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                               Abstract

   A method of digital surface photometry of galaxies has been developed to achieve the
accurate photometry ef the faint outskirt of the galactic disk. The method includes the stack

of photographic plates to increase the signal to neise ratio of the data. Performance test of

the rneasuring instrument JoyÅëe-Loebl MDM6 and the procedures of digital surface photo-

metry are fully described. The procedures are applied to the edge-on Sc galaxy NGC 5907
with a particular intention to reveal optical warping of the outer disk. Seven and eight

deeply-exposed photographic plates in blue (J) and red (F) color bands, respectively, are

analyzed. The photometry is carried out dewn to the faintest level of 27.64 Jmag arcsec'2 (1

a). The photometric accuracy of O.04 mag at levels brighter than 24.5 Jmag arcsec-2 and O.46

mag at the faintest level is achieved after stacking plates. The photometric data of NGC

5907 are presented in the de Vaucouleurs' system in tabular form.

l. IntreduetieR

    Digital surface photometry of photographic plates has been developed }argely
during recent decades in accordance with developments of electronic computers and

measuring englnes sueh as PDS microdensitometer aRd Joyce-LoebYs. These facilities
made it possible for us to measure and analyze photographic plates of large size with

high speed and accuracy. de Vaucouleurs and his collaborators established reduction

methods for digital surface photometry of ga}axies aBd showed the capability and
versatility of their procedures. Since then many investigators have developed the
procedures to yield the accurate photometry down to 26 mag arcsec-2 (Jones et al. i967;

Ables 1971; Simkin l975; Schweizer l976; Arp and Lorre 1976; Barbon et al. i976;
Benedicd976; Kormendy 1977; Okamura 1977; Fraser 1977; Tsikoudi 1977; Pence 1978;

Strom and StrorR 1978; Blackman 1979; BursteiR l979; van der Kruit 1979; Boroson
1981; also see preceedings of the conference at Triest edited by Sedmak et al. 1979 and

at Toulouse by Nieto 1984, and the bibliography by Davoust and Pence 1982), or to
even falnter }evels {or a large sample of galaxies (Watanabe 1982; Binggeli et a}. I984,

1985).

*) Present address: Okayama Astrophysical Observatory, Tokyo Astronomical Observatory, U
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    A troublesome aspect of doing photographic surface photometry, however, is that

the largest errors are mostly systematic ones in naÅíure, introduced in the various stages

of data reduction. Errors of photographic surface photometry of each plate typically

amount up to three percent of the sky brightness. We can reduce the errors and
improve the qualiÅíy of images by sÅíacking digital images (see for examples Arp i977;

Lorre !978). This procedure corresponds (1) to increasing the integyation tlme of signal

photons from astronomical objects up to an amount which cannot be allowed for one

photographic plate due to saturation and (2) to reduclng random errors and some
systematic errors specific for individual plates.

    Capaccioli aRd de Vaucouleurs (1983) discussed sources of accidental and systema-

tic errors in the surface photometry of galaxies at low surface brightness levels. They

showed that various sources of errors restrict the range of the meaningful surface-

photometric data to paB$28 mag arcsec-2, where peB is the surface brightness in B band.

Photometric accuracy higher than O.1 mag is difficult to achieve even at brighter leve}s,

18S/ctB<28. In the present study we develop a reduction system to process photo-

graphic images and stack them in order to achieve high accuracy down to the 28 mag
arcsec-2 level.

    The galaxy NGC 59e7 is a nearly edge-on, bright galaxy with the morphological
type SA(s)c:sp (de Vaucouleurs et al. 1976, hereafter abbreviated as RC2). It manifests

the conspicuous warp in the outer HI disk (Sancisi l976). van der Kruit (i979) tried to

detect the optical warp in NGC 5907 by stacking two deeply-exposed p}ates Åíaken at

the Palomer 48 inch Schmidt telescope, and succeeded in detecting hints of warping of

the optical disk in the profiles of the outer part of the galaxy arouncl the }evels of 26

mag arcsec'2. The reduction procedures of the surface photometry are applied to NGC

5907 in order to settle the question whether there exists the opÅíical warp or not in this

galaxy.

    We would obtain irr}ages of astronomical objects by using the two-dimensional

electronic devices such as CCD to perform photometry with high efficiency and
accuracy. However, a size of photosensitive area of CCD is srr}all relative to the image

of NGC 5907 of about M arcmin even on the telescope with a short focal length like the

Kiso Schrnidt telescope. A photographic plate is a useful detector to investigate the

extended objects like our target galaxy, unless we can match the size of CCD detectors

with that of tke object by usiRg a focal reducer and so on.

    In this paper we describe Åíhe procedures of measurement of photographic p}ates

and the reduction system of digitized data, together with the analysis of errors
introduced in the reductioR processes. Procedures of photographic observations of

NGC 5907 are described in secton 2. A performance test on the measuring machine
Joyce-Loebl MDM6 is described in section 3. Digitized densities of plates are processed

and reduced by the method desribed in section 4. Internal and external errors are
analyzed in section 5. Surface photometry of NGC 5907 is carried out in section 6. In

section 7, we briefly summarize the reduction procedures and the accuracy of digital

surface photometry of the galaxy.
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2. 0bservatieRs

   We intended to take photographs as deep as possible of the ga}axy NGC 5907
which has a size of about 14 aremin. Observations were done using the 105 cm Schmidt

telescope at the Kiso Observatory, a branch of the Tokyo Astronomical Observatory
(Takase et al. 1977). The seeing size of stellar images is usually 2 to 3 arcsec at the Kiso

Observatory which is a slightly larger than the image size defined by tke optics of the

Kiso telescope. Accurate photometry near the center of galaxies suffers under the lack

of the spatia} resolution but has no problem in the outer parts of the galaxy in this

concern. Published data on the night-sky brightness at the Kiso Observatory indicaÅíe

that the coBtamination of the city }ight is about 23.6 Ymag arcsec'2, that is, 21 percent

of the sky brightness 21.9 Ymag arcsec-2 iR Kiso (Ishida 1978). The Kodak emuision of

type IIIa-J cuts off the wavelength region which includes the strong alrg!ow emission

of [OI] at A 5577 A and the city-light of Hg at A 5461 A. The strong Hg emission lines at

A4348 A and A4358 A can be excluded by using the sharp-cut filter Schott GG455. We

adopted Åíhe combination of the emulsion and the filter, IIIa-J+GG455, with the
passband of M4600 A-5400 A (Jband).

   Each plate was hypersensitized by being baked in forming gas. The conditions of

the hypersensitization were declded to glve the maximun gain in the detective quantum

efficiency, DQE(Sasaki i983; Aoki l982). The quantity D(2E is defined as

          DQE =(S/N)out2/(S/N)tn2, (1)
where (S/N)out and (S/N)in mean Åíhe output signal-to-noise ratios and those of the

incident radiation. This relation can be expressed in the photographic terrris of
exposure E, graRularity aD, and conÅírast 7. Since (S/N)out is expressed as

          (s/N),., =O'43437, (2)
                      aD

and (S/N)tn is proportional Åío Ei/2, we obtain a relation

                 -21 1                 ai X' (3)          DQE oc

    Piates were used immediateiy after exposure to the atmoshere after hypersensitiza-

tion, because the gains achieved in hypersensitizaÅíion would rapidly decrese wiÅíh the

time elapsed after exposure of the plates to the atmosphere (Sasaki 1983). Calibration

step wedges were exposed on the four corners of the plate immediately after Åíhe end of

the main exposure. Plates were developed for 5 min in the D-19 developer at 200C.

    In order to study the distribution of photometrlc color in the galaxy, in addition to

the J color band, we used an emulsion and filter combinatioR, IIIa-F +Schott RG610,
whlch has their sensitibity to light in the range M 6100A-6900A (Fband). The IIIa-F

plates were treated in the same way as the IIIa-J.

    A list of plates which were used in this analysis is given in table 1. Numerals in

columns 6 and 7 of the table indicate the seeing sizes estimated by eye at observation

and FWN[Ms of stellar images. We estimate the value of FWHM by fitting a gaussian
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Table l. List of

Plate

(l)

Emulsion

  (2>

Filter

(3)

Date

(4)

Exposure
 (min)
  (5)

KL2656
KL2663
KL3204
KL3211
I<L3314
KL3315
KL3316
KL3660
KL3662
KL3663
KI.3707
KL3713
KL3715
KL3716
KL3771

IIIa-J*
IIIa-J"
IIIa-J
IIIa-J
IIIa-J
IIIa-J
IIIa-J

Iila-F
IIIa-F
IIIa-F
IIIa-F
IIIa-F
IIIa:F
IIIa-F
IIIa-F

GG455
GG-{-rJs
GG`l)ror

GG4tt)5
GG4- nr 5

GG455
GG455
RG6110
RG610
RG61O
RG610
RG610
RG610
RG610
RG610

Feb. I9,I980
Feb. 2o,l980
Mar. 10,1981
Mar. II,1981
May 30,l981
Jun. 2,1981
Jun. 2,I981
Mar. 2,1982
Mar. 3,1982
Mar. 3,1982
Mar. 28,1982
Mar. 29,1982
Mar. 29,1982
Apr. 1,I982
May 23,1982

iEli

li

*}Iypersensitization conditiens were different froiit those of the other plates.

function to the stellar images by the }east squares method (see in section 4). The
densities at the sky level aye given in column 8. In column 9 (S/N)out of each plate is

indicated for the sky level together with the maximum (S/N)out. Among these plates

there is a short-exposure one in each color band, which we used to supplement the data

of the saturated area around the very center of the galaxy }n deep photographs.

3. Measuringinstrument

    Photographic piates were measured wiÅíh a Joyce-Loebl microdensitometer MDM6
at the DepartmeRt of Astrenomy, University of Kyoto. This two-dimensional measur-

ing machine is provided with two beams which are measured by two different
phoÅíodiodes. Measured densitles are digitized by IO bits AD converter to be transferred

to a minicomputer Data General NOVA 4/C. The rx}inicomputer controls the whole
MDM6 system and stores the digitized data in an 800 BPI magnetic tape. The machine
MDM6 has two selectable measuring speeds; a standard full-step mode (5 mm sec-')
and a half-step mode (2.5 mm sec-i). We prepared control programs for raster scanning,

for measuring calibration spots or step wedges, and also for the test of the stability of

the machine. Data were monitored at the real time duriBg raster scanning by the
print-out of the average densities on an electric typewrite= When the calibration spots

were measured, the program calculated the standard deviation of the miÅëro noise level

aD <Fureniid 1978) by

                N          aS=Åí(DiwwDirmi)2/2(N-l), (4)
               t==2
to estimate the values of (S/N)out and DQE. Plates defects were removed automatically

in the measuring procedure of the calibration spots.
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plates used

       Seeing
Eve-estimated FWHM
  (arcsec) (arcsec)
    (6) <7)

Sky density
above fog
(diffuse D.)
   (8)

  S/N
sky/max

  (9)

Note

(10)

l•-

l.l,ll

o 4r)

O 57
O 82
O 61
O 32
O 67
O 65

O 59
O 91
O.l7
O.56
O 68
O 74
O 79
e 71

44/50
49/54
45/46
4O/tl9
31 ./55

40/45
43/48
32/43
ig4/45
l9/47
35/46
38 /42
42/45
40/41
47/49

short exp.

short exp.

    The double-beam, compensated sysÅíems are pyefered for surface pkotometry of
galaxies Åío an uncompensated, single-beam insÅírument (Capaccioli and de Vaucouleurs

1983). The measuring machiRe, however, can introduce a significant amount of random

and systematic errors, depeRding upon its performance. We carried out the perform-
ance test on MDM6 in order to take the resulÅís into accouRt in the succeeding analyses.

It is noted that densities are given in unit of specular deRsity measured with MDM6

through this sectioR. Conversion coefficients of the specular densities to the standard

diffuse ones are given in section 3-5.

3rm1. Stability

    We measured the density at a point on a test piece of plaÅíe for 1000 times every 1.5

min in order to test the stability of tke machine. The slit size was set to the same as the

oRe used aÅí the measurernents of the ga}axy. The upper panel of figure 1 shows the

change in the recorded density against the tirne elapsed afÅíer the power was tumed on.

Although the machine was stabilized within O.O13 D after 3 hours of warming-up in one

case, some oscillations with an amplitude of O.O13 D and with a period of 30 min lasted.

In another case, such oscillations did not appear and the machine achieved the good

stability with fluctuations much less than GOI D, though it needed 6 hours of the

warming-up period. In most cases MDM6 was stable within O.Ol D after the warming-
up of 3 hours.

    A halogen lamp is used as a light source of MDM6. The lamp goes to dim out
rapidly after a certain burn-out time (nearly 100 hours). The lower panel of figure 1

shows the rapid change of density when the lamp was going to run out As it could be

detected easily, we changed the lamp in time to avoid unusable measurements.
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Figure 1,

                  TIME Hours
Stability of reeorded specular density measured with the 3oyce-Loebl microdensito-

meter MDM6. Each point is a mean of 1000 ineasurements at a particular point on
the plate with the measuring table fixed using the same slit as that used in measuring

object plates. The above panel shows the stability in the initial state just after the

power was turned on, Focus adjustment caused fictitious jumps. Three hour
warming-up was usually enough but some fluctuations with the amplitude of O.O13 D

were remained in one case and a longer warming-up was needed in another case.
The lower panel shows changes of recorded densities during the light source running

out The rapid changes in density were detected cluring then.
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3-2. Repeatability ofDensity Measurements

    We selected several plates with various densities, and each of several positions on

the plates was measured 3000 times. Their mean densities and r.m.s. cleviations were

calculated. The latter serves as a measure of repeatability. The results are Å}O.O03 D

for density less than 2.0 D, Å}O.O07 Dfor 2 to 3 D, and Å}O.020 Dfor density greater

than 3.0 D. These values, combined with the contrast of the IIIa-type emulsion 7'v3,

correspond to fiuctuations of a relative intensity less than 1.5 percent, which are

comparable to or less than granularity noises in a plate (see section 4-2).

3-3. Positional Repeatabilitbl and Spread Functions

    A knife edge was set on the measuring tabie to produce the edge pattern. The
tabie was moved back and forth over 20 cm at the speed of full step mode. Typical
traces of the knife edge are shown in figure 2 in directions of Xand Yaxes. There were

systematic differences in the recorded positions of the knife edge between normal scans

and reverse scans. These differences were about 15ptm in X and 20ptm in Y
irrespective to the table speed and are caused due to the backlash. However, the raster

scan permits movement of the table only along one direction both in X and Y When
the scan is limited to one direction, the recorded positions of the edge coincide within 2

ptm for several scans along each axis.

    The machine MDM6 measures the position by converting steps of stepping motors

directly to coordinates. Certain differences between real and calculated coordinates

occur especially near the starting and stopping points where a motor needs to produce a

torque larger than in the normal scanning. When the table was set backward for a
distance more than 100ym from the knife edge and then set to run foreward, the
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 --50 O +50 -50 O +50             XFM YPTn
Response of MDM6 at the abrupt change of density at a knife edge. The knife edge

was measured with slits of the narrowest width available in the direction of the table

scan and with the maximum area. MDM6 cannot follow the abrupt change of density
from the transparenÅí to the opaque part There are systematic differences in detected

positions of the knife edge between the normal and its reverse scans. Some
ftuctuations in opaque parts in Y scans are caused by insufficient light due to the

small slit used.
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          and its reverse scan with a full step (every 5 ptm) and a half step (every 2.5 ptm).

          FWHM was obtained of 10 ptm for every case.

recorded positions of the edge showed no more anomaly.

    When a normal scan ran through the knife edge from the transparent area to the

opaque area, it turned out that measured densities at high values showed some
difference between the normal and the reverse scans as seen in figure 2. The machine

MDM6 cannot follow the steep density gradient such as the knife edge, though such a

large gradient does not occur in the real astronomical measurements.

    We can derive the Iine spread function from the knife-edge patterns (figure 3). The

forms of the function are the same in both directions along the X and Yaxes. The
measuring table can move in two speeds, namely, Åíhe full step mode and the half step

mode. The line spread functions differ in ampiitude between the cases of different

speeds, but possess the same FWHMs of 10 ptm.

3m4. 0rthogonalitblofAxes

    We examined the orthogonality of the table axes by comparing the positions of
                                                         emarked images on the plate with those obtained after a rotation of 90 . The small angle

of misalignment between the actual X and Yaxes, 0i, and the small difference of the
angle of the actual rotation from 900, 02, are related to the (X, Y) coordinates:

          ei-e2= (Y'-X)/Y,
                                                                      (5)
          ei+02 =-(X'+Y)/X,

where (X', Y') are the coordinates of an image originally at (X, Y) after the rotation of
9oo.

    The departure from the orthogonality was found to be O.021 degree (sinei =
3.67Å~IO-` and 1-cosei :6.72Å~le'8).
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3-5. Calibration ofDensitov Scale

    Kodak Interobservatory Density Standard Wedges were prepared by the AAS
Photographic Working Group (Seweil 1975; Smith and Hoag 1979). The standard
wedges No. 34 at the Kiso Observatory were used for the calibration of our densito-

meter in the diffuse density scale.

    The conversion coefficients of the specular densities to the standard diffuse
densities are O.817Å}O.O07 for Ia-type emulsion, O.774Å}e.O16 for IIa-type, and O.767Å}

O.O14 for IIIa-type.

3be6. Influence ofDepth ofFocus

    The depth of focus of the optics on MDM6 is about 2 pem after its specification.

Photographic plates are not fiat within this accuracy over the whole area. Furthermore

plates are bent in the plate holder of the Kiso Schmidt telescope, and the hysteresis of

this bending may remain. The short depth of focus influences measurements to a
certain degree under these circumstances. Instead of measuring the plate distortion, we

evaluated the density variations due to the change of the focus. According to our
experiences in the surface photometry of the galaxy, the density variation may be less

than O.Ol D over 15 mmÅ~18 mm area due to this effect

    The gradual focus change over the plates causes effects in density measurement
comparabie to those of the drift of the intrinsic density scale of the machine.

4. MeasurementandDataReduction
4-1. Measurement
    Photographic plates were measured with the microdensitometer MDM6 described
in the previous section. The performance test showed that it needs warming-up time

typicaliy for three hours. During the warming-up, we measured a certain point on the

test piece of plate to monitor the system stability until the system became stable within

Å}O.Ol D. We have to measure plates over an area several times as large as those of the

object itself in order to subtract the sky background by interpolation (Jones et al. 1967).

The object galaxy NGC 5907 extends on the sky over 14Å~1.3 arcmin2, which is 13.6Å~

1.3 mm2 on the plates taken with the Schmidt telescope at the Kiso Observatory (the

plate scale is 62.592 arcsec mm-i). We measured plates to obtain two separate frames,

that is, a small, high-resolution, inner `galaxy' frame and a large, low-resolution, outer

`sky' frame including the former frame, as shown in figure 4. The sky frame was
measured with a Iarge slit size of 250Å~250 ptm2 and scaRning steps of 250 ptm over 30Å~

40 mm2 area. The galaxy frame was scanned every 15 ptm in X and Ywith a 25Å~25
ptm2 slit over 15Å~ 18 mm2 area. A scanning slit size nearly twice the scanning step was

selected for the galaxy frame to reduce the noises. A total number of data amounted to

100 KB and 4 MB for the sky and the galaxy frames, respectively. It needed 30 min and

150 min to obtain them.

    The calibration step wedges of each plate were measured for each frame. As the

raster scan of the galaxy frame needed a relatively iong time about 150 min, density

records might fiuctuate and/or drift, and the lamp might run out during the measure-
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The warping edge-on galaxy NGC 5907. The plate KL2663 was taken with the 105 cm
Schmidt telescope at the Kiso Observatory. Exposure was made on Kodak IIIa-J
(hypersensitized) through Schott GG 455 for 210min. The inner and outer squares
superposed indicate areas for the galaxy and the sky-background frames, respectively.

ment. These events were examined after the measurement of each frame by using the
scan of step wedges. Two wedges out of the four were measured at first before the scan

of each frame, and were used to draw the characteristic curves. After the scan of the

galaxy frame, the wedge which had been measured last before scan of the galaxy frame

was measured again to examine the stability of the microdensitometer. Differences

between recorded wedge densities of these subsequent measurements were less than O.1
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D for all cases, as expected from the performance test of MDM6. The sky frame was

measured in almost the same way as the galaxy frame. After the completion of
measurements of the galaxy and the sky frames in each plate a{ one stretch, the
stability was again examined to check the power of the lamp and the whole system.

4-2. Transformation in Intensity Scale

    Measured densiÅíies were converted into relative inÅíensities with the he}p of a

characteristic curve (HD curve), There exist several functional forms proposed to

represent the characteristic curve (see de Vaucouleurs l968). Tsubaki and Engvold
(1975) proposed a formula which can reproduce characteristic curves of various types:

Relative intensity, I, is represented in their method as

          logl =AiD+A21n(exp(BDC')-1)+A3exp(BDC2)+A,, (6)
where Dis density, A's, B, C's are coltstant Seven constants are determined iteratively

by the non-linear }east squares method.

    When the density was converted into the relative intensity, the output signal-to-

noise ratio (S/N)out was ca}culated for every pixel in the frame by equation (2). As we

could not derive granu}arity aD from step wedges used, we obtained the dependence of

aD on the density D by measuring many plates with various conditions of plate
treatment, for such dependence cannot be infiuenced by any treatment of plates
(Furenlid 1978). As seen in figure 5, ffD to D relation is well represented both for IIIa-J

aRd IIIa-F plates by straighÅí Iines except for the part of low densities. It is noted that

aD depends oR the density including the fog. Densities were measured with zero point

defined by the level without a plate in the measuring beam.
    Figure 6 shows examp}es of the characteristic curve, ap, and (S/N)out for the plaÅíe

KL2663. Tsubaki and Engvold's formu}a was fitted with residuals in log I of typically

O.02, which are presented in column 2 of table 2. For several plates, the residuals were

greater than O.03. In these cases density scales were differed systematically between

the two strips of step wedges measured due to unidentified cause.

4rm3. Sdy Backgronnd Subtraction

    The conÅíribution of the sky background including the fog was subtracted from the

object data. The local fiuctuations of the sensitivity of a plate, vignetting of the

te}escope optics and nonuniformiÅíy of the atmospheric transmission over the field can

be eliminated when the data are normalized to the local sky background, which is
obtained through interpolation of the sky data around the galaxy. Polynomial series

were used Åío fit the intensity distribution of the sky background by the least squares

method. There were stellar and small galaxy images aRd plate defects which we
removed from each frame before fitting the sky intensity distribution. In order to
remove the large images coarsely at first, we used a linear function of positions to fit the

intensity distribution in the frame including all images, and then omitted pixels,
together with the adjacent pixels, where the differences between the measured intensl-

ties and the linearly fitted sky level were greater than 2 a. Here ff is an r.m.s. deviation in

intensity in fitting the sky background. We repeated the same procedure but using the
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2. Characteristics of the surface photometry

Plate

(1)

Residual in
of the I{{D

lilog I
 (2)

fitting

curve

(%)
(3)

  sl<y
Order

 (4)

   Sky
frame
Residual
  (g06o)

  (5)

fitting

  galaxy frame
 Order Residual
         (ge6)
  (6) (7)

   Resiclual in
fitting of positions

     ("m)
      (8)

KL2656
KL2663
KL3204
KL3211
KL3314
KL3315
KL3316
KL3660
KL3662
KL3663
KL3707
KL3713
KL3715
KL3716
KL3771

l•i2i8

lgii8

llliiiiii

l'

4ik

ll

e.5, 4

O.55
O.45
O.57
O.87
O.56
o.or3

O.66
O.49
1.17
O.78
e.57
O.55
O.r)or

O.47

il O.70
O.58
O.56
O.6tt

l.37
O.68
O.63

O.86
O.59
1.40
O.83
O.69
O.65
e.7o
O.62

ig 1

i-

"Sky-fitting procedure was s}ightly different from

Intensity ratio
of the sky Ievel

    (10)

others.

r.rn.$. nelse
in the sl<y

   (%)
   (9)

3.22
2.72
3.11
3.31
5.95
2.94
3.24

3.90
2.97
6.36
3.47
3.16
3.01
3.26
3.IO

llili.

second-order polynomials and the threshold level in intensity of 2.5 a to remove the

faint stellar images. The second-order polynomials was enough for this purpose
because there was little difference between the 2nd- and the 3rd-order presentation of

polynomials for the removal of images (figure 7). The procedure was done iteratively

until the decrease in a by one step became less than 20 percent of the previous one.

Then the intensity distribution of the frame free from any images was fitted by
polynomials of the order from the O-th to higher, but less than the 8-th. This limiting

order was obtained to suppress the artificial osci}}ation of the functional form in the

area of the removed galaxy image (Jones et al. 1967). The r.m.s. deviations in fitting the

sky background decreased as the order of Åíhe fitting polynomials increased, as seen in
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Figure 5.

O 1.0 2.0 3.0 4.0                     Specular Density
  Granularity aD in specular density unit as a function of the density. aD was measured

  as the micro-noise by equation (4) from the total of 250 data points in the area of 50e

  Å~500 ptm2 for IIIa-J piates, or the total of 1000 data points in the area of 1000 Å~ 1000

  ptm2 for IIIa-F piates. A slit of 10Å~ IOO ptm2 (1000 gm2) was used. The abscissa is the

  specu}ar density including the gross fog. Different symbols correspond to diffeTent

  plates with various treatments, Straight lines indicate the mean relations adopted,

  which coincide neariy with those of Furenlid (1978).
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Figure 6,

                                                       oo
                           2.0
                   log l
The characteristic curve and the distributions of granularity aD and output S/N of

the plate KL2663. Densities are in unit of MDM6 specular density. The density at

the sky level is indicated. The maximum output S/2V is about 52.

figure7. If the r.m.s. deviaÅíion in fitting was less than 20 percent of the previous

deviation (less than O.1 percent of the sky brightness) as the order increased, we
completed the iÅíeration of fitting procedures. Figure 8 illustrates the example of the

intensity distribution of the sky background for the plate KL2663, superposed on a
isointensity map. The orders of fitting polynornials are shown in column 4 of table 2.

For three plates KL3204, KL3211, and KL3316, polynomeials of the same order were
used both for removal of images and for the fitting to the image-free data, and yielded

residuals which littie differed from the others as a result

    The local sky background lntensities, Js*, expressed by the fitting polynomials

were subtracted from the intensities in the galaxy frame, Ic, which were then devided
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Figure 7.

           ORDffR OF SKY-FIT"X-ING POLYNOMtAL
The r.ms. deviations in intensity as a function of the order of the sky-fitting

polynomial. Stellar images were removed by using the first- to third-ordered polyno-

mials before the sky-fitting was applied. For data from the plate KL3204, the
fifth-ordered polynomial was used for the sky-fitting, but the third order is enough

with the same accuracy as those of other plates.

by the local sky intensities to yield the relative iRtensities

          I,(., y)= lc(X,Ig.)(i,Il")(x, Y) (7)

    The relative intensities were not yet free of errors due to the dyift of the zero point

of the measuring machine, the out-of-focus effects caused by the plate bending, ancl

possible systematic differences iR characteristic curves for separate measurements in

the galaxy and the sky frames. We reduced these effects from the relative intensity in

the galaxy frame, IR (x, y), by applying the same procedures of the remova} of images

and of fitting of the sky background as for the sky frame but with the O-th or the

lst-order polynomia}s used, as shown in co}umn 6 of table 2. The reiative intensities

corrected for the drift and others were then obtained as

          1'(Jc, y) :(,llR-I's)/(1+I's), (8)
where I's were the relative intensities of the local sky background determined in the

galaxy frame of the relative intensities. The mean residual of all plates in the fitting

process of the sky background was O.62 percent of the sky brightness for the sky frarv}e

(column 5 of table 2) and the residual after the corrections for the drift and others for

the galaxy frame became O.77 percent of the sky brightness (column 7 of table 2).
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Figure 8. Distributien of intensity in the sky-background calculatedi with the fitted pelynomials

for the plate KL2663 plate. Thick lines indicate contours every O.25efo of the sky

intensity, superposed by thin contour lines of stellar and galaxy irnages. An inner

square shows the galaxy frame to be fully analyzed.

4ww4. Position Fitting among Plates

   We intended to stack plates as many as 7 plates in Jband and 8 in Fto improve the

output signal-to-noise ratios. Although all plates were set on the measuring table of
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MDM6 in the way as same as possible, but translations and a rotation of each frame
were necessary to achieve an accurate positional fitting among them.

    SÅíellar and nebular images were detected by an algorithm for "image pick-up"
sirnilar to one developed by Maehara (1981) in a procedure as follows: (1) A pixel with

intensity greater by 3 a than the sky intensity is considered as a part of one of object

images. (2) Images already detected are examined to contain the pixel newly detected.

(3) The pixel is added to one of the subsets of image pixels or stored as an independent

image. (4) At Åíhe same time the contacting images are separated. (5) An image with a

total number of pixels greater than 32 and spreads over more than two scanning steps ls

recorded.

    For the detected images we calcuiated parameters such as centroids of iinages,
total intensities, Åíhe pixel numbers, and mean intensiÅíies, and also recorded the peak

inÅíensities and (x, y) coordinates of the fu}1 extent of the images.

    The total numbers of the images detected in the galaxy frames were about 120 and

140 for Jand Fplates, respectively. The images with a total number of pixels greater

Åíhan 40 were used for the fitting procedure of the plate position onto that of the

reference piate KL3204. The parameters involved in the translations and the rotation

were derived by the least squares method and their residuals are shown in column 8 of

table 2. A mean residual of the position-fitting was 5.5 #m, i.e., one third of the scanning

step, which corresponds Åío O.34 arcsee in the sky.

   We translaÅíed and rotated the galaxy frames to the reference frame by applying the

procedures described above. This translation precess was inversely applied to the

frame already transiated to be compared with the original frame. The galaxy frame of

KL3211 was processecl to resglt in 4.0 ,ctm r.m.s. Thus, we conclude that the procedures

for the image piek-up and the translation were working accurately enough for our

purposes.

4m5. StackofPlates

    We have now in hand the galaxy frames in intensity-scale relative to the sky
brightness. The sky brightness varies day to day due to variabie sky brightness (city

light, airglow, and moonlight). The galaxy profiles in intensity were shifted to coincide

each other to be corrected for the relative differences in the sky brightness. We first

stacked piates by using this relative calibration, aRd the p}iiotoelectric calibration was

applied for the galaxy daÅía after the stacking.

    The relative calibration was done with pixels in and around the galaxy which have

a relative inÅíensity greater than O.2 (20 percent of the sky brightness) and (S/N)out

greater than 40. Column 10 of table 2 shows the ratio$ of the sky brightness relative to

that of the reference plate. As the quality of piates varies among plates used, a suitable

weight were applied in the stacking. We adopted (S/N)out as a weight for each pixel.

Arbitrary weights dependent on a exposure time were often used (Okamura 1977;
Burstein 1979). The plate quality can be well represented by the value of (S/N)out when

the faint level around the sky brightness is concerned. Burstein (1979) described that a

weight proporÅíional to the neÅí signal-to-noise raÅíio gives a higher weight to the brighter

part of the noise in the sky brightness, thus biasing the sky }evel. The va}ue of (S/N)out
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is not so a strongly varying function of intensity at the sky level as the neÅí S/N. The

effect of difference in weights due to the noise in the sky brightness was estimated to

be a shift of the sky level by Iess than O.05 percent. We confirmed that the sky level,

which was a Iittle greater or less than the exact value of zero for each plate,
substantially approached toward zero as plates were stacked.

   The intensity of the stacked image, Ix, was calculated by

          tsx, y) =i9gi:.iiLJ, (g)
                     /
where w=:(S/N)out and fi is the ratio of the sky brightness with regard to the reference

plate.

    The suppression of noise is proportionai to the square root of the number oi plates

stacked, as expected after the Poisson statics (table 3).

4--6. Smoothing

    A typical noise }evel of our photographic piates was three perceBt of the sky
brightness as seeR in column 9 of table 2. Stacking reduced the neise down te 1.5
percent for the IIIa-J image (7 plates) and down to 1.2 percent for the IIIa-F image (8

plates) as shown in table 3. These noise levels correspond to 4.6mag and 4.8mag
fainter than the sky brightness, respectively. We measured plates with a slit of a size

larger than a scanning step (25 ptm vs. 15 ptra) to supperess the noise, because a Åíypical

grain size of IIIa type emul$ion is about 10 ptm. After we reduced the noise by stacking

plates, we further suppressed the noise by smoothing data.

    Gaussian-weighted smoothing was applied to each point in a galaxy frame with an

extension of box area of the size twice an FWHM of the gaussian function. Valttes of the

FWHM were 5 arcsec and 7 arcsec for the IIIa-j and the IIIa-F image, respectively.

At the same time, the data size was compressed by one third. The srnoothing Iargely

reduced tke noise Ievel down to O.5 percent o{ the sky brightness for IIIa-J and to O.43

percent for IIIa-F, as shown in table 3. Gradual suppression of the noise Ievel in the

northern part of the ga}axy is shown by bird's-eye views in figttre 9. The right panel of

figure 9 shows the final frame obtained after the gaussian smoothing. A bright s{ar seen

                Table 3. Noise suppression by stacking procedure

Emulsion No.

(1)

of stacl<ed r.m.s. noise Estimated
plates in the sl<y r.m.s. noise"
             (gc6o) (grfso)

 (2) (3) (4)

Stacl<ed

(5>

plates

IIIa-J

IIIa-F

i'

8

2.05

1.46

1.65

l.31

l.21

l.58

1.26

1.56

1.36

1.24•

3204, .3211, 3315,

all IIIa-j plates

3662, 3713, 3716,

3660, 3662, 3663,
3716 3771   '
all IIIa-F plates

3316

3771,

3707,

3663

3713,

'Estimated from noises in the plates used except
KL3314(J) and KL3663(F).

shortly-exposed plates



F
ig

ur
e 

9.

7 
P

la
ie

s
 c

r=
l.4

6%
8 

P
la

te
s

 c
r 

=
 O

.4
8%

S
m

oo
th

ed

P
er

sp
ec

tiv
es

 o
f t

he
 d

is
tr

ib
ut

io
n 

of
 in

te
ns

ity
 in

 th
e 

no
rt

h-
ea

st
 r

eg
io

n 
of

 th
e 

ga
la

xy
 fo

r 
III

a-
J 

pl
at

es
. R

ed
uc

tio
n 

ef
 n

oi
se

s 
ca

n

be
 s

ee
n 

fr
om

 a
 s

in
gl

e 
pl

at
e 

(le
ft)

 th
ro

ug
h 

4 
pl

at
es

 a
nd

 7
 p

la
te

s 
st

ac
ke

d 
up

 te
 8

 p
la

te
s 

sm
oo

th
ed

 a
fte

r 
st

ac
ke

d 
(r

ig
ht

).
 T

he

r.
rn

.s
. R

uc
tu

at
io

ns
 o

f t
ke

 s
ky

 b
ae

kg
ro

un
d 

ar
e 

in
di

ca
te

d.
 A

 b
rig

ht
 s

ta
r 

on
 th

e 
st

ac
ke

d 
da

ta
 a

pp
ea

rs
 to

 b
e 

sp
lit

te
d 

du
e 

to

di
ffe

re
nt

 s
ee

in
gs

 a
nd

 e
xc

lu
si

on
 o

f t
he

 b
rig

ht
es

t p
or

tio
ns

 w
ith

 lo
w

 S
/N

 r
at

io
s.

 T
he

 d
at

a 
of

 8
 p

la
te

s 
sm

oo
th

ed
 in

ci
ud

e 
th

os
e

fr
om

 th
e 

pl
at

e 
K

L2
78

9 
w

hi
ch

 w
as

 n
ot

 u
se

d 
in

 th
e 

pr
es

en
t p

ho
to

m
et

ry
 d

ue
 to

 a
 Ia

rg
e 

de
fe

ct
 n

ea
r 

th
e 

m
ai

n 
di

sk
 o

f t
ke

ga
la

xy
. T

he
 n

or
th

 is
 to

 th
e 

bo
tto

m
 a

nd
 th

e 
ea

st
 to

 th
e 

rig
ht

.

'ii
li z



l58 T. SASAKI

in the northern portion of the figure has a fictitious spike in stellar profile in stacked

frames, which was caused by exclusion of pixels with (S/N)out Iess than 40 in the

stacking process. As the brigkt parts of the images are saturated, they possessed a Iow

value of (S/N)out as seen in figure 6.

    Final}y we obtained the stacked galaxy frames in intensity relaÅíive to the sky

brightness with the noise level suppressed down to O.5 percent of the sky brightness,

4-Z StarRemowal
    To derive photometric parameters such as total intensity and color, stellar images

were removed from the galaxy frames. Stellar images can be approximatecl by a
gaussian functioB at least near their center (Capaccioli and de Vaucouleurs l983;

Kormendy l973; Woolf 1982 and references cited therein). A two-dimensional gaussian

profi!e was applied to stellar images in the galaxy frames. Background of the galaxy
intensity was fitted by polynomials of the Åíhird order. Fitting of a ste}lar image and the

backgrouncl was performed simultaneous}y by Åíhe least squares method. Stellar images

were removed from the frame and were replaced by the background represented with
the third-order polynomials. Figure 10 shows the area free of stellar images by a box.

4-8. ProfileofStellarlmages

    Varying seeing has the greatest e{fects on the intensity distribution in areas with a

Iarge intensity gradients, such as in star images and in the central part of the galaxy. A

color map wottld be infiuenced by the difference in image sizes between the stacked

frames of two color bands. Particularly Åíhe color of the dust lane would be seriously

affected. To avoid these effeÅëts, the difference in the image size was corrected: The

frame with srnaller image size was convolved by the two-dimensional gaussian point
spread functlon to be matched to another frame with larger image size. The function

          I(x, y) = Aexp( 2(lilp,) [(X7.Xe )2

                - 2to( `C iZ.I XO )(Y71,YG)-e- (Yiil,YG )2]] -f- B, (io)

involves seven free parameters; the amplitude A, image center (xo, go), the r.m.s.

half-widths in x and ov directions, ax and ay, the correlation coefficient p, and the

constant B(cÅí Chiu 1977; Auer and van Altena l978). These parameters were
deÅíermined by the }east squares method. The image size is represented by

          FWHM =1.17(a.+a.). (11)
The value of FWHM for each piate is given in tab}e 1 together with the seeing size

estimated by eye at the observation. A comparison between FWHMs and eye-estimated
seeing sizes indicates that the latter correspond to the diameter with 45 percent of the

total intensity of a stellar image.

    As we could not convolve individual frames with the appropriate point spread
function due to the existence of the saturated part of the galaxy image, we stacked data

without correction for the difference in image sizes. The stacked frames exhibitecl
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NGC5907:J
     t56040

     ,56035

     '5603O

     '56025

Figure 10.
           15hlsM lsh14M
A contour map of the stacked data in Jband. The bQx shows the region for the
removal of stellar images aroundlin the galaxy. The longer side of the box is drawn

parallel to the major axis of the galaxy. Tip marks indicate 100 arcsec along the

major axis and 20 arcsec perpendicular to it, Contour levels are drawn with the
faintest level of 27.64 mag arcsec-2 and a step of O.5 mag arcsec-2. Arrows in the

margins indicate the position of the galactic center.

different star-image sizes of 6.6 arcsec and 5.0 arcsec FWHM for IIIa-J and IIIa-F,

respectively. When the gaussian smoothing procedure was applied to the stacked
frames, the difference in seeing size was taken into account: We applied gaussian

weights with an FWHM of 5 arcsec and 7 arcsec to the IIIa-J and the IIIa-F image,
respectively. The final image size resulted in 8.7 arcsec and 9.3 arcsec FWHM for the

smoothed, stacked frame in each color band.

    As we did not correct for the difference in image size in stacking, some errors

should be introduced to the stacked images. We simulated the effects of various image
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sizes by applying the gaussian smoothing with FWHMs of 5 arcsec and 7 arcsec to the

same data to estimate differences in intensity of the galaxy image. Intensities differed

about O.1 mag arouncl the clust lanes ln the ga}actic plane, but Åíhere was little difference

less than O.05 mag in the other regions of the galaxy.

   There are a few plates where the stellar images appeared elongated or doubled on

the visual inspection of original plates. We estimated the direction and the axial ratio of

their elongation in the seeing-correction procedure. We detectecl the maximum axial

ratio of 2 for the plaÅíe KL3771. As the seeing size in this plate was relatively small

compared with other plates, doubled images have been smoothed out during measure-
mefiÅís and Åíhe smoothing process, and had no serious effect.

    We estimated the total intensity, XI, of stellar images as

          il =2rrA a. a,(1-p2)ii2. (12)
Ratios of ÅíI between corresponding stars in one plate and the reference plate agreed

with the ratio of the sky backgrounds, fi, within 6 percent and 4 percent in J and F

bands, respectively.

4-9. Photoelectric Calibration

   The relative intensity was calibrated with the help of photoelectric aperture
photometry. Tifft (i961, i969) and de Vaucouleurs (1961) published the data of
photoelectric photometries at IO points in the galaxy NGC 5907. We summed up the
intensity within an area of the same size of the aperture at the same position as they

applied. Our pixel is of a square shape, while the apertures they used were of a circle.

The intensity in the pixels near the edge of the aperture was sumrried partia}ly within

the aperture to improve photometric accuracy. Figure 11 shows the re}ation of the

summed intensiÅíies to the corresponding photoelectric magnitudes. Our color bands J

and Fare related to Jonson's B and Vbands by

          J = V-i-O.35(B-V),

          Fx: V-O.69(B- V), (13)
and

          J-F =: 1.04(B- V)

(Oemler 1974; Kirshner et al. 1978; Thuan and Gunn 1976; Kormendy and Bahcall
1974). The photoelectric magnitudes were converted into J and F bands with the
relations (l3).

    Photoelectric magnitudes with apertures less than 30 arcsec deviate slightly from

the straight llne of the slope of 45 deg in figure 11. This seems te be caused by the

difficulÅíy to adjust the position of an aperture of a sma}I size at the desired position.

Thus the data for aperture sizes less than 30 arcsec were excluded in the calibration of

the intensity. The stralght lines shown in figure 11 were drawn to run through the
photometric data points for apertures greater than 30 arcsec. Units of intensities of the

stacked frames were estimated at 21.89 J mag arcsec'2 and 20.95 F rRag arcsec-2 with

deviation of O.04 mag and O.07 rnag, respectively. These unit Ievels correspond to the
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Figure 11. The calibration of the relative intensities using the photoelectric photemetries with

        apertures of various sizes. The abscissa is the estimated brightness in Jband (le{t)

        and in Fband (right) from B and Yphotometry, The ordinate is the sum of the
        calibrated intensity within a given aperture. 3"he straight line indicates the slope of

        unity, Centering errors could introduce the systematic deviations in photometry
        with apertures smaller than 30 arcsec in diameter, Data obtained with apertures
        greater than 30 arcsec were used to calibrate the photographic data.

extra-atmospheric sky brightness at the mean zenith distance (de Vaucouleurs 1975).

The mean zenith distance was about 30 deg foT our observations.

    We then obtain the brightness distribution down to 27.64 Jmag arcsec-2 and 26.70

Fmag arcsec"2, which correspond to O.5 percent of the sky brightness. van der Kruit

(1979) published the contour map of NGC 5907 down to 27.5 mag arcsec-2 in the similar

color band to our Jband. It is seen by comparison between our contour map in figure

10 and his figure 7 that the lowest level in our contour map is about 1 mag fainter than

that of van der Kruit's. This difference in brightness agrees with a difference of zero

levels in brightness by O.86 mag between van der Kruit's and ours, as shown be}ow,
added by a difference in nomina} brightness of the lowest level in contour maps by O.14

mag.

5. PhotometricErrors

    Photographic photometry is subjectee to various errors. Errors, which are intro-

duced in certain processes, propagate to final data to deteriorate the photometric

accuracy. Some errors are systematic in nature. These errors can be detected by
comparing the data with those obtained by lndependent observations and/or methods.

Errors of various types are introduced through image processing as described above;

measuring errors such as instability of the system and drift of zero point in measure-

ments, residuals in fitting of characteristic curves and in fitting of the sky background,

errors introduced Åíhrough translation of the frames to fit the positions, errors in ratios

of intensity levels in stacking, and errors in photoelectric calibration. Procedures

app}ied in fitt!ng the sky can reduce errors introduced by the photographic treatments
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and the measuring machine. Stacking of plates can suppress errors both of systematic

and random natures.
    Errors introduced by granularity were of the order of O.02 D which corresponds to

about 1.5 percent of the sky brightness. Residuals in fitting of the characteristic curves

resulted in O.02 iR log I, i.e., 4.7 percent of the sky brightness. These are of systematic

nature for each plate. Mismatch of positions by 4.0 ptm might cause errors in intensity

of the galaxy by the maximum of 4.1 percent of the ga}axy brightness along the minor

axis. This error is equivalent to O.3 percent of the sky brightness at the level of 3 mag

fainter than the sky. Errors introduced in fitting sky levels among plaÅíes were estimated

at less than 6 percent and 4 percent of the sky brightness in J and Fbands by using

stellar photometry (section 4-8).

    Systematic differences among plates were examined by drawing profiles along the

major and the minor axis of the galaxy. Profiles were obtained by averaging the data
every 5 arcsec over 5Å~20 arcsec2 with the short side along each axis in Jband. A

difference of a profiIe of each frame from that of the stacked frame is plotted against

the distance from the galactic center in figure 12, where different symbols correspond to

different plates. In figure 13, the r.m.s. deviations of profiles from the stacked profiIe are

shown against the distance from the center and against the surface brightness. We see

from these figures that Åíhe luminosity distribution agrees to each other within Å}O.05

mag except in the central region and outer faint parts. Large deviations in the center

greater than O.lmag are over-estimaÅíed because the limitation of data with
(S/N)out>40 in stacking excluded the data which systematically deviate near the center

in the deeply-exposed plates. Three plates were used to derive the stacked profile in Åíhe

center as indicated in figure I2. The true error in the center is estimated as about O.1

mag. In the regions more distant than r=:325 arcsec (fainter Åíhan 24.5 mag arÅësecnv2),

errors increase rapidly to the r.m.s. deviation of O.9 mag at the surface brightness 27.64

mag arcseÅë'2. Stacking can reduce errors by an amount proponional to a square root of

the number of plates (Åíable 3), though level fitting in stacking introduces some errors.

We stacked 6 deep IIIa-J plates and 7 deep IIIa-F plates. The accumulated errors in
the stacked frames were of O.04 mag or 3.9 percent of its brightness at the level bTighter

than ptJur24.5 mag arcsecnv2 and O.46 mag or 53 percent of its brightness at 27.64 mag

arcsec-2 iR J band. The nearly constant errors in the bright levels are mainly due to

systematic ones, though tke large errors in the faint levels are of random nature to
depend on the size of the used area, which we used of 5Å~20 arcsec2, in examing the

errors. These errors are com' pared to errors in the photoelectric calibration of O.04 mag

Figure 12. Brightness differences between profiles obtained frorn the original data and the

stacked, smoothed data aloRg the major axis (lower panel) and the rninor (upper

panel) in J band. Brightness differences are shown in mag with zero at the
korlzontai line. The ab$cissa indicates the distance from the center in arcsec along

the major and the rninor axes. Profiles were obtained by averaging the data every 5

arcsec within an area of 5Å~20 arcsecZ with the shert side parallel to the axes. The

systematic deviations appear in the central portion, but are fictitious because most

of the central data of deeply exposed plates were not used due to the low S/N
ratios. Abrupt increases of deviations occur beyond 325 arcsec and 42 arcsec along

the major and the minor axis, respectively.



164 T. SASAKI

2.0

crAMJ

mag

1 .0

o.o

@s
oN
MNOR AXI$

e

e

 e eeeee e
     e
e

o

e

o

e

8

%

     o
  e oOoee
ee

ee%e oO

o

dv

g

  oee

e

e

o 2eo 400
                               R arcsec
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            the di$tance from the center in J band. The large deviations near the center are

            fictitious as noted in the caption of figure 12. 0pen and filled symbols show the

            northem and southern portions of the galaxy, respectiveiy.

(3.80fo) and O.07rr}ag (6.796) in J and F bands, respectively. WheR figure 13(b) is

compared with figures 2 and 3 of van der Kruit's (1979), r.m.s. deviations of brightness

show similar trends against the surface brightness. As the random noise and certaiR

systernatic errors were reduced by the stack of plates, we ackieved an accuracy in the

surface photometry of NGC 5907 at least 1.7 times as high as that of van der Kruit's.

    We can esÅíimate the systematic error in determination of the sky background by
plotting the color (J-l7) agalRst the surface brightness. An artificial shift of the sky

level becomes evident in regions of low brighÅíness; {he brightRess distribution shows

the false ciltoff in the outer faint portion (Capaccioli and de Vaucouleurs 1983; de

Vaucouleurs l948) and the color becomes systematically recl or blue in the outer part of

the galaxy. Figure 14 illustrates the color distribution againsÅí the surface brightness.

Broken lines indicate the spyead of celors if given systematic errors were introduced in

one of the two color bands. Systematic deviations are not seen in figure 14. Plotted

colors are scattered in the figure over the region where Åíhe data might be distributed in

the case of the photometrlc error of O.5 to O.75 percent of Åíhe sky brightness. It does not

conflict with a random noise of O.5 percent attained after stacking.

   The accuracy of an image processing system was examined by performing the
surface photometry of the standard galaxy NGC 3379. The galaxy NGC 3379 was
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observed and processed with the same conditions and methods as those that NGC 5907

was treated with except stacking plates. We analyzed one piate of NGC 3379. The E-
W profile is shown in figure 15, together wlth the standard profiie of de Vaucouleurs

and Capaccioli (1979). Our profile follows the standard profile with accuracy of O.05

mag (4.70/o) at the level brighter than 24.9 J mag arcsec-2 and O.3 mag (32e/o) at 26.i J

mag arcsec-2. We estimated the zero-point difference in brightness by shifting our

profiles to coincide with the standard one. As the central part cannot be used due to the

saturation, differential aperture photometry was also applied to the galaxy. The zero

level in brightness agreed within O.03 mag between our data and de Vaucouleurs and
Capaccioli's standard data.

    van der Kruit and Searle (1981) published the profiles of NGC 5907 at x =20.4

arcsec along the major axis, where x is the distance from the galactic plane. Their

profiles were compared with our profiles in figure 16, which were obtained with the

same binning size as van der KruiÅí and Searle had ttsed. As there were some
differences between their data and ours in the position of the ga}axy center and in the

position angle of the major axis, these two parameters were determined to yield the

saine differences in the central brightness between the northern and the southern
profiles in their profiIes and ours and to minimize differences in brightness along the
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Figure 14.

        20 22 24 26 28
                        J (mag /a")
(J-F) celor distribution against the surface brightness parallel to the major and

minor axes. The data are scattered in the low brightness level due to the back-

ground noises and the possible systematic error in determination of the sky leve},

Dotted curves show the range ef scatters expected from the noises or errors of
O.259o, O.5%, O.750rb, and l.OOfo of the sky level,

who}e profiles. The resulting difference was estimated as iess than O.2 mag at the
brightness level of 22th25 mag arcsec"2 and less than O.4 mag at 25-27 mag arcsec'2.

The zero leve} in brightness differed by about O.86 mag arcsec'2, which includes the

correction of Åíhe sky brightness in van der Kruit and Searle's data by O.2 mag (van der

Kruit and Searle 1982).

6. Applieatien of the Digital Surface Photometry te NGC 5907

    The galaxy NGC 5907 manifests the conspicuous warp in the outer HI disk,
though the galaxy is considered as an nearly isolated ga}axy without companion
galaxies which could approach to the galaxy duriBg recent 10" years in the past As the

hypothesis had been commoRly accepted that the tidal interaction by nearby compan-
ions could cause the warp (Hunter and Toomre 1969), Sancisi's (i976) discovery of the

}ayge HI warp in this galaxy was epoch-making. van der Kruit (i979) has performed a
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         west direction through the center. A photographiÅë plate was processed by using
         nearly the same procedures as for NGC5907. Profiles were obtained by averaging
         the data every 5 arcsec within an area of 20Å~5 arcsec2 with the short side along

         E-W direction. Our profiles are shifted to be compared with the standard profile.

         Except of the saturated ceRtral part, our profiles (thick lines) agree very well to the

         standard profile (a thin line). External photometric errors are estimated as O.05 mag

         at ptJ<25 and O.3 mag at ptJ== 26.
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            Searie (1981), Our profiles are indicated with dots and those by van der Kruit and

            Searie with lines, The positions and the positien angles of our profiles were
            different from those of van der Kruit and Searle's in erder to minimize the effect of

            errors in the position of the galaxy center and in the position angle of the major

            axis. Photometric differences are less than O,2 mag at xtJ==22m25 ancl }ess than O.4

            rnag at ptJ =25-27, A difference in zero-point is O.86 mag,

surface photometry by using the Palomar 48 inch Schmidt telescope. He stacked two

deep IIIa-J plates and achieved a photometry down to the faintest level of 27.5 mag
arcsecnt2. He cou}d detect the marginal hint of the warp in the outer stellar disk.

    IR order to conErm his marginai detection, we used now a toÅíal of thirteen deepest

plates and two shortly-exposed plates taken at the Kiso Observatory during four
seasons from i979 to l982. Tkese plates were measured and analyzed by the method
described in the previous section. FiRa}ly they were stacked to a composite intensity

frame in each color band, J and E The accuracy of the photomeÅíry was achieved to
O.04 mag at the ievel brighter than 24.5J mag arcsec-2 and O.46mag at the faiRÅíest

brightness of 27.64 Jmag arcsec-2. The lowest brightBess we detected is 1.0 mag fainter

than that of van der Kruit (1979), and the accuracy we achieved is 1.7 times higher.

Detailed photometric data of NGC 5907 are derived from the composite frame in this
paper. The detection of the warp in the ste}lar disk is discussed in a separate paper

(Sasaki 1987).

    Contour maps in J and Fbands are shown in figure IO and 17. The faintest levels
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Figure 17.
    15h15M lsh14M
Contour map of the luminosity distribution of NGC5907 in Fband, A faintest level

(dotted lines) corresponds to xtF=26.70. Contours are drawn every O.5 mag arcsec-2.

correspond to the detection limits, i.e., 27.64 Jmag arcsecTZ and 26.70 Fmag arcsec-2. A

step of contours is O.5 mag arcsec-2. The brightest contour levels at the center of the

galaxy are 19.64 Jmag arcsec-2 and 18.70 Fmag arcsec-2.

   There are many foreground stars which disturb photometric parameters to be
derived. These stars were removed with the procedure described in section 4. The star

removal was needed in the portion that was used to derive the photometric parameters

(figure 10). There remain some traces of the removed stars, especially of bright stars.

The sum of intensity of removed stars was about 9 percent of the total intensity of the

galaxy. The remained intensity of the bright stars does not exceed a few percent of the

star intensity. These traces can little affect the results concerning the photometric

parameters.
   The coordinates of the point with the maximum intensity in the galaxy were
calculated as the nominal galactic center with regards to stars around the galaxy whose

coordinates were quoted from the star catalog of the Smithonian Astrophysical



l70 T. SASAKI

QbservaÅíory. An accuracy of the resulting coordinates was estimated as O.5 arcsec. The

coordinates obtained are given in table 6.

    Photometric parameters in the de Vauceuleurs' system are derived from the
stacked frame free of stellar images. According to de Vaucouieurs and Page (1962) and

Tsikottdi (1977), the parameters are defined for an object having noncircular, irreguiar

isophotes as follows: The differential brightness, ALK, is defined as a sum of intensity

wlth JKSJ< Jts-i for the k-th contour. The total (or asymptotic) luminosity is ca}culated

as

                    lmtn          LT=imlitlli-Io ,,X,... llLic' (14)
A small extrapo}ation toward Imin :O is needed (de Vaucouleurs I960), which amounted

to about 1 percent of the total intensity of the galaxy. An equivalent radius as function

of intensity, r*, is defined by the relation

          r" =(A/rr)i/2, (15)
where A is the total area enclosed by the isophotes of intensity I, including "isiands".

Mean }uminosity distributions are given agaiRst the equivalent radius in figure l8. The

relative integyated luminosity is obtained (figure l9) as

          k(r*)=L(r")/LT, (16)
where L(r*) is the integrated luminosity emitted between Imax and I(r*). The equiva-

lent effective radius, ri within which half of the total luminosity of the galaxy is

emitted, is defined by

          k( re*)= 1/2. (17)
The effective surface brigktness, pte, and the effective surface intensity, Ie, are estimated

Mag/uit
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at ri The mean surface intensity, Ie', inside the effective radius is given by

          Ie' X Lr/2rr(re*)2 .                                                                      (18)

Tha mean surface brightness is

          ge ,' -- MT+5 !og r," + 2.5 }og(2 rr) .                                                                     (19)

Here MT is the toÅía} magnitude of Åíhe ga}axy.

    The reduced variables, n and p*, are used to describe the reduced mean luminosiÅíy

profiles in J and Fbands (tables 4 and 5):

          n=: I/Ie,

          p*=r*/re*. (20)
AddiÅíional dimensional parameters are defiRed as

          k(ri*) =1/4,

          k(r3*) == 3/4. <zl)
Two concentration indices are determined by

          C21* = re*/ri

          C32* == r3*/re*. (22)
    The semi-major and semi-minor axes, a and b, are determined as the mean distance

of pixe}s with intensity between Ih-i and lh near the axes. Photometric parameters are

derived based on the clata within the box area shown in figure IO, free of stellar images.

The derived parameters are not affeeted with reasonable to}erance in the size and the

orientation of the box area.

   We summarize the photometric parameters derived for NGC 5907 in table 6. The
total magnitude of Åíhe galaxy, BT, and color, (Brm V)T, are given as Br=:ll.O mag and
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Table 4. Mean 1 luminosity distribution in NGC 5907

g log l AL 2 zlL A  *?•-
le (r*) a b/a p Iog op

l•:'ei
l:ii
#ili
igiili
l-ili2

ii:lgi
s,ii

 O.9 O.Ol8
 O.8 O.154
 O.7 O.173
 O.6 O.234
 o.s e.4os
 O.tl O.-406
 e.3 e.rrJe4
 O.2 O.689
 O.1 O.792
 O.O 1.093
-O.1 O.933
-e.2 O.752
-O.3 O.472
-O.ti O.336
-O.5 O.276
-e.6 O.245
-O.7 O.203
-O.8 O.161
-O.9 O.l26
-l.o e.lol
-1.1 O.079
-1.2 O.066
-1.3 O.053
-l.4 O.044
-I.r) e.o3s
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Notes: ge in J mag arcsec
      in arcsec, p=r r*

-2 , Iin arbitrary intensity units, Lin Jmag, A in arcrnin2, r* in arcsec, andi a

/re* and leg rp =iog (l/Ie>; rp"=1 for st"" pte =21.79.

(Bpm V)T==O.77 in RC2. They are converted to our color bands; ,JT(RC2)=10.50,
F7(RC2)="9.70, and (J-F)T(RC2) :O.80. These values coincide fairly well with our

estimation, leaving small differences of AJ = O.i7mag, AF"=O.l7mag, and A(JptF) :

O.O mag.

    Figure 20 shows axial ratios as a function of the semi-major axis a. The axial ratio

tends toward b/a-JO.5 in the nuciear region, where the strong extinction by the dust

iane may hide a half of the bulge. The ratio decreases to b/a =O.15 at a=" 105 arcsec. In

the region of 3'<a<5' the mean axial ratios become O.11 with an r.m.s. deviation of

O.O04 both in Jand Fbands.
    The true axial ratio of disk galaxies seen exactly edge-on has been considered to be

O.2 (Hoimberg l946). Some galaxies of type Sc have the axial ratios smaller than O.2

and NGC 5907 is one of the flattest system among Sc galaxies (Heidmann et al. 1972).

Some galaxies of type Sd have axiai ratios even ciose to O.e5 (Goad and Roberts 1981).

The inclinations of galaxies have been often calculated by assuming the true axial ratio
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Table 5. IV!ean F }uminosity distribution in NGC 5907

# log l diL XAL A r* le fr *) a b/a p log v

iiiiil
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ggili
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o.g o.ols e.ols
O.8 O.l88 O.206
O.7 O.220 O.426
O.6 O.264 O.690
e.5 O.398 l.088
O.4 O.443 1.531
O.3 O.537 2.068
O.2 e.577 2.645
O.1 O.547 3.191
O.O O.707 3.898
 .1 O.740 4.638
 .2 O.616 5.254
 .3 O.505 5.759
 .4 O.361 6.120
 .5 O.249 6.369
 .6 O.202 6.571
 .7 O.l62 6.733
 .8 O.l49 6.882
 .9 O.121 7.003
 .O O.101 7.104
 .1 O.076 7.179
 .2 O.064 7.243
 .3 O.049 7.292
 .4 O.040 7.332
 .5 O.032 7.364
 .6 O.026 7.390
 .7 O.021 7.411
 .8 O.O19 7.430
 .9 O.Ol8 7.447
 .O O.O14 7.461
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Notes: xtinFrnagarcsec
      ln arcsec, p= r*

-2 , Iin arbitrary intensity unit$, L in F mag, A in arcmin

/r,* and leg o==log Q/Ie); nnt-Hor pt--pte--20.84.

2, r* in arcsec, and a

of O.2 for all disk gaiaxies and the inc}ination of NGC 5907 was estiry}ated as i--87e

(Roberts 1969, 1975). It is worth to note that the existence of flaÅí galaxies with an axial

ratio less than O.2 introduces some errors in the inclinations calculated under the

assumption of the intrinsic ratio of b/a=O.2 as noted by Heidmann et al. (1972). For
NGC 5907, we now obtain the inclination of 88" by using the intrinsic axial ratio of Sc

galaxies derived by Heldmann et al (1972).

    In order to examine the optieal warp clearly, the vertical profiles perpendicular to

the major axis are drawn every 50 arcsec in r. They are obtained by averaging
intensities every 5 arcsec within an area of 5Å~2e arcsec2 parallel aRd perpendicular to

the minor axis. Profiles are shown for Åíhe portion brighter than 28 mag arcsec'2. They

are fairly symmetric about the galactic plane as indicated by van der Kruit and Searle

(1981). Each profile is reversed around the major axis and is drawn together with the

reversed one in figure 21. The systemaÅíic shift betweeB the reversed and the original

profiles, if any, is interpreted as indication of the warp, which is discussed in the
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Table 6. Photometric parameters ef NGC 5907

Right ascensioR (l950)i'

Declination (1950)i)

Galactic coordinate

Type2)

Apparent distance modulus

Geometric distance adopted

  b;•

M-x

15h 14M 35.81S

56" 30' 42,5"

91.58", 51.09"

SA(s)c:sp

30.21

Il.e Mpc
(3.20 kpc arcminewi)

J-band F-band

Totai apparent magnitude

Absolute magnitude

Absolute luminosity

Major axis position angle

Mean axis ratio

IncliRation

Observed peak brightness

The threshold surface brightness

Major axis at threshold

Minor axis at threshold

Major axis at #=25 mag arcsec"2

Minor axis at pt = 25 mag arcsec't2

Luminosity within #== 25 mag arcsecma'2

Parameters at k=:1/4

  Semimajor axis

  Axis ratio

  Equivalent radius

  Surface brightness

Parameters at k= 1/2 (effective)

  Semimajor axis

  Axis ratio

  Equlvalent radius

  Surface brightness

  Mean surface brightness

Parameters at k=:3/4

  Semimajor axis

  Axis ratio

 O L / Lfi•

a>/b<

  c-]

:
 L%   ael

i,ii 2

    -2     c     p     o   Lkill  iS

 *i 2a

;Ii[:gI[
,t ll'

  10,67

- 19,54

   9.84

     l56"

  O,109
<2f92<a<5f25)

      88o

  19.64
 628.8

  27.64
   O.40

  14.540'
  46.52 kpc

   1.961t
   6,27 kpc

  IL453'
  36.65 kpc

   1.582t
   5,06 kpc

  O.959

  O.869t
   2.78 kpc

   O.207

   O.481'
   1.54 kpc

  21.21
 148.1

   2,020'
   6.46 kpc

  O,140
  O.866'
   2,77 kpc

  21.79
  86,8

  21,24
 144.1

   3.752t
  12,Ol kpc

  O,107

   9.87

-20.34

   9.89

  O.112
<3f08<a<5f15)

 18.65
 836,7

  26.70
   e.so

  13.554t
  43.37 kpc

   l.91gt
   6.14 kpc

  11.660'
  37.31 kpc

   1.662'
   5,32 kpc

  O.978

  O,737'
   2.36 kpc

  O.230
   O.420'
   1.34 kpc

  20.10
 220.1

   l.705'
  5.46 kpc

  O.155
  O.772t
  2.47 kpc

  20.84
 111,3

  20.19
 202.6

   3.459t
  11.07 kpc

  O.l13
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 Equivalent radius

 Surface brightness '

Concentration indices

 *r3

Xt3
L3 (Lo pc-'2)

C2i" re*/ri*

C32 == r3*/re*

 1.278'
 4.09 kpc

22.55
43.1

 1.800
 1.476

 1.l86'
 3.79 kpc

21.66
52.3

 1.838
 1.536

'} Position at the maximum intensity, 2) From the RC2.

1.0

b/a

 O.5

NGC59e7

b/a=o.iog

j

b/a =oni2

F

       o.o          o" 2oot' 4ootl e" 2oo" 400t'                       aJ aF
   Figure20, Axial ratios, b/a, along the major axis versus the mean semirnajor axis, a, of
           isophote$ in Jand Fbands. Horizontal lines show the ranges where the mean axial

           ratios are obtained.

separate paper (Sasaki 1987).

7. Summary

(i) Obsevations were done with the 105 cm Kiso Schmidt telescope. The plates weTe
exposed to achieve the density level of the rnaximum DQE in order to detect the faint

outskirt of the galaxy.

(2) We can measure plates with an accuracy of O.Oi D with the measuring machine
Joyce-Loebl MDM6. A positional accuracy of 2 ptm and a spatial resolution of 10 ptm

are achievable. The machine needs a warming-up time of typica}ly 3 hours. A short

depth-of-focus would have some effects oR measurements, but it compares to the drift

of the intrinsic density scale of the machine.

(3) We summarize procedures for the image processing of the photographic plates in a

flow chart (figure22). We analyzed the plates and stacked Åíhem to achieve the
photomeetric accuracy of about O.04 mag at levels brighter than 24.5 Jmag arcsecww2. For

the faintest leve} of 1 a of the sky brightness, #Jx27.64 mag arcsec"2, we achieved the

photometric accuracy O.46 mag by stacking. Systematic errors can be less than O.75
percent of the sky brightness. A comparison of the profi}e of the standard galaxy NGC

3379 with that of de Vaucouleurs and Capaccioli's indicates thaÅí photometry was
performed in one plate with accuracy higher than O.3 mag down to the }evel of 26.1 J

         -2magarcsec .
(4) The surface photometry of NGC 5907 was performed in Jand Fbands using seven
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    Figure 21 (c).

Superposition of every luminosity

profile parallel to the minor axis

(thick line) and its reversed profile

(thin line), Profiles are shown at the

distance from the galactic center
along the major axis r=O", Å}10",

Å}20", Å}30", Å}50", Å}75", Å}100",

Å}lso" , Å}2oo" , Å}2so", th3oo", Å}

350" , Å}400" , and Å}450". The
abscissa 2' is the distance from the

axis parallel to the major axis and

shi{ted by 2.5" from the major axis.

The prefiles show fairly symmetric

with regard to the major axis fer r <

200 arcsec. Beyond there they devi-

ate from symmetry to manifest the
warp in the outer part.

Galaxy frame Sky frame Wedgedata

Olconver-.slon Dlconver-.slon HOCurve
fitting

Skyfitting

Skysubtractlon

Correctionforzeropointand
dr{ft

Detectionofimages

Calculationefpositionatparameter$
ofplate

Translationandrotationef
theframe

Derivationofintensity-level
fittingparameters

Stackofplate$

Gaussiansmoothing

CalibrationwithPephotometry

Starremoval

Figure 22. A fiow c hart of image processing.

and eight deeply-exposed plates, respectively. Photometric

a conventional manner. Photometric data are presented in
according to de Vaucouleurs' system. Vertical profi}es are

ones to investigate the warp of the galaetic disk.

parameters were derived in

tabular and graphic forms

drawn with their reversed
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