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Abstract

The dinfrared bright galaxy 04214040P06 detected by IRAS at
25 and 60 pum has been studied at optical, infrared and
redio wavelengths, It 4is a leminous galaxy with apparent
spiral struocture emitting 4x10°7 ¥ (1:10“ Ld from far-infrared

- Mpe =1, Optical

to optical wavelengths, assuming Bouqs ko s
spoctroscopy reveals a Seyfert 2 emission line spectrum, making
0421+040P06 the first active gelaxy sclected from an unhinrced
infrared survey of galaxies. The fact thet this galsxy thows &
flatter epnergy distribution with more 25 ym emission than other
galaxies in the infrared sample may be related to the preiénce of
sn intense active nuncleus. The redio observations reveal the
presence of a non—-thermal source that, at 6§ ¢m, shows &
prominent double lobed structure 20-30 kpe in size
extending beyond the optical confines of the galaxy. The
radio source is three to ten times larger than structures
previously seen in spiral] galaxies and may represent a transition
between the relatively small, weak sources seen in some active

spirals and the stronger, larger ones seen toward elliptical

galaxies with active noclei,

Subject headings: galaxies: Seyfert — galaxies: structure -

infraered: sources — raddio souvrces: galaxies



1. Introduction

The IRAS survey is the first unbiased infrared survey with
sufficient sensgitivity to detect numerous extragslactic
objects. The positions and fluxes of over eighty infrared-
selocted galexies have besn published by Scifer ot nrl. (1984)
and many ground based studics are underway to determime their
properties, In this pasper wo¢ present observations of
0421+040P06, which we believe to be of particular interest in
that it c¢ombines the propertiﬁs of two hitherto disztinct
clazses of metive galaxiez: radio g;lsxies and spirals with
nctive nuclei. 0421+040P06 is mnusnal in being one of only &
few galaxjes among some forty of the IRAS sample observed to
date which has a Seyfert 2 emission line spectrum and a« large

donble lobed radio source.
2. Observations and Results

Soifer et al, (1984) reported detections of 04214040006 at
25 and 60 pym, Because the galaxy was scanned by IRAS on five
separate hours—confirming observations (Neugebazuer et al, 1984)
during the course of the TRAS mission, it was possible to coedd
8ll of the scans across the source to obtein measurements at 12

and 100 pym as well. These results are given in Table 1 ard




reflect the November 1984 IRAS absolute calibration (Nengabauer
1984 et al,). The ststistical uncertainties n;e less thao 15
perceni &t 12,25 and 60 pm and about 20 percent at 100 pym due to
confusion from extended omission from Galactic dust. The
uncertainties listed in Table 1 dnclude both statistical
uncertainties and thoge due to the absolute calibration. The
values in Table 1 have been corrected for & color dependent
term of order 15 percoent at 12 pm and less than 10 percent at
the longer wavelengths to acconet for the shape of the
energy distribution through the broad IRAS pnss-bnnés
(Ncugebaver et 2l, 1984). In deriving theze ooloz-
corrections an intrimsic spectrum of dust with an omissivity
proportional to freqrency emitting et 160 E between 12 ond

25ium and at 35 K between 60 and 100 pm hes been adopted.

The galaxy was detected oo each pass at 60 ym and over the
218 day interval of the observations there is mno evidence
for variability greater tham the 15 percent statistical

nncertainty in the observations,

Figure 1 shows ac R-band (A =0.64 pm ; AM[FWHM]=0.1 pm)
picture of the field of 0421+040P06 obtmined with the
University of Hawaii 2.2m telescope on 1984 March 23 using the

Institute for Astromomy/Galileo 500x500 element CCD cameras.



The most prominent object in the field is a spiral galaxy with an
integrated R magnitude of 16.3 mag. The observations were
calibrated with respoct to & sot of red photometric standard
stars in the cluster M67 (Schild 1984). The main image is
approximately 5'' in diameter with & stellar core (£2'') of R
magnitaode 18.3 mag., Two spiral arms extend to the north and
socth by an additional 4'" each. A faint companion lies 11°%
north oest of the galaxy and is extended in roughly the
direction pointing towsard the nuclens of the bright gslaxy. A

socond faint object lies about 5'' to the west of the galaxy,

The identification of the IRAS source 04214040P06 with
the bright galexy was confirmed with measurments st 10 and

20um obtzined with a bclometer on the NASA IRTF? at Maune Kea,

3 The Infrared Telescope Facility (IRTF) is operated by the
University of Hawaii under contract with the National

Aeronauticcs snd Space Administration.

Hawgaii, The wmeasurements were: obtained with a 5'diameter focal
plane aperture centered omn the optical dimage of the
galaxy as determined from the TV guider. As shown in Table 1,
there is good agreement between the IRTF and IRAS measurements if

one extrapolates between the measurements using a 160 K thermal




spectrum (as discussed below) to account for'thc differing
contral wavelengths of the observations. The rogion in
0421+040P06 emitting at 12 and 25 pm must be guite smell, (5"
in diameter, szince the ground-based and IRAS measurements at
10 and 25um are similar despite the large difference in beam

sizes,

Spectroscopjc observations of the galaxy were =®made on
1983, December 29, using the Douvble Spectrograph (Oke and QGunzn
1982) mounted on the Hale 5m telescope of the Palomer
Obscervatory, A long, 2" wide slit was centered on the
brigbtest point in the galaxy and rotated to include the
brigh;er of the two faint compunions, mnortheast of the main
galaxy, A ©photon counting detector (Schectman 1983) wes used
between 0.34 pym and 0.54 pp and & Texzes Instruments B00x800
clement CCD between 0.55 and 1.02 pm. The spectral resolution
was 300 km s~ at Hp and 750 knm s~ in the red. After
field flattening the two-dimensional image, pixels far awey
from the imege of the galaxy were used to measure and subtract
the sky background. The data were calibrated with respect to
HD84537 although spillover, refraction and thin cirros clouds
present during the observations Jimited spectrophotometic

accuracy to roughly 20 percent. Figure 2 shows the spectrum.



The most noteble foature of the spectrmum of. 04214+040P06 is
the presence of exceedingly bright emission lines from the
nuclees superimposed on a faint continoum, The heliocentric
redshift obtained from nine spectral lines in the blue portion of
the spectrum is z=0.0462+0.0005, corre;ponding to s distance of

=t lipc:"'1 . Some of the

185 Mpc for a Hubble constant of 75 km s
emission lines identified in the ganlaxy ere 1listed in Table 2.
The intrinsic widths of the O[XII] AS5007 and HB lines were

determined to be 310+50 km s~

(FVYE{) by comperison with
geussian-smoothed calibration arc lamp lines. The [OIII] 1line
shows wings that are considerably broader (1150 km s~ foll width
at 5 percent intensity) then the best fit gaussian wmoothed
instromental profile (900 km s at 5 percent intensity).
Scattered light within the spectrograph dune to the bright
nuclear emission lines from the galaxy made it lmpossible to
determine if the emission lines extend into the disk of the
galexy or to obtain a good spectrum of the faint NE compenion,

The latter is certeinly not, hewever, a strong emission line

source.

In order to obtain the intrinsic line strengths and the
shape of opticel continoum it is necessary to estimate the
reddening toward the source, The visual extinction, Av' predicted

s0lely from material within the Gelaxy for an object at galactic



latitude of -3(? degrees is about 0.3 mag. An estimate of the
total extinction toward 0421+040P06 car be made from a comparison
of the: ratios between the hydrogen lines predicted by Case B
recombination with the obierved values. ¥e¢ will show below
that the spectrum of the nu¢leus is that of a Seyfert 2 galaxy;
the case B assuwmption is commonly nsed in dercddening the line
intensity mezsurements of these objects (Koski 1978; Shuder and
Osterbrock 1981). Since the spectral resolution 4is mnot high
enough to secparste c¢learly the Ha+[NII] blend, a
deconvolution of the two lines was attempted uwsing the
instrumental profiic as given Dy the arc iines, The ratios of
the Ho,HR,By and HE 1line fluxes are internally consistent
and imply an extinction of A =1.710.2 mag. The difference
between the inferred value of 1.7 mag and the 0.3 mag predicted
for purely Galsctic absorption suggests the existence of
significant absorption within 0421+040P06 itself, An Av of 1.7
mag and a standard reddening curve were nsed to de-redden the
line and continvum observations. It shovld be pointed out that
an extensive stody of the spectrum of the Seyfert 2 galaxy NGC
1068 (Nengebauer et al, 1980) support the assumption of Case B
recombination and imply & similar amount of internmal extinction

2s that determined for 0421+040P06,

| ‘WA



The optical spectrum of the muclens is charfctcristic of a
plasme donized by & power law szpectrum in the wisible and
ultraviolet ag may be soen from the reddening corrected line
fluzes (Table 2) of the species commonly unsed to distinguish
between objeots having different sources of  donization,
{e.g., Baldwin, Phillips and Texlevitch 1981; Yee 1980). In
every aspect, including the ratios of [OXXI] and He II to HP
and the presence of [NeV], the spectrom of the nucleus
resembles that of a Scyfert‘z or a narrow line radio galaxy.
0421+040P06 hase unmsually mnarrow 1lines, but not
apprecedently so, for snch objecis {Bhuder and Osterbrock 1981).
The narrow line profile with extended wings seen in [0XII] is
als0o characteristic of Seyfert and narrow line redio galaxies
(Shuder and Osterbrock 1981), As will be discussed in detail
elsewhere (Lonsdale‘ et al,, in preparation), this spectrum is
relatively rare in the sample of some forty other infrared-
selected galaxies. Most of these other galaxies show emission

lines only from low excitation species.

The observed wisuel continnum emission is too faint to
allow jdentificetion of any stellar absorption fetures. It can be
fitted by o power lew of index g = -3 (defined as Sy =4 8)
pormalized to 0.25 mJy at 0.55 uym, The nunreddened wisuval

continuam is roughly fitted by a power law with a ~1
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normalized to 1,38 =Jy at 0.55 pm, If all the observed
continoum is the power~law irtizing contimuem, then the ratio of
Hp to the continvom places 0421+040P06 in the middle of Yee's
{1980) diagram of HP versvs Lyp{luminosity in the pon-thermsl
continaum), consistent with itz classification as a Seyfert 2,
Even if as much 23 50 percent of the continvum arose from
starlight—which can not bz ruled oot ont oa the basis of these
data—the Bp-Lyy ratio wonld still be copsistent with a Seyfert

2 classification,

Badio otservatiosns of 0421+040P06 were made at
wavelongths of 2,6 and 20 ¢m using the Very Large Array of the

National Radio Astropomy Observatory?., The 6 ¢m observations

!The National Radio Astronomy Observatoryis operated by

Associated Universities, Inc.. under contract with the National

Science Foundation.

were made with the B configuration on 1984, Feb 4 and in the C
configuration on 1984, May 7. 2 and 20 ¢m observations were made
using the C ¢onfigurastion on 1984, May 6. The maps were
colibrated and cleaned fellowing stendard procedures and
were referenced to 3C48, The 6 cm map obt;ined in the €

configuration has a synthesized beam size of 4.2''x4.0'" at
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2 position angle of -29 deg., and is shown in figore 1
superimposed on the optical imsge. The radlo and optical

images have been registered with an acouracy of #*1'',

The radio map shows an extended, donble-lobed radio soursce
straddling the position of the opticsal galaxy. The two radio
lobes seecn st 6 cm appear to bt located st the ends of the spiral
erms, Jjust ovtside the visual boondery of the galaxy. The
separation betwoen ihi lobes is 23’ (21 kpc) and the total
extent of the radio sonrce manurcd to the lowest significant
cbntonr is 41'' (30 kpc). Both 6 cm lobes are themselves
extended with sizxes of about 12'', corresponding to a linear
dimension of 11 kpe, At 20 cm the spatis]l resolution is
inmadequate to distinguish between the two lobes but the map is
consistent with two sources of roughly equeal intensity at the
locations of the two 6 c¢m lobes. The 20cm-6cm spectral
index for the tota) emission from the galaxy is -0.6+0.1 and

** % Bz"'. Except for

the integrated 20cm radio power is 2,4x10
a2 bridge of emission comnnecting the main 1lobes, =no radio
emission brighter than 0.8 mJy. is detected from a numclear
point sonrce, Nor is 6 cm emission brighter than 0.8 nJy
detected from either of the faint optical companions. At 2 c¢cm no

point sonrce brighter than 0.5 mJy in a 2' diemeter beam is

associated with either the galaxy or its companions,



The cnergy distribotion between radiv and optical
wavelengths ls shown in figure 3. The galaxy eomits 3210'" w
between 10 and 100 pm, Adding in the contributions from the
observed nuclear optical continoum, & power law interpolation
between 1 pm and 10 uym snd an extension of the far infrared
spoctrum to infinite wavelength assuming & 35 K temperaturs
and greing with an emissivity proportional to frequency leads to
an estimate of 4x10'" ¥ for the bolometris luminosity of this
object. This value ignores the conmtribution of the disk of the

Ealaxy at visual wavelengths, but the correction is not likely to

exceed 10 percent of the total.
3. Discussion

Morphologically, 0421+040P06 appears to be an undistorted
twe armed spiral galaxy. The absclute visual megnitude cen
be estimated to be -20.6 mag, typical of spirals, using the
integrnﬁed B=16.3 mag, corrected for reddening and assuming
typical spiral galexy colors (V-R=0.5 mag). Spectroscopically,
0421+040P06 shows intense, narrow emission 1lines

suggesting & power—law jonization spectrum,
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0421+040P06 omits the bulk of its oncrgy in the far—infrared
and is the first active galaxy to be selocted on ;.ho basic of its
far infrared emission, Soifer £t al, (1984) characterized
galaxies by the retio of their far infrared (80um) to bluec
iuminosities, L(BO)/L(B). The integrated, apparent blue magnitude
is estimated to beo 16,8 mag from the spectrophotometry and the 2
mag difference botween the brightness of the mnclear region and
the entire griaxy in the B image. The resultant L(80)/L(B) ratio
is 6.5 which places 04214+040P06 in the middle of the range of
infrered-selocted galaxies, but among the most cxtreme 5 percent
-f all spiral galaxies (de Jong ot 21,1984; Scifer ot al, 1984),
0421+040P0h differs from most of the other galaxies iu the
infrared sample in having detectable 25 um emission: most of the
other galaxies in the IRAS sample were detected only at 60 and/or
100 um. The faect that this galaxy is n.‘;so one of the fey objects
to contain an active nucleous suggests that the prescnce of hot
(5150 K) material, as evidonced by substantial 25 pm emission,
may provide a method for finding galaxies with active mnclei
purely by their IRAS characteristics, In this context it is
interesting to note that the radio galaxy 3C390.3 shows & similar
component, also, apparently, dqc to heated dust (Miley et ol,

1984).

-
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The existence o% a sharp break in the energy distribution
between 10 pm and the visual argues against s single power law
spectrum extoending over the entire speotra) region, Rether, the
data suggest & non-thermal power Jlaw spectrum din the
optical/ultraviolet end re-radistion in the far dnfrared of
absorbed short wavelength onergy. 7The presence of eignificant
amounts of absorbing dust is sugpested by the high visual
extinction reguired to account for the optical 1line

ritios.

The emitting material {0 0421+040P06 must exhibit & broad
range of temperatures to account for the relatively flat 10 ~
100 pm energy aistribution. From the strength of the emission
observed in the various IRAS bands, it can be shown thet for
blackbody grains 40-200K material is required while for grains
with an emissivity proportional to frequency 35-160 K material is
required, The optical-infrared energy distribution of
0421-040P06 is similar to t.at of the Seyfert galaxy NGC 4151,
The latter object has boen modelled by Rieke and Lebofsky (1981)
in terms of a twoe component model——a optical-ultraviolet power
law continuum that is partially absorbed by greins that reradiate
the znergy in the infrared, A characteristic of the model is a
sigaificantly flatter energy distribution, i.e. more 10 and 25 pm

emission, than is found in sterburst galaxies such as ME2

%)
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(Telesco and Harper 1580). Higher spatial resoluticn messuremonts
in the infrared will be required to determine whether the
infrared originates in a disk and is thus is sattributadble to &
star burst (cf. the discussion of Telesco gt al, 1984 for MGC

1068), or whether the infrared comes from a small region heated

solely by the sctive nucleus.

One of the most mwnusuzl festures of 0421+040P06 is the
combination of apparent spiral structure aad the lIarge extent of
its radio emission, Narrow line radio ganlaxics have emission
line tpectrs similar to Seyfert 2's as well as laorge (~100 kpe),
powerful radio sounrces (Ekers 1981), They are, however,
elliptical galaxies with radio powers large compared with
0421+040P06. Ulvestad and 'il:on (1984) found that wesk double
or triple 1linear radio sources ere common in Seyfert
spirals, but with characteristic sizes smaller than 2 kpe. =and
with the radio sounrces found within the optical confines of
the galaxy (Wilson 1982). The largest redio structures
previously seen in Seyferts are in  Markarian 34,78 and 315
(Dlvestad and Wilson 1984) and NGC 5548 (Ulvestad, Wilson end
Wentzel 19B2£ The radio sonrces in these gerlaxies have
diometers in the range 2.5-8.6 kpc (adjusted to Hc=75 km s
~%), a factor of 4-10 smaller than the double 1lobed

structure seen toward 04214040P06, Assuming that the curved
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extensions teo the morth and sonth of the wvisible galaxy ;rc
true stellar spiral exms and pot peculiar gas Jets or tidal
tails, 0421+040P06 ic ax wonsual as & radio galaxy as it is as e

Seyfert palaxy.

The double~lobed structure, the non~thermal spectrum and the
fact that the radio omissjon originates ontside of the visible
extent of the galaxy together rule out thermal emicsion from HIIX
regions or non~thermel emission frow supernovac in the dizk of
the galaxy as mechanisms for producing the observed radio
emission, The dounble lobed structure is most naturally ezplained
ia terms of ejection of enorgetic material in diametrically
opposed Jjets from the active nuclear source, ¥Wilson (1982)
accounts for many of the features of Seyfert radio sources by
the beunming of material in the plane the galaxy, Tue disruption
of the jet by the interstellar mediom 1s thought to  be
responsible for the small sizes of the typical Seyfert galaxy
radio sonrces., In classical radio galaxics, on the other hand,
the jets escape to large distances beyond the optical confines of
the galaxy, both becanse they are intrinsicelly more powerful and
because there is little intervening interstellar materisl in the
giant elliptical galaxy hosts.'Iﬁere are some examples of
possible transition cases: kpc-scale radio emission relatezd to
the opticsl emission line gas is seen in 3C305 (Heckman et al.

1981), 3C293 (van Breugel et al, 1984 ° -3 4C 26.42 (van

—_
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Breugel gt ml, 1984b) and may indicate the interaction of the
jets of these powerful sadio galaxies with the interstellar
pwediom (e.g. Miley 1983) and the inhibition of the free expansion

of the jets.

04214040P06 may represent another transition case, although
it is of consciderably lower power than the above mentioned rsdio
gelaxies., Modifications of Wilson's (1982) model for the radio
emission fromw Seyferts, such as inclining the beaming axis
slightly to the disk of the galsxy, .mly sccount for the large
size¢ of the structures seen in 0421+040§06. A striking feature
of 0421+040P06 iz the fact that the radio jets appear to bend in
an 'S’ shape that is rligned with the spiral pattern in the
optical image. We note that the ''spiral arms’’ visible in the R
image could arise from Ha emission and not from starlight. The
emission lines could origiate in ges excited by the passage of
the jets and could outline the dense material responsible for
bending the redio jets {(cf. the discussion of 3C293 by van
Breugel et &1, 1984a)., A more detailed discussion of this
epparent link between the radio and optical emiscion must sawait a
higher quality optical image and mdditional optica’ spectroscopy.
Radio polarizatiom data should alsc be of interest since optical

line/radio continvum associations are found to heve low radio

polarization (e.g., Miley, 1983).

lqé:>
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The fact that tho NE compesnion is extended in the direction
of the line connecting it to the nucleus of 0421+040P06 is
suggestive of u-* interaction between the two objects. The pature
and importance of the optical companions of 0421+040P06 will not
be known until sdditional optical spectroscopy is cbtained.
Yt is important to recell that extreme iafrered activity appears
to be closely related to encounters between nearby galaxies
(Lonsdale, Persson and Matthews 1984) and that the companions
might play an important role ir 0421+040P06 as well.

Most known active galaxies have been found through czurveys
at radio (radio galaxies and radioc loud quasars), wultraviolet or
X-ray wavelengths (Seyferts and radio quiet quasars), 0421+040P06
is the fist active galaxy selected solely by its far~infrared
emission; it has properties intermediete between previously
known classes of active gelaxies, It remzins to be seen
whether 0421+040P06 is unique or whether it represents the
first object to be found that bridges an apparent goap between
Seyfert 2's and narrow-line radio galaxies., There may exist &
whole continumum of objects with varying radio sires and powers
that are too weak in either the radio, nultraviolet or X-rays
to have been ddentified in previous seerches, but which can

be identified by their infrared emission.
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a. Infrared Flux Densities

Observed Telescope Focal Plane Observed
Vavelength aperture Flux Decsity
(pm) ('’) (nJy)?
10 IRTF 5 diameter 65+ 15
12 IRAS 45x180 120+ 20
20 IRTF 5 diameter 170+ 70
25 IRAS 45x180 310+ 50
60 IRAS 90x200 520+ 90
100 IRAS 1802240 1200+ 200
b. Radic Flux densities
Observed component
Component Frequency size?
(MEz) (") (uJy)
Total 1490 §0=60 A9+5
4860 28x47 2312
SE . 4860 26z18 §+2
NW 4860 28x21 10t2
31 Iy = 107" woom? B2

2Fluxes were obtained by integrating the maps

areas of the quoted dimensions.

Table 1. Svmmary of Observations

Observed
Flux Density

within rectangolear
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Table 2. Optical Emission Lines

Line wavelength Observed Line De-reddened Line
ID (pm) RBatio? Ratio?
[Ne V] 0.3346 0.15 0.34
[(Ne V] 0.3426 0.37 0.79
{o I1] 0.3727 1.76 3.11
[Ne III] 0.3869 0.78 1.28
He I 0.3B89 0,12 0.19
[Ne III] 0.3968 0.36 0.56
Bb ¢.4102 0.16 0.24
Hy 0.4340 0,38 0.49
[0 IIX) 0.4363 0.14 0.17
He II 0.4686 0.1% 0.20
HB 0.4861 1.00 1.00
[0 III] 0.4959 4 .42 4,21
[0 III] 0.5007 13.70 12.16
10 1] 0.6300 0.26 0.47
{o 1) 0.6364 0.72 0.18
. H a+[N II] 0.6563 8.20 4.45
Ha 0.6562 4.50 2.65
[N I1] N.6548 0.81 0.44
[N II] U.6583 2.45 1.33
[ II] 0.6724 2.40 1.25
IA IIX) 0.7136 0.30 0.14
[S IIX] 0.5069 1.03 0.33
IS III} 0.9532 2.66 0.81

i0bserved line fluxes are ratioed to the flux in HP, 2.00:10—1’

Wan : de-reddened fluxes are ratioed to tho floux in the

reddening corrected Hf linme, 1.23x10"*" w o>,
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Table 3, Derivud PrOperties
(B ,=75 ko s~ ¥pc—*)

Distance

10-100 pm
Luminosity
Unreddened visual
luminosity
(0.3-0.95 pm)
Total Luminosity

Optical spectral
index (dereddened)

|
185 Kpe | Apluminosity 4.9210°
'e | [0 III] luminesity 8. 4:10,
2.8x10° ¥ { [0 XYY] lumiootity 1.ix30
sq IRBadio Iuminostty 3.411031
0.3x10 ' W } (10MH2z~100GHz )
4.3:10" | Radic spocteal -~0,6+0.1
| index
~1.0+0.1 | .y
| P(1415 Miz) 2.4x30

v
L)
W
W

-l

¥ Hz
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FIGURE CAPTIONS

Figure 1: An R band photogrsph of the IRAS galaxy 0421+040P06 is
shown with contours of 6 c¢r emission supecrimposed. The contour
levels of the radio wmap are drawn at ~0.2 (dashed), 0.2,

0.4,,..3.0 mJy in s 4.2"'x 4.0'" bean.

Figure 2: The visual spectrum of 0421+040P06., The Ha line has
been allowod to go off-scale to bring ont lower intensity
feartures of the spectrum. The two panels show the red and blue

r

bo;iions of the spectrum.

Figure 3: The spectral enexrgy distribution of 0421+040P06 from
radio to visual wavelengths. Ap upper limit is shown for the 6 cm
brightness of & nuclear point sonrce in a 4,2''x4,0' beam. The
visual spectrophotomery is represented by a power-law fitted to
the continnum and refers only to the nuclear source. The energy
distribation of thermal emission by grains with an emissivity

proportions]l to frequemcy at a temperature of 175 K is shown,

)
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