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Abstract. Wc combine the ISOPHOT 60 animage of
Tufls ¢t al. (1996) and VI.Aradio continuumimages at 6
and 2 cmfromthe literature to study the 60 junlight dis-
tribution and its correlation with radio continuum within
the disk of nearby spiral galaxy NGC 6946, at an effective
resolution of - 52" (= l.4kpc at a distance of 5.5 Mpc).
Our maintesults are: (1) The galaxy disk at 60 yum appears
to follow an exponentialform out to atlecast the 25th blue
surface magnitude Our best estimate of its ¢- folding scale
length is 1'.25 4 0'.04 which isless than that measuredin
radio continuun a the 3o significance level. (2) Wit, hin
the galaxy disk but outside the inner 2.4 kpc,the 60 gan-
to radio continuum surface brightness ratio, Q, decreases
radially outby a factor of 1.7 on average between 1'.5 and
5'.5; the infrared and radio iorphologies arc quite simi-
lar; and @ is quantitatively better correlated with surface
brightness than with radius. These results arc consistent
with previews findings based on resolution-enhanced IRAS
data.

Xey words: Galaxies: individual/NGC6946 - galaxies:
ISM infrared: galaxies - radio continuuni:galaxies

1. Introduction

IRAS hasrevealed a good correlation between the therimal
fat-infrared (FIR) emission and the primarily non-thermal
radio coutinuum emission for spiral galaxies (e.g., Dickey
& Salpeter 1984; Helou, Soifer, & Rowan-Robinson 1985,
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. Based on observations with 1S0, an ESA project with in-
struments funded by ESA Member States (especially the Pl
countr its: Pance, Ger many, the Netherlands and the United
Kingdom) and with the [participation of ISAS and NASA.

Condon, Audetson, & Helou 1991). More detailed studies
of adozen or so nearby galaxies using IRAS HiResimages
showed that the FIR-to radio surface brightness (SB) ra-
tio, @, generally decreases with increasing radius in these
galaxies (e.g., Bicay & Helou 1990; Marsh & Heloul1993).
This systematic variation of QJ may play a crucial role
inunderstanding the physics behind the global infrared -
radio correlationamong galaxies (11clou & Bicay1993).
Some studies however did not confirin this systematic be-
havior of Q (e.g., Fittet d. 1992). Thisled to a question
whether the observed radial drop of ¢ may bean artifact
of thelRAS data processing. In this letter, wc usc new
data from the Iufrared Space Observatory (1S(); Kessler
ct al. 1996) without any resolution enhancement to snow
that this radial change of Q is real in NG C 6946.

Given its laige angular size (1),5= 11'.5) and nearly
face-on appearance (inclination = 300), the spiral galaxy
NGC 6946 is among the Lest objects for studying the
FIR light distribution (e.g., Engargiola 1991) and its cor-
relation with radio continuum within the galaxy disk
(e.g., Bicay, llclou, & Condonl989). Thehigh sensitiv-
ity of the 1S01'110'1"" (Lewmke c a 1996) not only makes
it possible to push such studies to a fainter SB aud soue-
what a finer angular resolution than before, but also in
the case of NGC 6946, serves as anindependent measure-
ment of the shape of the radial SB profile at - 60 jun for
which the result from the IRAS CPC observations (van
Drielet al. 1995) apparently differs from that based on
the co added IRAS scans (Bothun & Rogers1992). While
the SB distributions at various FIR wavelengths arc dis-
cussed mainly inTuffs et al. (1996), wc limit this letter
to acomparative study of the 60 gmand radio continuum
emissions within the galaxy disk. We briefly describe the
data in §2, discuss the infrared and radio light distribu-
tions in §3, and study the spatial variation of Q in§4,and
finally give a summary irr §5.
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2. Tnfr aved snd Radio Images
2.1.1SOPHOT [mage at 60 jim

The 60 pmimage used here was obtained by the
ISOPHOT (hereafter 1'1{"1") “andreported ih Tufls et
al. (1996), wherethie observational and data reductionde-
tails are also given. The overall flux calibration was done
using the IRAS data. The finalimage has an eftfective an -
gular resolution of ~ 527 (== 1.4 kpc at the distance of
5.5 Mpc of Pierce 1994) and anr.m.s. noise of about 0.7
MJysr b

Two potentially important systematic errors onthe
disk SBincasurement arc the stray -light contamination
from the bright galaxy nucleus and the detector transient
effect. The stray-light contamination at a radius of 5’ was
estimated Lo beless Lhan a few tenths of percent of the
peak respouse, or a level comparable to the map noise.
The detector transient eflect is probably significant oniy
within one resolu tion element of the galaxy nucleus (Tufis
et al. 1996). Nevertheless, we shallroughly estimate this
transicnt cflect on the SB of the outer disk by comparing
the data in the PHT in-scan direction with that in the
cross-scan direction (sec Tuflset a. 1996) in §3, and derive
a conservative upper limit on all possible systematic errors
by a comparison with IRAS data in §2.3.

2.2. Radio Cont inuum [mages

Theradio continuum unages a 6 cinand a 20 cru were
taker] from Beck & Hoernes (1996) and Beck (1991),
respec tively. The 6 ¢m radio image combined a low -
resolution map from the b flelsberg telescope with a high
angularresolution VI, A D-array map which has a beam
size of 12 “.5 and an r.m s noise of ~ 20 ply per bean,re-
sulting in a more accurate measurement of the total radio
power. The V ILA 20 cm radio image has a beam size of
42" and an r.m s noise of ~d0uly pcr beam. Wc have
processed both radio images to be comparable to the PHT
image in resolution and pixel size. Ther.m.s.noises of the
final radio images arc on the order of 10™3 MJy sr=! each.

2.9. Comparison of the PHT and IRAS images

W ¢ compared the PHT image with an IRAS image at
60 sumcounstructed using IPAC’s HiRes software with 20
iteration steps, which should have an eftective resolution
of 40" to 60" and an r.m.s. noise of 0.66 MJysrl.The
result of the comparison is sutnmarized in Table 1 which
gives, for each bin in the face-on radius ro, the number of
cells (to be explained below); the mean PHT SB, < P >,
in MJysr~1; the ratio of < > > to the mean IRAS SB
<1 >; and the r.m s, of (I' -- 1) in MJy st'’. In evaluating
these parameters, each of the galaxy images was divided
into cells of 40" x 40". The radius of each cellin the plane
of the galaxy was determined using an inclination angle of
30° and a position angle of 69° (N to E). Except for ro < v’
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whete the PHT data are known to underestiimate t
SB ('I\IHS ct al 199(}). the two tmaps agree with cach other
withiy ~40% .0outl to re =~ . The PHT map however %
systematically brighter than the ITRAS map if the ()uL(-;
parts of the disk. We show in §3 that this discrepancy
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artses tnanly from the PHT data cells nes T
direction ll?lthc abseuce of dcaﬁ;(lltlltf:-li:(:/:(!t({lri(;[%:;(:{(lr‘x';
cither map, we take this discrepancy as arr upper limit
Lo systematic errors aflecting the PHT map anduse the
IRAS data for cells with ro <1.'5 irr the remainder of this
letter.

Table 1. Comparison Of the ISOPHOT and IRAS images

ro {(arciuin) <1 1-2 2-3 34 4-45 45-5 5.
No of cells 7 18 32 42 24 30
< P> 800 39.5 27.2 14.9 8.9 6.7
<P’>[/<! > 0.4 0.8 1.0 0.9 1.2 14
vws. (P2 - 1) 719 19.s 8.3 6.3 4.2 3.1

3. FI R and Radio-Continuum Light Distributions

As illustrated in Fig. 1 where the PH7T nnage of NGC 6946
at 60 pmingrey scale is overlaid with its radio continuum
image at 6 cm in contours, the overall morphological re-
semblance between the infrared and radio 1mages appears
to be good out to at least the last contour at rg - 5°.5.
Theisophotal shapes arc quite similar and intensity peaks
outside the nucleus spatially coincide.

The radial profiles in infrared and radio continuum arc
compared in Fig. 2. Each data point represents a 40" x 40
ccl] as defined above. Those filled circles arc cells whose
60 p1tn SB were derived from the IRAS HiRes data. open
squares and crosses arc PHT data cells within 45° of
the PHT in-scan and cross-scan directions (see Tufls et
al. 1996), respectively. Hereafter, wec refer to these two
samphng areas simply as PHT in-scan and cross- scan di-
rections, respectively. This allows for a check on the detec-
tor transient eflect which, if present, would affect the in-
scan cells much more severely than the cross scan cells. We
usc the radio profiles as control samples for this purpose.
The ean difterence between the PHT in-scan and cross-
scan profiles reaches up to~0.21 in log scale at r ~ 5
with the in-scan consistently brighter than the cross-scan
at the satne radius. Less than half of this diflerence mignt
also bie observed in the radio profiles. Thus, the memory
effect could overestimate the 60 pmSB at outer radii by
~28% in the PHT in-scan direction. In the analysis be-
iow, wc mainly rciy on the PHT cross-scan data Lo make
our best estimates on disk properties.
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Fig. 1. PHT iimage of NGC6946 at 60 un in grey scale, over
laid with contours of its radio continuum image a 6 cm. Bright-
nesses are displayed on a linear scale. Both images have a size
of 11" x 11", anangular resolution of about 52", and a pixel
size of 20" x 20”. North is at top aud last to the left

Fig. 2. Plot of logarithmic SB as a function of the face-on
1 adius, 10, for the 60 g data, and for radio continuum data
at 20 cmand 6 cm. The 6em radio continuum data points have
been shifted by --1.5 in log scale tobe visually separated from
the 20 cm data points. I2ach data point represents the mean SB
withina cell of 40° x40”, with open squares andcrosses for cells
within 45° of the }'11'1" in-scan and cross-scan directions (see
Tufls CL al. 1996), respectively. At 60 pm, the SBin cells with
a radius lessthan 1'.5 are derived from the IRAS data, and
are plotted as filled circles. The dotted vertical line indicates
r0=5".5(~ [)25/2) and dashed horizontal lines schematically
indicate the 3o levels.

The galaxy disk at 60 pmappears also to follow an ey
poticntial Taw on average. This exponential form appar-
ently holds even beyond the 25th Surface magnituden
blue (Tufls et al 1996). The e foldwug scale length, from
a least-squares fit to themean radial profile overradiiof
1.6 <rg<b5 is- 1./65(4 0.707) 1f allthe cells are used,
or - 17.25(+40".04}if ouly the cross scan rolls arc used “I'he
former value can be safely take.li as anupper limiton the
true scale length. A similar fit to the 6 ctnand 20 cinra-
dioprofilesinthe P11'1" cresss-stall direction yielded a scae
length of 17.50(4 0.°07) cacti. Thus, the disk c-folding scale
length at 60y is significantly lessthanthat measuredin
optical (> 1.’7; Ables 1971; Engargiolal991), and is also
lessthanthat in radio continuuin at a significance level of
3o. Variations of scale length with wavelength similar to
that inNGC 6946 were also foundin othernearby galaxies
using IRAS data (e.g., Riceetal. 1990).

4. Spatial Variation of the FIR-to-Radio Ratio

We define @20em (Qecm ) to be aditnensionless ratio of the
SB at 60um to that at 20 cmn (6 cin) The spatial variation
of Q is illustrated inkFig. 3 as a function of the face-oll
radius, and in Fig. 4 by plotting @z0cm as a function of
the SB at 6cmn. The symbols of the data points in these
figures arc coded in the same way as in Fig. 2, but points
are plotted here only for Yo < 5.5, where all the data
points arc still wellabovethe 30 levels (see I'ig *2) and
the systematic errors arc likely to beless than 50% (sce
§2.3).

Fig. 3. Plots of the far-infrared to radio continuum ratio, Q,
as a function of thelogarithunic face-oll radiusro. The upper
panel shows 60 pim to 20 ciu, while the lower panel shows 60 jim
Lo 6 cm. The symbols arc thesameasinFig. 2, but only data
cells withro < 5.5 arc plotted here. The solid lineineach
panel indicates the mean radial profile of Q based on all the
data points in a given radial bin. Also shown arc lo error bars
forthe means, estimated from the scatter of the data pointsin
the figure.
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Pig. 4. Plot of Q20cm as a function of the SB at 6cmi. Only
IRASdataand 1'11'1" cross-scan data points are shown here.
The symbols arethe same as iu Fig. 2. The solid line indicates
how the mean of Qoc m varies as the 6 cin SB changes. Also
shown are lo error bars for the meansasdefined inltig. 3.

Some numerical results and implications can be drawn
from Figs 3 and4: (1) For 1.5 <70 5.5, the 171['1’
data show that @ decreases radially outbya factor of
-1.3(10.08) on average, as indicated by the solid liue
m Fig. 3. However, a better estimate using the PHT
cross-scar] data points shows Q dropping by a factor of
-~ 1.7(4 0. 05) over the same radii. Since this radial gradi-
ent of Q is likely to continue iu the inner disk of rg < 1.’5,
we conclude that within the disk of the galaxy, Q decreases
radially out by atlcast a factor of 1.7 on average. (2) The
radial profile of ¢ mthe outer part of the galaxy disk
(ro > 4') suggests a “flattening out.” However, this comes
mostly fromthe 11’1 in-scan data points. The cross-scan
data show mainly a larger dispersionin Q. (3) Iig. 4 shows
that Q isalsocorr-elated with SB on average. As the6cin
SB decreases, thesame 1'11'1" cross-scan data as usedin
Fig 3 shows anaverage drop by a factor of 3.67 i Z in
Fig. 4. 'This stecper dependence of @ on SB suggests that
the correlation of Q with SB is probably more physically
sig nificant than with the radius.

Thesc results are iu agreement with tire description
of the radio disk as a “smeared” version of theinfrared
disk of a galaxy (Bicay & lelou1990).1%ach local maxi-
mum in disk brightness adds dispersion to the plot of Q
vs. radius, but is a local center of star formation from
which @ decreases radially. The radio disk arises primar-
ily from synchrotron emission by cosmic ray clectrons iu
the galaxy's magnetic field, whereas dust heated by stars
defines the infrared disk. Cosmic ray electrons can diffuse
away from their sources as much as a kpc before decaying
radiatively; heating photons on the other hand will typi-
cally get absorbed and rc-emitted iu theinfrared within
a hundred pc of their source. Assuming that bothradiat-
ing clectrons and heating photons originate iu the same
sites of star forma ation,this difterence iu radiating scale
length explains the “smearing” relation between in frared
and radio disks (Helou & Bicay 1993).

hdrnnwiund](‘“iux(\””'””‘un(‘”‘“Jd“rnxul\(H'(nnl

5. Summary

We have used anew } 10717 imnage at 60 g of the galaxy |
NGC 6946 to show: (1) The galaxy disk at 60 et follows
an cxponential fall-ofl out to at least the 25th blue surface
magnitude. Qurbest estimate Of its ¢- foldin g scale length
1s17254 O' 04whichis less than that measuredin ra.
dio continuum at the 30 significance tevel. (2) Within the
25th blue surface magnitude of the galaxy disk, but out-
side the inner 2.4 kpe (assuming a distance of 5.5 Myc),
the 60 o -to radio continunn surface brightness ratio, Q,
decreases radially out bya factor of 1.7on average; thein -
frared and radio morphologies appear quite similar;and Q
is quantitatively better correlated with surface brightness
thanwith radius. These 1S01'110"1" results arc consistent
with previous findings based on resolution-en hanced IRAS
data (c.g., Marsh & Helou 1995).
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