
I radio galaxies derived combining avail
able samples (see Pesce 1993) yields
<NO.5 >PRJ = 7.1 ± 8. The large scatter
being due in part to differences of sam
ples and redshift distribution.

We note also that F-R I radio galaxies
represent an heterogeneous class and it
is possible that the parent objects of BL
Lacs form a subset of F-R I galaxies.

Objects in our sample are a mixture
of radio selected and X-ray selected tar
gets (corresponding to radio-strong and
radio-weak emitters). Although a num
ber of different emission properties are
found to characterize these subclasses
(see e.g. Giommi et al. 1994), we do
not find systematic differences of envi
ronment between the two.

Our results are consistent with what
is being found by other similar studies.
Wurtz et al. (1993) and Smith et al. (1995)
have concentrated on X-ray selected BL
Lac objects while Stickel et al. (1993) and
Fried et al. (1993) have studied some
of the radio selected BL Lacs. In most
cases, the clusters found are relatively
poor (Abell richness class 0-1) with a few
objects in richer environments.

If BL Lacs are aligned versions of low
luminosity (F-R I) radio galaxies, it might
be expected that Flat Spectrum Radio
Quasars (FSRQs), which share many of
the properties of BL Lacs but have strong
and broad emission lines, are aligned ex
amples of high-luminosity (F-R II) radio
galaxies. We point out that a detailed
comparison of environmental and host
properties of BL Lacs and F-R I galax
ies with FSRQs and F-R II radio galaxies

would help to constrain the proposed uni
fied schemes of AGN.
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COME-ON+ Adaptive Optics Images of the Pre-Main
Sequence Binary NX Pup
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Introduction

Using adaptive optics (AO) at the ESO
3.6-m telescope, we obtained diffraction
limited JHK images of the region around
the Herbig AeBe star NX Pup. NX Pup is
resolved as a close binary with a sepa
ration of 0.12811 (the binary nature of NX
Pup was originally discovered by HST)
that we refer to as NX Pup AB; a third
component NX Pup C is found at a dis
tance of 7.0 11 and is classified as a clas
sical T Tauri star. We first describe the

procedure that we followed in order to ex
tract the maximum information from the
AO images. We then discuss the evo
lutionary status of the NX Pup system
on the basis of its IR properties derived
from the AO images, as well as from the
visual photometry and spectroscopy sub
sequently obtained at ESO.

AO Observations

We used the ESO adaptive optics sys
tem ComeOn+ (CO+), which was devel-

oped in collaboration by the Observatoire
de Paris, ONERA, ESO, Laserdot and
LEP, in combination with the SHARP II
(System for High Angular Resolution Pic
tures) camera from the Max-Planck In
stitute for Extraterrestrial Physics (MPE).
See Beuzit et al. 1994, The Messen
ger 75, 33 and references therein for
a description of the CO+ system. The
SHARP II camera is equipped with a
Rockwell NICMOS-3 array. The image
scale was 0.05011/pixel giving a field size
of 1311 x 1311

• We observed NX Pup on
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Figure 1: Plot of FWHM versus Strehl ratio (SR) for individual images obtained with the Adaptive Optics system Come-On+. The exposure time
was 1s in HK and 20s in J. In K, the FWHM is well stabilized, and always better than 0.18". The scatter in the HK points shows that short
individual images are influenced by the continuous change of the turbulence conditions due to the short coherence time of the turbulence during
that night. For longer exposure times, these effects average out as shown by the small scatter of the three 20 s images in J. Note that the narrower
diffraction core in H allows better FWHM than in K for some images in spite of a lower SR. The same plot is rescaled by ~\/D on the right
(which is the diffraction limit) to show the relation between FWHM and SR which characterizes AO images. This curve is valid for the Come-On+
experiment.

January 1, 1994 in the J, H, and K bands.
The total exposure time in each filter was
5 minutes. Immediately after NX Pup, we
observed a reference point source 10'
away (star no. 985 in the HST Guide Star
Catalogue) later used to measure the in
strumental point spread function (PSF)
which is necessary to deconvolve im
ages; we will refer to it as the calibration
PSF source. The guide source used by
the AO system was in both cases the ob
served source itself. Since NX Pup is a
rather bright source (around 6th mag in
K) and the calibration source is selected
to match the same flux, we obtained se
ries of short exposures in the Hand K
band (respectively 0.5 sand 2 s for NX
Pup) in order to fall in the linear response
region of the detector. Because NX Pup
is fainter in J and because of the lower
sensitivity of the detector in this wave
length region, the exposure time in J was
1 minute in each frame for NX Pup. We
therefore have a large number of individ
ual exposures in the Hand K bands and
we will show below how we can take ad
vantage of it.

Characterization of AQ Images

Since an AO system partially or fully
compensates the wavefront distorsions,
we now have access to imaging with
a point spread function much sharper
than the seeing disk. The shape of the
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PSF could be described as a diffraction
limited core superimposed on a resid
ual halo with a size corresponding ap
proximatively to the seeing disk. This
halo comes from the high-order Zernike
modes not corrected by the Adaptive Op
tics system. The diffraction-limited core
may be wider (we can represent this
by a Gaussian convolution) when errors
of correction for the low-order Zernike
modes are important. The performance
of an AO system at any wavelength is
usually defined by the Strehl ratio (SR).
The Strehl ratio is the ratio of the ob
served PSF maximum to the theoreti
cal diffraction-limited PSF maximum; the
latter is the Airy pattern for a clear cir
cular aperture telescope of diameter D.
When the SR increases, the halo size
will reduce and its power will move to the
diffraction limited core (see Rigaut et al.
1991 ).

Consequently the image obtained is
that of the source convolved with the in
strumental PSF and image deconvolu
tion may therefore be needed (particu
larly to clearly access structures super
imposed on the PSF patterns such as the
first Airy ring or the residual seeing halo).
The PSF may be calibrated on a point
source in similar seeing conditions. We
will talk about a deconvolution procedure
in a next section.

Figure 1 shows the distribution of the
full width half maximum (FWHM) versus

Strehl ratio (SR) for each individual ex
posures of the calibration PSF in JHK.
The exposure time was 1s in HK bands,
20 s in J. We can see that the image in
the K band is very well stabilized, FWHM
being always less than 0.18". In H, the
SR drops below 10%, a key value below
which the correction is much more sensi
tive to turbulence effects as shown by the
large variations of the FWHM between
0.13" and 0.25". The distribution of the
points in the HK-bands illustrates how
the PSF varies as the turbulence con
ditions continuously change during the
observations. The scatter of the points
depends upon the coherence time of the
turbulence: had the coherence time been
longer that night, the PSF would have
been much less sensitive to varying tur
bulence conditions. As a rule, the worst
the turbulence, the less efficient the cor
rection. The PSF variation in response
to the changing turbulence is reduced
with longer exposure times and/or by
coadding individual images. This is why
the scatter of the 3 images in J is much
reduced due to the exposure time of 20 s
compared with 1s for the HK bands (see
Fig.1).

When the plot abscissa is rescaled by
a factor AID (which corresponds to the
diffraction limit at the wavelength A for a
telescope of diameter D), points clearly
gather along a single curve. As shown
by this curve, the Strehl ratio describes



TABLE 1. Sharpening result from short exposure AO images through shift and add (SAA) and
image selection (IS).

H

radio astronomers, the (SAA+IS) image
of the source provides the "dirty map",
while that of the calibration PSF is used
as the "dirty beam". Both maps are
apodized to reject non-physical spatial
frequencies beyond the effective cut-off.
Then they are resampled by a factor 4
and convolved with a Gaussian beam be
fore running the CLEAN algorithm with a
loop gain of 3%. Because we first try to
detect close stellar sources and not low
level extended structures, it is important
to control the formation of ghost sources
and consequently it is better to stop the
CLEAN process as soon as the level of
the negatives in the Cleaned map reach
the level of the residues in the residual
map. Usually, for 256 x 256 maps, con
vergence is reached in less than 500 it
erations. The Cleaned map is then con
volved with the same Gaussian beam as
used previously and the residuals map is
added to get the final Cleaned image.

As a rule, low-level extended struc
tures require that we run the CLEAN al
gorithm until the noise level is reached.
By the way, Maximum Entropy Methods
(MEM) are known to be more efficient
when dealing with extended structures.
Another way to study the presence of ex
tended structures is via analysis in the
Fourier space (see Malbet et al. 1993).
From this analysis, NX Pup AB does not
show any significant deviation from the

J
0.4

tions were performed with the 10cailRAF
package c128 developed by E. Tessier
at the Observatory of Grenoble (avail
able through anonymous FTP at the site
hplyot.obspm.fr in the directory /iraLhra).

A simple coaddition of the individual
images allows already to resolve the
NX Pup AB system with a separation of
0.128"; and this shows how efficient AO
imaging is. Nevertheless, even sharper
angular resolution can be reached by ap
plying CLEAN deconvolution to the data.
We briefly describe here the CLEAN al
gorithm we used (see also Tessier et al.
1993). Using the terms common among

NX Pup AS: CLEANed AO Images
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Figure 2: Cleaned images of NX Pup AB obtained in JHK with the Adaptative Optics system
CO+ at the ESO 3.6-m telescope on January 1, 1994. The images were rebinned by a factor
of 4, the FWHM of the Gaussian beam is 80 mas (see text for details). The components A and
B (sep. 0.128", PA 63.1°) are clearly resolved. At a distance of 450 pc, 0.128" correspond to
a projected separation of 58 AU. The faint feature in the J image north-west of NX Pup A is
an artefact from the image deconvolution. A logarithmic gray scale was used. Component Cis
outside these frames. North is up and east is to the left.

very well the PSF with a SR above 10%
but poorly for lower values. In the latter
case, the FWHM will provide additional
information on the PSF.

This curve is valid for the ComeOn+
experiment and characterizes the PSF
response. Other AO systems may give
different responses. Anyway, these plots
could be used to define the best strategy
in AO observing. As a rule, the turbu
lence effects get worse as one goes to
shorter wavelengths; consequently, the
correction and the SR are poorer. How
ever, in some cases, by going to shorter
wavelengths one can get higher resolu
tion in spite of a lower SR; this is because
the FWHM becomes sharper thanks to
the narrower diffraction core (following a
VD law). For example, in the observa
tion of NX Pup, in terms of FWHM, the
best individual images are in the H-band
rather than in the K-band (see Fig. 1).

Sharpening Methods for Short
Exposure AO Images

The number of individual exposures
on NX Pup was 5 in J, 150 in H, and
600 in K for a total exposure time of 300
seconds in each filter.

A simple coaddition of these individual
frames yields the final image. However,
when a large amount of images is avail
able, it is worth selecting them according
to a Strehl ratio criterium. Also, when a
short exposure time is used, the resid
ual tilt is further reduced by applying a
shift-and-add algorithm (SAA).

While SAA mostly improves the result
ing FWHM, applying image selection in
creases the final Strehl ratio. However,
the rejection rate of images with poor SR
must be limited in order to preserve a
large enough signal-to-noise ratio in the
final image. Table 1 quantitatively shows
the improvement on the calibration PSF
obtained with image selection (IS) and
SAA in comparison to the simple coad
dition of individual frames. The number
of individual exposures on the calibra
tion PSF source was 3 in J, 60 in H, and
120 in K for a total exposure time of 60 s
in JH and 120 s in K. All these opera-

J H K

FWHM 0.214" 0.172" 0.156"
FWHM (SAA) 0.209// 0.157// 0.147//
FWHM(SAA+IS) - 0.138// 0.143//

SR 3.8% 8.0% 25.1%
SR (SAA) 3.8% 8.6% 27.1%
SR (SAA+ IS) - 12.4% 31.0%

Selection rate (IS) - 20% 40%
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facts connected with some intensity vari
ations of the PSF in this region - see
Figure 2). For that reason, we prefer not
to rely on peak values in the Cleaned im
ages to derive photometry. Instead, the
photometry was performed on the shift
and-add images using IRAF/DAOPHOT
routines. These routines can be com
pared with a basic blind deconvolution
like process using the calibration PSF
only in the first iteration and assuming
the source is a binary, which provides a
very strong constraint. By doing this, we
avoid the calibration PSF problem.

-
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•
•

•
•

•

II

•
•

II I I I
• NX Pup A

.NX Pup B
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+ M1V
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Figure 3: Spectral energy distribution /\ FA of NX Pup A and B (VJHK) and C(UBVRIJHK).
For comparison we also show the spectral energy distribution of an M1-type star of the same
apparent Vmagnitude as NX Pup C. Note that the SED is rising towards longer wavelengths for
NX Pup A while the SEDs of NX Pup Band C peak near 1.5 ,1m. All 3 stars exhibit a strong IR
excess compared to normal photospheres and NX Pup C also shows an UVexcess. The errors
in flux are 5% or less.

agreement with the values determined by
Bernacca et al. (1993) from HST obser
vations: 0.126/f ± 0.007/f, 63.40 ± 1.00

•

The total flux is conserved by the
CLEAN algorithm. However, though the
Cleaned PSF has a sharper peak, it is
surrounded by a residual pattern made of
positive and negative values due to the
noise and to uncertainties in the calibra
tion PSF (incidentally, some features in
the Cleaned images of NX Pup located
on the first Airy ring are probably arte-

binary model in the HK bands (the quality
of J data is inadequate to confirm this),
consequently no other features are de
tected.

Astrometry of the system was per
formed on Cleaned images which are
shown in Figure 2. The FWHM of the
Gaussian beam was 80 mas. Residues
in % of the peak value were 8%, 4%,
and 1% in JHK, respectively. The sep
aration of 0.128/f ± 0.008/f and the po
sition angle of 63.1 0 ± 3.5 0 are in good

I J
I I I I I

NX Pup C: Off-Axis Sources
and Anisoplanatism

NX Pup C is located 7/f away from NX
Pup AB. Since the wavefront correction
used NX Pup AB as a guide source, NX
Pup C is off-axis and image correction
might therefore suffer from anisoplanatic
effects. Anisoplanatism refers to the case
where the distorted wavefront of the ob
served source (the astronomical target)
is different from that of the guide source
used by the AO system. As a result, the
adaptive correction on the target is de
graded. Various types of anisoplanatism
affect current AO systems; some ideas,
such as using multiple laser beacons,
would overcome this limitation (Beckers
et al. 1993). At the moment, CO+ uses
a natural guide star which can be the
target itself or a nearby star. We briefly
describe below two kinds of anisopla
natism that might result from this observ
ing mode: angular anisoplanatism and
temporal anisoplanatism.

If we observe an off-axis source, the
telescope is viewing to a direction making
an angle ewith the direction of the guide
source used by the AO instrument. The
light path across the turbulence layers
and, therefore, the induced phase pertur
bations are different for the on- and off
axis sources. The adaptive-optics correc
tion is consequently less efficient for the
off-axis source. This direction-dependent
anisoplanatism is usually called angular
anisoplanatism.

Because the bandwidth 13 of any AO
instrument transfer function is finite, the
correction applied at the time I is based
on a perturbed wavefront recorded at a
time 1- 51: According to the approxima
tion of frozen turbulence, the degradation
of the correction is then related to the ra
tio 17 /13, where the wind speed \! of the
turbulent layers is mainly responsible for
the continuous change of the perturbed
wavefront. This anisoplanatism is usually
called temporal anisoplanatism.

Observations have recently been car
ried out at the ESO 3.6-m telescope
to study the anisoplanatism, and more
observations are scheduled in January
1995 (M. Faucherre, private communi-
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TABLE 2. JHK photometry (1.1.1994, ESO 3.6-m/CO+).

Filter NX Pup A NX Pup B NX Pup C

J 8.58171 9.56m 11.71'11
H 7.43m 8.37m 10.66,n
K 6.15m 7.90m 10.10m

cation). As long as the final results of
these observations are not available, it
is therefore difficult to estimate whether
angular anisoplanatism is important un
der good seeing conditions in the case
of NX Pup C, r away from the guide
source NX Pup AB. Because we might
expect some angular anisoplanatism ef
fects (Wilson and Jenkins 1994), we did
not try to deconvolve NX Pup C. Another
reason is that we got a lower signal-to
noise ratio for NX Pup C.

The first effect of angular anisopla
natism is that the Strehl ratio falls off and
the PSF gets wider as the angular dis
tance to the guide star increases: con
sequently an off-axis PSF will be less
sharp. As expected from angular aniso-

planatism, the FWHM of NX Pup C is
systematically wider than for the calibra
tion source in each JHK filter. Moreover,
on the shift-and-add K image, NX PUP
C appears elongated in the east-west di
rection (FWHM 0.18" x 0.2r in the N-S
and E-W directions, respectively, com
pared to 0.16"x 0.16" for the on-axis
calibration PSF source). This elongation
is also observed in the H image but is
less significant, and is not seen in the J
image.

Such an image elongation can, in prin
ciple, result from either angular or tem
poral anisoplanatism (or both). Angular
anisoplanatism would lead to an elonga
tion of the off-axis PSF in the direction
of the guide source. This effect has been

observed and described by McClure et
al. (1991). In the case of NX Pup, the ex
pected direction of elongation for NX Pup
C would be at a PA of ~ 45°, i.e. from
north-east to south west but not in the
east-west direction as observed. Elonga
tion in another direction can be explained
by temporal anisoplanatism due to the
wind in the dominant turbulent layer (see
Roddier et al. 1993 and Wilson and Jenk
ins 1994). The prevalent wind direction at
La Silla near the ground is north-south,
but we do not know the wind direction in
the dominant turbulent layer at the time of
our observations. While an off-axis PSF
should suffer both effects, the on-axis
PSF should show pure temporal aniso
planatism. Yet, the on-axis PSF of the
calibration source does not show any sig
nificant deviation from circular symme
try. The PSFs of NX Pup A and B com
puted from the basic blind deconvolution
(see above) are quite similar to that of
the calibration source. Summing up, nei
ther angular nor temporal anisoplanatism
are very likely explanations for the ob
served elongation of NX Pup C, which
may therefore be real. NX Pup C will
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Figure 4: Position of NX Pup A, B, and C in the HR-Oiagram. The pre-main sequence evolutionary tracks are from O'Antona and Mazzitel/i (1994).
The solid lines represent isochrones and the zero-age main sequence, the dotted lines are the evolutionary tracks for stars in the mass range
from O. 1 to 2.5 MrD' The positions of NX Pup A, B, and C in this diagram are marked by boxes. For NX Pup A we assume a spectral type A7-F2,
V= 10.1171 -10.5171

, and Av = 0. 171 -0.7171 (Blondel and Tjin A Ojie 1994). For NX Pup B we assume the same extinction, a spectral type F5-GB
and V = 10.7171 -11.1171

• The evolutionary status of NX Pup C is better defined, yielding an age around 5 x 105 yr and a mass of 0.3 Mr~I' (From
Brandner et al. 1994.)
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NXPup A B C

Sep. - 0.128" ± 0.008" 6.98" ± 0.04"
PA - 63.1° ± 3.5° 45.3° ± 0.2°

SpT A7-F21 F5-G8 MO.5-M1.5
ULo 15-29 9-18 0.45-0.85
Age 5 x 106 yrs 0.3-5 x 106 yrs 5 x 105 yrs

j Brand et al. 1983, Reipurth 1983, Blondel & Tjin A Djie 1994,

NX Pup AB C

Her double peaked -2.85
01630.0 -0.068 -0.11
HiJ 0.25 -0.58
H~I 0.53 -0.17
Li 1670.8 - 0.054

TABLE 3. Equivalent width (in nm) of emission TABLE 4. Evolutionary status of NXPupA, B, and C.
«0) and absorption (>0) lines in the spectra
of NX Pup AB and C (28.1.1994, ESO 1.5-m/
B&C; 20.3. 1994, NTT/EMMI).

need to be re-observed and at the same
time, anisoplanatism should be quanti
tavely studied.

The Evolutionary Status of the NX
Pup System

NX Pup is located at the edge of CG1,
a Cometary Globule in the Gum Nebula
(see e.g. Henkel 1989, The Messenger
57, 8), which is suspected to have been
a region of star formation for more than
106 years (e.g. Reipurth and Petterson
1993).

NX Pup, a Herbig AeBe star (Irvine
1975) was also resolved as a close
binary with a separation of 0.126"
by Bernacca et al. (1993) using data
from the Fine Guidance Sensor system
aboard the Hubble Space Telescope.
Thus all previous evolutionary interpreta
tions should be reevaluated as the total
observed luminosity in fact comes from
at least two stars.

CO+ observations in JHK have easily
resolved the NX Pup system, thus allow
ing us to estimate the flux contribution of
each of the components of the system
in the infrared. In addition, we used on
January 8, 1994 the optical CCD cam
era at the Danish 1.5-m telescope at La
Silla and complemented the IR observa
tions by getting UBVR, Gunn I and Ho'
photometry for NX Pup AB (unresolved)
as well as for NX Pup C that we iden
tify as a low-mass classical T Tauri star.
Additional photometric measurements of
NX Pup were obtained in the course of
the LPTV programme at the Danish 50
cm Stromgren Automatic Telescope (P.S.
The, private communication, Sterken et
al. 1995, in preparation).

NX Pup AB and NX Pup C both show a
strong excess of Ha emission compared
to normal stars included in the same op
tical images. From the location of these
stars in colour-colour J-H vs H-K and
V-K vs H-K diagrams we can conclude
that NX Pup A belongs to the group of
Herbig AeBe stars. All three stars show
an intrinsic IR excess. The IR excess is
clearly apparent in the spectral energy
distributions of the 3 stars plotted in Fig
ure 3.

Spectra of NX Pup C and NX Pup AB
were obtained on March 20,1994 with the
ESO Multi-Mode Instrument (EMMI) at
tached to the NTT. Table 3 lists the main
features present in the spectra. The pres
ence of the strong Ha emission (EW =
2.85 nm) and the Li 1670.8 nm absorption
make NX Pup C a bona fide classical T
Tauri stars.

Finally, we inferred from these results
the luminosity and effective temperature
of each star. Figure 4 locates NX Pup
A, B, and C in the HR diagram within
observational uncertainties. PMS evolu
tionary tracks from D'Antona and Mazzi
telli (1994) are overplotted. Table 4 sum
marizes the evolutionary status of the
NX Pup system. Since the projected dis
tance between NX Pup C and NX Pup
AB is 3150 AU, it is likely that NX Pup C
is not physically bound to NX Pup AB. On
the other hand, we have clear evidence
that NX Pup C is a pre-main sequence
star. Furthermore it is the only other PMS
within a 2.5' x 2.5' field around NX Pup.
Therefore, the three stars could quite
well form a hierarchical triple system. The
identification of NX Pup C as a classical
T Tauri star provides the first evidence for
low-mass star formation in CG 1.
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