

be triaxial and not just a simple oblate spheroid. However, isophotal twists 

can also reflect tidal disturbances due to a nearby companion galaxy as well as 

equilibrium structure. Although NGC 2865 is relatively isolated, the fact that 

a system of shells is present, together with its jet-like feature, strongly suggest 

that tidal forces are indeed at work, perhaps from a recent merger. If the tidal 

forces producing the shells are too weak to disturb the main body of the 

galaxy, then the observed isophotal twist would support the theory of a triaxial 

shape.
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d) Galaxy Colours and Their Gradients

A comparison between this galaxy's colours and the mean colours of ellip

tical and SO galaxies can be made using the results found by Visvanathan and 

Sandage (1977) and Sandage and Visvanathan (1987a,b). These authors pre

sent mean extinction-free colours for a sample (~S0 -100) of galaxies they 

observed. They measured integrated galaxy colours with an aperture half the 

size of the reduced galaxy diameter D(0) (taken from de Vaucouleurs and de 

Vaucouleurs [1964]) which is 29'.'8 for NGC 2865. The integrated colours of 

NGC 2865, for a diameter of 55” (an aperture about 1.85 times larger), can be 

found from the contour integrations used in section 11(h). From Section 11(h), 

the (B - V) and the transformed (B - R)j observed colours of the main body of 

the galaxy were 0?90 and 1?69, respectively.

In order to compare our observed colours of NGC 2865 with the mean 

extinction-free colours derived by Sandage and Visvanathan, the reddening 

corrections that they applied to NGC 2865 will be applied to the colours found 

in this study. They used (B - V) and (B - R) extinctions of 0T13 and 0?20, 

respectively, which transforms our observed colours to 0T77 and 1T49, 

respectively. Compared with a mean (B - V) colour of about 0 T86 ± 0 ?10 for 

field elliptical and SO galaxies found by Sandage and Visvanathan, NGC 2865 

appears about OTl bluer. A mean (B - R)j colour of 1T71 + 0T12 found for a 

mixture of field and cluster elliptical/SO galaxies indicates that NGC 2865 is 

again bluer by about 072. This may be the result of NGC 2865 accreting a 

small bluer disk galaxy.

Colour gradients are common in elliptical galaxies (Jedrzejewski 1987, 

Franx et al. 1989), and NGC 2865 is no exception. As noted before, the
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galaxy shows a mean (B - V) gradient of -0 ?065 ± 0 ?009 per decade in 

radius, with the mean (B - R) gradient being -0 ?139 ± 0 T014 per decade in 

radius. Although the images of the galaxy show no clear signature of absorp

tion by dust, the detection of 100(im emission by IRAS suggests that the 

observed colour gradient may, in part, be caused by dust absorption. This 

would require, however, that the dust column density decreases slowly with 

radius, which is generally thought to be unlikely. It is therefore believed that 

these gradients are produced primarily by general metallicity and/or age gradi

ents within the galaxy.

The mean (B - R) gradient found for NGC 2865 appears to be relatively 

large. It is about a factor of two greater than the mean gradient of -0 T07 ± 

0T05 per decade in radius found by Franx et al. (1989) in their sample of 17 

elliptical galaxies. This steeper colour gradient causes NGC 2865 to appear 

more like the bulges of spiral galaxies (Wirth 1981, Wirth and Shaw 1983).

It is well known that the strengths of metal absorption lines also show 

radial gradients in elliptical galaxies (Gorgas and Efstathiou 1987, Davies and 

Sadler 1987). This trend is in the sense that weaker metal absorption lines are 

seen further from the galaxy centre. It is likely, then, that such colour gra

dients reflect metallicity and/or metallicity-driven population changes. A mean 

metallicity gradient can be estimated by using the colour-metallicity relation 

found by Arimoto and Yoshii (1987). TTiey computed the chemical and pho

tometric properties of model elliptical galaxies using evolutionary population 

synthesis. Based on their standard model results, one finds the following 

colour/metallicity gradients:
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A(B-V)
 = 0?211 ± 0?015 per decade change in metallicity,
Alog(Z)

A(B-R)
Alog(Z)

= 0T385 ± 0?032 per decade change in metallicity,

where Z is the mass fraction of all elements heavier than helium. Based on the 

mean (B - V) and (B - R) colour gradients measured in NGC 2865, the mean 

metallicity gradients, per decade change in radius, are estimated to be:

Alog(Z)
Alog(r)

Alog(Z)
Alog(r)

= -0.31 ± 0.06, using (B - V),

= -0.40 ±0.07, using (B -R ),

where a factor of 1.12 was applied to the (B - R) gradient to transform it to the 

Johnson system. Both estimates are very similar, indicating about a factor of 

two change in metallicity per decade in radius in the sense that the outer parts 

of the galaxy have a lower metallicity.
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V. SUMMARY AND CONCLUSIONS

A total of twelve B, V, and R CCD images of the shell galaxy NGC 2865 

were obtained using the 1-metre Swope Telescope at the Cerro Las Campanas 

Observatory of the Carnegie Institution of Washington. These images were 

independently calibrated for the Johnson B and V, and Cousins R systems 

using standard star images taken during the same night on which the galaxy 

was observed. Isophotometry was performed by fitting ellipses by the 

method of least-squares to the observed isophotal contours to produce ellip- 

ticity and position angle profiles as functions of the semi-major axis length. 

Mean intensities of the isophotes were assigned by sampling the original 

image along the best-fit ellipses. Departures from perfect ellipticity were 

expressed in terms of a normalized cos(49) amplitude (34  term) derived from a 

Fourier decomposition of the isophote/best-fit ellipse residuals. Mean values 

for each parameter in each passband were obtained by interpolating the values 

derived from each of four frames to one set of semi-major axes. The derived 

parameters for NGC 2865 are summarized in Table V -1 .

NGC 2865 is one of several elliptical galaxies having low surface bright

ness shells systems (see Figure I - 1) which are thought to result from a 

destructive merger with a small disk galaxy. In addition, the galaxy also pos

sesses a faint diffuse loop and a jet-like structure, both of which may suggest 

a recent tidal interaction. Despite these features, NGC 2865 has two proper

ties, at least in its main body, that are characteristic of a normal elliptical or SO 

galaxy.

First, the structural parameters obtained from the de Vaucouleurs surface 

brightness relation indicate that the main body of NGC 2865 follows the pro-
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Table V -1 . Characteristics of NGC 2865 Derived in this Study.

Mb = -20T64 ± 0T06 (assuming Ho = 50 km*sec'^*Mpc ‘)

Luminosity = 2.8 x 10̂ ® L#

Total Mass = 3 x lO^-M* (assuming M/L = 10 Me/L@)

(B -V ) = 0?90±0?03

(Bj - Rc) = 1T45 ± 0T03

Po(B) = 22T35±0T05arcsec\ r«(B) = 23:'4±0:'6

Mo(V) = 2 r4 2 ± 0 ? 0 5 a rc s e c \  ro(V) = 22'.'8±0:'6

Ho(R) = 20?79±0?06-arcsec^ ro(R) = 2T.'9±0:'6

A(B-V)
Alog(r)

A(B-R)

Alog(r)

Ae

Alog(r)

A0

Alog(r)

= -0T065 ± 0T009,

= ^?139± 0?014 ,

-0.194 ± 0.011 -0.183 ± 0.009 -0.152 ± 0.008

(B) (V) (R)

-19?2±1?5 -14?9±1?1 -14?8±1?0

(B) (V) (R)
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file of a normal elliptical galaxy. Its surface brightness follows closely an 

law to within ± 0 arcsec’̂  (± 9% in intensity) in all three passbands over a

radial distance of about 5" - 60". Small deviations from the r*'"* law are 

believed to be caused by the contributions of the shells. In addition, the 

derived values of Bo(V) and r@(B) satisfy the relation given by Kormendy for 

elliptical galaxies. The observed twisting of its isophotes suggests a triaxial 

shape, supporting the idea that elliptical galaxies, in general, are triaxial.

Secondly, NGC 2865 is observed to have a radial colour gradient, in the 

sense that the galaxy becomes bluer with increasing radial distance, a common 

feature of elliptical galaxies. However, the observed colour gradient is 

roughly twice as large as is typically seen in elliptical galaxies, and in this 

respect the galaxy appears similar to the bulges of spiral galaxies. By inter

preting this colour gradient as a change in metallicity, one finds the metallicity 

decreasing by about a factor of two per decade increase in radius.

The excess 100pm flux observed in NGC 2865 indicates the presence of 

dust and it suggests that this galaxy is more like an SO, rather than an ellip

tical, galaxy. Both the results of Jedrzejewski (1987) and those found in this 

study indicate a weak edge-on disk oriented along the major axis of the 

galaxy. However, the magnitude (-1%) of the component measured in this 

study used to infer the existence of the disk is only about 2o above the 

estimated uncertainty in the measurement (± 0.6%). Therefore, the existence 

of the disk is uncertain, but if it proves to be real it would confirm the SO clas

sification for the galaxy.

The strongest piece of evidence that suggests NGC 2865 has undergone a 

recent merger is the distinct shell system surrounding the galaxy, and the jet-
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like structure emanating from it (see Figure I -1 ). This idea is further sup

ported by the observed (B - V) and (B - R) colours for the main body of NGC 

2865, which are slightly bluer than the colours of typical elliptical galaxies. 

Sandage and Visvanathan (1978a, b) have measured a (U - B) colour for this 

galaxy that is also slightly bluer than the mean value found for elliptical and 

SO galaxies. These bluer colours could arise if NGC 2865 accreted a small 

disk system.

However, if a weak disk does exist in NGC 2865, it would be contrary to 

the suggestion by Nieto and Bender (1989) that a merger process leads to 

boxy isophotes. One possible explanation for the presence of a disk in the 

parent galaxy after a merger is that the disk was formed from material donated 

by the accreted galaxy. Another explanation would be that the disk was 

already present in the parent galaxy before the merger occurred and has sur

vived up to the present time. This would then imply that the accreted galaxy 

must have been small, compared to NGC 2865, so as not to have had a 

destructive effect on the disk. Since NGC 2865 shows strongly the signature 

of a merger process, it would appear that this galaxy is an example of where 

boxy isophotes are not an inevitable outcome of a merger process.

Using the available data about NGC 2865, one can construct a possible 

model for the hypothetical merger victim. A combination of the mean value of 

M hi/L b = 0,40 (in solar units) for Sc galaxies estimated by Gallagher et al. 

(1975) and the mean value of MToud/La = 4.7 for Sbc-c galaxies estimated by 

Faber and Gallagher (1979) gives a ratio of Mm/Mrotai of about 0.09. From 

the same authors, the mean ratio of Mm/Mtotai turns out to be about 0.03 for 

Sab-bc galaxies. If we assume that all of the observed HI in NGC 2865 was 

donated by the merger victim, then one finds the total mass of the accreted
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galaxy to be about 4 x 10^° M * and 1 x lO'® M « for victim Sbc-c and Sab-bc 

galaxies respectively. Compared to the estimated mass of the parent galaxy 

derived in section (a), the merger victim is about 8 to 30 times less massive. 

This corresponds to the high end of the range of mass ratios used in the N- 

body simulations of Quinn (1982,1984) and which resulted in shell structure. 

If we assume that most of the merger victim’s mass went into forming the 

visible shells, then about 3 -13% of the total mass should lie in the shell sys

tem. This agrees roughly with the lower estimate of 11% made by Fort et al. 

(1986) for the contribution of the shell system to the total mass in NGC 2865, 

and suggests that the merger victim may have indeed been an Sb or later type 

galaxy.
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