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Abstract. The layer-oriented wavefront sensor onboard MAD, capable to catch up to 8 stars on the pins of
pyramids in a 2 arcmin Field of View has been tested at the VLT in a unique dedicated run lasting 6 consecutive
nights. As this kind of MCAO observations is focused onto a field with many relatively faint reference stars
our main focus was onto extragalactic targets that are plagued by the problem of limited sky coverage. While
we achieved demonstrative science onto a very crowded field using a globular cluster, allowing to assess firmly
the compensation stability over the FoV,we succeeded into securing scientific data for a number of extragalctic
sources from the local Universe up to z ~ 3. In particular we devised stellar population study in a dwarf galaxy,
morphology of the jets in nearby AGN and the properties of the environment for high redshift quasars. The
scientific outcome of the observation run, consisting into 6 published refereed papers and two forthcoming, is
briefly reported along with some lessons learned.

1 Introduction

MAD is a project [20] mainly developed by ESO to test the Multi Conjugated Adaptive Optics
(MCAO) capabilities on the sky, in the framework of the design of an Extremely Large Telescope
(ELT). The instrument was mounted on the UT-3 of VLT to realize the first MCAQO observation on
sky [1]. It accommodates two wavefront sensors (WES): a Star Oriented multi Shack—Hartmann and
a Layer Oriented [28,36] multi pyramid [27]. Both WES can use reference stars on a 2 arcmin tech-
nical FoV. MAD is complemented with the CAMCAQO scientific IR camera, with a 2k X 2k Hawaii it
IR detector that can be moved across the 2 arcmin corrected circular FoV. The pixel scale is 0.028
arcsec/pixel, yielding a 57 arcsec X 57 arcsec square FoV on the detector.

2 Resolved stellar population

The study of the resolved stellar populations in external galaxies has greatly developed in the last
decade, to become arguably the most accurate tool to investigate the star formation history in stellar
systems. However, due to the severe crowding of stars, with standard instrumentation at ground based
telescopes this study is limited to the nearest galaxies. High precision photometry for the most distant
galaxies in the Local Group (LG) and beyond can be obtained only with the HST.

The near-infrared (IR) colour-magnitude diagrams clearly show the sequences of Asymptotic Giant
Branch (AGB) stars, red supergiants, and red giant branch (RGB) stars down to ~1 mag below the RGB
tip. Optical-near-IR diagrams, obtained by combining our data with WFPC2 observations, provide the
best separation of stars in the various evolutionary stages. The counts of AGB stars brighter than the
RGB tip allow us to estimate the star formation at intermediate ages. Assuming a Salpeter initial mass
function, we find that the star formation episode at intermediate ages produced ~ 5 x 10° M, of stars
in the observed region.

In order to study the stellar content from CMD of resolved stellar population we obtained near-
infrared (IR) images of the dwarf irregular galaxy UKS 2323-326[12]. This galaxy was chosen from a
list of targets selected according to various criteria: favorable position on the sky with respect to the
availability of stars to perform the AO correction; low Galactic latitude, to minimize the contamination
by foreground Galactic stars; location slightly beyond the boundary of the LG, so as to maximize the
physical area sampled within the 1 arcmin field-of-view (FoV) while still detecting stars at the Tip of
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Fig. 1. SOFI, MAD and WFPC2 images of the same region in UKS 2323-326. Only a section of the full area
analyzed in our study is shown to better illustrate the details. The two circles highlight the effect of the higher
spatial resolution of MAD versus SOFI. (see [12])

L MAD L SOFI |
16 - 184 Stars |- 54 stars

22 —

o 1 2 3 0 1 2 3
J-K,

Fig. 2. CMD obtained from MAD data (left) and from SOFI data (right) for the same FoV (see [12] for details). In
the left panel the completeness levels dashed lines and photometric errors crosses from artificial star experiments
are shown. The expected location of the TRGB is indicated with arrows for [Fe/H] = —1.0, —1.5 and —2.0 (top to
bottom). Stars used as secondary photometric standards are shown as triangles.

the Red Giant Branch (TRGB) with an adequate S/N; existence of images of the same field in HST
and/ or ESO archives; the presence of a relatively strong intermediate age component.

In Figure 1 we show the comparison of the observed field (by MAD) with that obtained with
SOFI and with HST. These observations can be used to derive a rough estimate of the star formation
occurred in UKS 2323-326 at intermediate ages by considering the number of AGB stars brighter
than the TRGB, which is proportional to the gas mass converted into stars between ~ 0.1 and a few
Gyrs [10]. We constructed NIR CMD (see Fig. 2 ) that allows us to derive an accurate census of
the bright evolved stellar population (red supergiants and AGB stars). The stellar distribution in our
CMD is suggestive of an extended episode of star formation; by averaging our empirical calibration
we obtain a specific production of 0.15 or 0.08 stars per 10° My, if this episode started 1.5 or 3 Gyr ago
respectively. In particular, this CMD shows also that all stars in the red tail, are located in the position
expected for C-stars, since they are compatible with the main locus of C-star in nearby dwarf galaxies.

3 The jet of BL Lacertae objects

BL Lac objects are a class of low—power active galactic nuclei (AGN) characterized by a lack or
extreme weakness of emission lines observed in all other types of AGN. They also exhibit strong
and rapid flux variability and significant polarization. The emission is dominated by a non—thermal
component extending from radio to very high energies. These active nuclei are hosted by massive
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elliptical galaxies that appear in most cases unperturbed and located in moderately rich environments.
A widely accepted model that explains these properties is based on the idea that these nuclei emit a
relativistic jet oriented close to the line of sight of the observer.

Since the jet is closely aligned with the line of sight, it is very difficult to observe unless the
angular resolution is high. In the radio band, jet detection is indeed possible and a large fraction of
objects classified as BL. Lacs show a signature of a jet, often with evidence of superluminal motion
[23,11]. On the other hand, the jet is rarely detected in the optical and X-ray bands. This depends both
on the more limited angular resolution and on the short lifetime of the high energy electrons producing
the non—thermal emission of the jet.

Strong evidence of a prominent optical jet in a BL Lac object has been found for PKS 0521-365.
This is a well-studied nearby object (z=0.0554) [2] and it is one of the most remarkable extragalactic
objects of the southern sky (see [2,13,6,19,32]). Its optical spectrum shows the strong narrow and
broad emission lines typical of type 1 active nuclei both in optical and UV [34,3,31]. The optical jet
was observed with HST by [19,32], who found a structure consisting of a bright knot close to the
nucleus and a diffuse and knotty structure that extends out to ~ 6 arcsec from the nucleus. Farther out
along the jet (but well separated), at ~ 9 arcsec, there is resolved compact emission (also called the
“red tip”) [6,32].
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Fig. 3. Left: The 2 arcmin field of view (circle) corrected by the MAD MCAO system. The area inside the dashed
box was imaged by the NIR camera. The grey scale image is a mosaic of HST + WFPC2 images (F702w filter).
The triangles correspond to the LO AO reference stars. R-magnitude is reported for each star. At the centre of the
field the arrow identifies the star used to compute the SR. Right: The MAD image of the target (PKS 0521-365)
in K band.

The images were obtained in MCAO configuration with both the deformable mirrors and used
two reference stars (R-band magnitudes: 13.6, 13.0 ) and the core of the target (R = 15.3) to perform
wavefront sensing (see Figure 3).These correspond to an overall integrated magnitude of R ~ 12.5.
Given that MAD Wavefront Sensing CCD sensitivity is peaked in the V band we estimate an overall
V ~ 12 integrated magnitude using available colours of stars from USNO.

To enhance the structure of the jet in the near-IR image, we have subtracted the emission of both
the nucleus and the host galaxy from the original image (see [5,9] for details). The emission from the
jet after the subtraction of the nucleus and the host galaxy is shown in Fig. 4. The bright knot A at 1.9
arcsec from the nucleus and the diffuse emission from the jet are clearly detected in near-IR as well as
the resolved feature in the red-tip.

To compare the features in NIR, optical, and radio bands, we applied the same procedure used for
the MAD image to subtract the host galaxy and the nucleus from the HST R band image. In Fig. 5 we
compare images of the jet in the three different bands. The overall morphology of the jet in the near-
IR is similar to that observed in the optical [33] and at 2cm [13]. The general shape and total length of
the radio jet are almost exactly reproduced in the near-IR, in the optical, and at radio frequencies.
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