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Abstract. We present an update analysis of recent near-infrared AgaPiptics observations of NGC 1068 obtained with
NAOS-CONICA at VLT/UT4. Ks, L’ and M bands images were deconvolved using MISTRAL, a regulargorithm based
on a maximum a posteriori estimation of the object. Two ragmation methods, one including a new maximum likelihood
estimation of the object Power Spectral Density, and a smikeedge preserving one, have been tested and convergests-con
tent results. The deconvolved images show a coherent ewolot the IR emission from 2.2 to 4,8m. Deconvolution brings
new elements : a) it strengthens the very peculiar natureedfdur parallel elongated nodules previously discovetedgthe
jet, which appear unresolved perpendicular to their lorig ak) it underlines the strong correlation between UV ckoadd

IR features, and c) it provides a more accurate multi-wangtteregistration of the actual active nucleus. The overgect of
the central Ix 1”IR emission seems to point to the jet as a major mechanismejuesthe NLR. For each identified structure,
we derive a color temperature now based on three bands (MdlKanbefore and after deconvolution, confirming the need
for clumps of dust at unexpectedly high and almost constamperature (about 500 K) up to 70 pc north of the nucleus. We
explore several mechanisms to explain the color temperatnd show that shocks, induced for instance by the interacfi
the jet with a giant cloud, is unlikely to be the dominatingaianism to heat the dust. We detail our model of transierttritea
of Very Small Grains and show that it can provide a consigt&ptanation of the K,L,M colors and their lack of variatioithw
distance when 0.6 nm diamond-like grains are heated by 4 ¥ 8\é photons. However, we do not exclude the possibility
that part of the excitation could come from shocks. At Ks,atwolution reinforces the previous claim that the centoakds
partially resolved along the N-S direction : the best fit to data is an elliptical Gaussian extended along£-26 with a 2.1pc
FWHM along this direction. This result agrees with the pctidins of the radiative transfer model we previously depetbto
interpret the spectroscopic behavior at K, and is condistéh VLTI/VINCI measurements. Several questions are raised by
this study : a) is the jet dominant in shaping the NLR of thisM\@&b) what is the real state of the dust in the environmentef th
core ; ¢) is the simple doughnut torus model able to explaierission of the central source with a morphology that appear
increasingly complex at small scale ?

Key words. Galaxies: Seyfert — Galaxies: individual: NGC 1068 — Infidirgalaxies — Instrumentation: adaptive optics —
Techniques: image processing — Radiative transfer — Galajdts

Based on observations collected at the HE%®anal steps forward. The standard model of AGN assumes a very
YEPUN telescope, Proposal 70.B-0307(A) massive black hole (Krolik 1999; Elvis 2000) with an acayati
disk and possibly a jet as the source of the powerful contmuu
A way to unify the entire taxonomy of activity types involves
1. Introduction anisotropic distribution of optically thick material anod the

The mechanisms shaping and powering the cores of Act%ﬂtral engine. The viewing angle would modify the aspect of

Galactic Nuclei (AGN) are not yet entirely characterizeldeir ]E € same k('jnd ?f object, I?Xh'b't'rr:g bLoad Ime; WtTen V'ZW_?E
distances to us make any of our high angular resolution ebs&F€ ON. and only narrow fineés when the core s obscured. The
vations inadequate. As one of the closest active nuclei (ns,Mquesfuon .Of the size and morphology of this obscuring struc-
1”7=70pc), NGC 1068 is considered as one of our best test siye 1s still a matter of deba_te (Nenkova et al. 200_2’ Fa_dda
jects, and its intensive study during the past two decads, et al. 1998), and since the discovery of broad polarizedsline

all bands of the electromagnetic spectrum, as helped to m%ké\lGC 1068 (Antonucci & Miller 1985) many attempts have

een made to test Seyfert unification.
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NGC 1068 is the archetypal Seyfert Il nucleus, meaning The images used for the present work are based on observa-
that obscuring material hides the Seyfert | activity of tlheec tion previously reported in Rouan et al. (2004) and Gratadou
It seems to possess all the characteristics of a classichl. A&t al. (2005b), hereafter RLG04 and GRBO04. In Sect. 2 we de-
First, the powerful UV-Xray central source is supposed tathescribe data acquisition and data reduction procedures-deve
its environment, hidden in the UV-visible, but recent X-tyy oped to recover the theoreticalffdaction limited resolution
servations with HETGS (Ogle et al. 2003) detected Fe emissiof these IR A.O. observations. Then the deconvolution pro-
consistent with re-processing of nuclear light, and fasigrieo- cess, in which a new regularization criterion has beendeste
toionization as the main source of excitation. Moreovelapo is described and the results are discussed. In section &ta-ph
ization maps at UV (Capetti et al. 1995) show a very localizedetric and morphological study of deconvolved images is de-
polarization center at the lower edge of one of the identifiegloped, in which we propose a multi-wavelength registrati
NLR clouds (cloud B). A radio jet (Gallimore et al. 1996b) isrom UV to radio and an interpretation of the features obsdrv
probably interacting with a giant molecular cloud at'hérth In section 4, we compare these observationsfi@int mech-
of the nucleus (Gallimore et al. 1996a). Radio observatidgts anisms responsible for dust heating in the NLR and we sum-
identify maser emission (Gallimore et al. 2001), probaldgt marize our conclusions in the last section.
ing the inner edges of the warm torus, pumped by the UV con-
tinuum of the central source, and whose periodicity is c@nsi . .
tent with a rotating disk geometry. Jet masers are also tetec2- OPServations and data processing
probably excited by shock-generated X rays where the jet iB-; pata acquisition
teracts with the cloud. A starburst ring has been observed at
distance of 1 Kpc from the nucleus (Davies et al. 1998) andl&e observations were performed using NaCo at the Nasmyth
wrapped molecular disk is suspected in the millimeter rangefocus of YEPUN (Rousset et al. 2000; Lenzen et al. 1998) dur-
the inner 300 pc (Schinnerer et al. 2000), as well as at riearing the nights 18-26 November 2003. Two sequences of 20
(Alloin et al. 2001). Modeling of the kinematics suggestsaa bimages of a reference star and one sequence (in between) of
driven motion and an enclosed mass of My, in the inner 40 images of the galaxy were acquired in each band (Ks, L
25 pc, which provides another clue to the presence of a véfyd M). The Auto-jitter mode was used so that each frame
massive black hole in the core. A ionization cone is detectisdrandomly translated in the plane of the sky within a box of
from optical to UV (Evans et al. 1991; Macchetto et al. 19948,"x8". A reference source, of the same equivalent magnitude
in the direction of the jet. It consists of a patchy distribnt as the nucleus of NGC 1068, was chosen to ensure the same
of high velocity clouds and filaments probably ablated froferformance of the A.O. system. During the observations of
molecular clouds by the nuclear emission. Intensive HST-spdGC 1068, the Strehl ratio obtained ranged from 0.5t0 0.d, an
troscopic studies in the UV (Crenshaw & Kraemer 2000b,during the reference acquisition, up to 0.6. The airmasgedn
Kraemer & Crenshaw 2000a,b; Cecil et al. 2002) have plack@m 1 to 1.2 and the seeing was fairly good (about’@@®2
strong constraints on physical conditions in the NLR. A N-g8uring the observations of NGC 1068). Since the nucleus of
elongated structure is detected in the Mid-IR (Bock et al@0 this galaxy is bright enough, the visible wavefront sensdor o
as well as in the thermal IR adaptive optics images of Mar®&aCo was used in the most accurate modex(¥sub pupils).

& Alloin (2000). Deconvolved diraction limited near-IR im- The very high correction level leads tdidaction limit resolu-
ages of Rouan et al. (1998) also show a N-S elongated strtien in all bands as shown on images of RLG04. The Ks band
ture and possible traces of the putative torus and a midratspimage was acquired with pixels of 13 mas and theahd M
structure. More recently, adaptive optics K-band spectpg band images with pixels of 27 mas.
(Gratadour et al. 2003) and comparison with a numerical inode
a}llowed usto plac_e some cpnstraints on the nature and arieglz_ Data Reduction
tion of the obscuring material.

Data reduction was carefully done using improved softwares

Speckle observations in the H and Band (Weigelt et al. dedicated to A.O. image processing. After a classical fidtHi
2004) show an elongated central source along-FL.&with a correction, the bad pixel correction is important since &n e
size of 1.%2.8 pc at K. Recent interferometric observation$austive elimination is required for the next stages of the p
have placed constraints on the size of the central sourcecess. Bad pixels are hot, dead or "mad” (i.e. not responding
the IR. Jd&e et al. (2004) fitted their 10n VLTI/MIDI ob- each time). Most of them appear on every image and so can
servations with a double Gaussian component: a hot compe-detected on an image acquired under homogeneous illumi-
nent (T=800K) with a 0.7pc FWHM along the direction ofnation (flat-field image for instance). They are then cogéct
the jet, and a warm one €B20K) with a size of 2.%3.4pc, by applying a median filter in a box of a tunable size around
elongated in the direction perpendicular to the jet axis. Asch bad pixel. Big groups of dead pixels can also be codecte
they used two dierent baselines, their measurements weusing a refined median filter. After this rough correction, we
only made along P.A2°and P.A=45°. VLTI/VINCI obser- need to eliminate residual mad pixels and cosmics. Theyeanb
vations of Wittkowski et al. (2004), with one baseline alongharacterized as producing high spatial frequencies Hratat
P.A=45were also fitted with a double Gaussian componebé transmitted by the telescope. Since the images are at leas
with part of the flux coming from a compact source smallédyquist sampled, all the information coming from the tele-
than 5mas (0.4pc). scope can be suppressed in the image by applying a high-pass
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frequency mask a@ (with A the central frequency of detectionvariants have been used and compared in order to test the reli
andD the telescope diameter) in the Fourier space. The loeddility of the results.
maxima of the correlation function of the residual image and

the Fourier transform of the mask give the positions of th b erm expression : one measures the fidelity to the data and the

pixels. The detection can be thresholded to a tunable num &l : : )
. . other one describes a prior knowledge of the object (the-regu
of sigmas. The selected pixels are then corrected by amply|n

a median filter as described above. This new detection met a%zatlon term). The latter represents any prior knowiedg

. € object. Its expression thus depends on the shape of the
can be used as an automated process to remove cosmic rays an o
. i . . ; object (strong, smoothed edges) and peculiarities (extnd
residual mad pixels, after a first correction using a map afide” =~ " . CO L
point-like, disc-like, etc...). Several criteria can bedisind we

plxeslidzgzﬁe:jof:?]?i;hg]git:ﬁﬁ;:g%?rom each image b compared two : a classical linear-quadratic (L1-L2) regaé
y 9 9€ bY $8n (Mugnier et al. 2004), and a quadratic one, which needs a

I_ectlng another image of the J'“efed sequence, clos_e énoug estimate of the object PSD. The latter can be estimatedtlyirec
time to ensure good sky subtraction, but far enough in thaaeplao the final image, using the PSF, as described in Appendix A
of the camera to minimize the NGC 1068 galactic backgrouncp ' ' '
Finally, the sequence of images has to be recentered very

accurately to keep the spatial resolution when averagieg @3 2 Results

frames. To estimate the translation parameters betweemthe ™"

ages, a hew maximum likelihood algorithm was used th".it he actual resolution in the images after deconvolution de-
lows one to recenter images at the level of the tenth of pixels

. o : . ends on several parameters including the observed object i
even with very noisy images, as in the case of thermal indrar . .
) . o Self and is thus diicult to estimate. However, as the cen-
imaging. The criterion

tral source is clearly unresolved at M before deconvolytion
1 ) ) ) the FWHM of this source after deconvolution would give an

I (X Vi) = Z m“k(x’ Y) —io(X=X.Y=¥)I" (1) estimate of the final resolution. It is found to be 1.7 pixels
4 ' (0.5x1/D), or 2.8 pc at the distance of NGC 1068, in the L

is minimized for each imagé (k=1..N-1) of the sequence@nd M band images and 1.3 pc in the Ks image.

of N images, withio the image chosen as a reference afd  As the regularization term is object dependent, the same

the noise variance ik, which can be estimated on the imaggeconvolution method cannot be applied to the PSF in order to
(Mugnler et al. 2004)ThIS regIStratlon method, Wh|Ch ma check for hypothe“ca' fake structures.

outperformsthe classical cross-correlation, is fullyaligged in ) ) o
Gratadour et al. (2005a), as is its performance in varioigeno 1 he results obtained with the two methods are very similar,
regimes. It has also been tested diband NaCo images of Sgras shown in Fig. 1, 2 and 3 in each band. 'H&D-type reg-

A* (Clénet et al. 2005), showing the same kind éifiaency on Ularization term was used first to give a preliminary estenat
images that have about the same SNR. of the final shape of the object, as the only parameter to tune

Final images, obtained after averaging the recenterisdhe weight of the regularization. Then the two parametérs
frames, are displayed in Fig 1. of RLGO4 for thé and M the L1-L2 method are adjusted to reproduce the same overall
band and Fig. 2 of GRBO4 for Ks. Some images of each Sﬂ}ape while sharpeni_ng the nuclear region. This Iead; o ver
quence have not been selected when averaging because of Birent parameters in each bands because of therefices
SN or not optimal atmospheric correction. The airy rings ap? the initial images. Indeed_, the substructures arouncwme _
pearing on .and M band images of NGC 1068 and the reftral source on the Ks band image are more embedded in a dif-

erence star demonstrate thaffdiction limited resolution was fuse background than in’land M. Moreover the noise level -
actually achieved. is lower in Ks, as the sky background is not as variable as it is

in L” and M. This is probably why the hyper-parameter value
_ for this band is so high to avoid any ringingfect due to an
2.3. Deconvolution of reduced data imperfect knowledge of the PSF, when deconvolving with the

We performed deconvolution using as the PSF the image of g)étype regularizati_on terma De_convglve?jimag_es Iffelfent I
reference source, which has been carefully chosen to rapeod ands can be superimposed (Fig 4. an .C) with an exce ent
the same A.O. performances as in the case of the galaxy. f:orrespondence ‘?f the sharp structures, giving good cortele
We selected the frames in both sequences (object and }Efthe final result in te.rms of morphology.-Moreover, many of
erence star) that where acquired with a similar Strehl rasio U _e;tru_crt]ures found '(;] decogv_olved Ks |magr$s c:;n be |<_jen-
evaluated by NAOS (Fusco et al. 2004), which leads us to kel W't_ structures detected in coronagraphic obseowatl
more than 60% of the frames in both cases, if we conside RBO4): spot N1, the shape of structure IR-1b and also the

range of 5% in Strehl. structure IR-6.

This deconvolution method consists of minimizing a two

After frame selection, as the Strehl ratio obtained with the
231 Methods pbject z_:md with the star are very cIOS£5(’/_o), the reference sta_r
image is a very good calibration of the instrument PSF during
Images were deconvolved using the image restoration algloe observations and myopic deconvolution is apparentty no
rithm MISTRAL (Conan et al. 1998; Mugnier et al. 2004). Twaeeded in this case.
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Deconvolved H short [2.2 pm)

s

-

regularization with PSD,, L1-12 regularization

Fig. 1. K short deconvolved images of NGC 1068. Left is the decortiatuvith the PS[,; regularization term, the weight is set to 500. Right
deconvolution with a classical L1-L2 term, the threshdld set to 1 and the hyper-parameteo 5. The left upper inset is the non deconvolved
central source at Ks and right is the coronagraphic imagde fiooin GRBO4 The PSF used for deconvolution is shown in thidtaiinset.

Deconvolved L’ (3.8 pm)

=1 ~

regularization with PSD,, L1-12 reqularization

Fig. 2. L’ deconvolved images of NGC 1068. Left is the deconvolutiothwie PS[J,; regularization term, the weight is set to 1. Right
deconvolution with a classical L1-L2 term,is set to 5 whiles is set to 1. The upper inset is the un-deconvolved centratedoom RLG04
and the PSF used for deconvolution is shown in the middld.inse

Deconvolved M (4.8 pm)
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regularization with PSD,, L1-12 regularization

Fig. 3. M’ deconvolved images of NGC 1068. Same as figure 2. With the, &&ularization term, the weight is set to 1 and with a clagsic
L1-L2 term,u is set to 1 whiles is set to 0.5

3. General results measured magnitudes have been calibrated with the star (HD
h 16835, a FO star) used as a photometric and PSF reference. It
3.1. Photometry is a 2MASS source, so its K band magnitudex@6.705) is

We performed photometry on data before deconvolution eratnown within 1%. To evaluate the Ks-land Ks-M colors, we
1 gives the color index found in all identified regions. The
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Position Ap() Ap(pc) L-M Ks-L’ Ks agreement with most of the values before deconvolution, and
nucleus 0.08 6 2.2 11 9.9 so give some confidence in the estimated flux of newly found
0.13 9 21 1.6 9.3 structures (IR-CN and IR-CS) and sub-structures in IR-fib. |
0.27 20 17 23 89 the case of Ks-1, the deconvolved color indices disagree with
Struct. IR-1b - 0.08 6 1241 120  pon-deconvolvedones in most regions, probably becauss,at K
0.13 9 11 3.7 106 most of the sub-structuren was fainter and embedded in the
IR-6 832 g gf :"g igg diffuse background. The deconvolution process could _fail to_si-
: : : : multaneously restore a correct shape and photometry ianmegi
Knot IR-1 0.08 6 1.5 4.0 14.0 . . . . -
RnotIR-2 0.08 6 ) 17 143 dominated by dfuse emission. Thls does n_ot call mto.questl(.)n
KnotIR3 0.08 3 18 16 146 the morphology found at Ks, which supenmposeq nicely W|t_h
Knot IR-2 0.08 6 50 25 150 the ones found at other wavelength, but no safe interpogtati

of the deconvolved photometry can be done.

Table 1.Values of the color index and Ks magnitude in each identified
region before deconvolution. The Ks magnitude of knots Haeen
estimated on coronagraphic images of GRB04. The apertdiesriss  3.2. General registration with maps at other
given in”as well as in pc. wavelengths

As shown in RLG04, the NaCo images can be well registered
have to know the spectral type of this star. As the spectaskc] with maps obtained at other wavelength. Here, the deconvolu

is not given in the CDS data base, we have to evaluate it. Bag@ m_akes all structures_ clearer, suppressing the mgysrmn_d
on Hipparcos photometry as well as 2MASS measuremenducing the scattered light from the nucleus. The superimp
the color indices are consistent with a main sequence FO S%;on with maps at other wavelengths can be dqne more ac-
We therefor took typical colors of a FO V star to calibrate th%urately, at the level of a few ten; of mas. Following Gatian
measurements of NGC 1068. If we assume a 1% error in t%teal' (2003) the_nuclggr source in the mf_rared can_be super-
color ratio of a main sequence FO, as well as a 5% error due'%Dosed on the |_dent|f|ed nu_clear source in the _radlo domain
a count estimation error, and considering that a) the staotis (source .Sl)' Radio source C IS th_en coincident with our sourc
variable (as confirmed by Hippparcos data), b) the night W‘L;@'.lb (Fig. 4d), and the radio jetis bracketed by Wave-like
clear, c) similar atmospheric conditions between the ezfee series of elongated knots_ atN.E., and the s_tructure IR-5.
and the object observations, we put an upper limit of a 10% The struciures seen n .deconvolved Mid-IR data_ of Bock
uncertainty on our photometric measurements. et al. (2000) are very similar to thosel observed with NaCo
Moreover, the values we deduced are consistent, at Iargél'em)' However, our deconvolvgd images shovy a more
scales, with values found in previous studies (Rouan eBai81 omplex sub-structure whe_n superimposed, especiallyen th
for the A.O. Ks band imaging and Marco & Brooks 2003 fér  Structure namethg tongue (Fig. 4). , ,
imaging). The Ks band values for IR knots and spots have be(?n Deconvolved images can be very well registered with UV

estimated on coronagraphic observations reported in GRBO04 ouds, identified f_irst by Evansetal. (1991), on HST UViD
images of Capetti et al. (1997) and narrow band iFhages

of Thompson et al. (2001). Assuming that the UV polarization

Position Ap() Ap(pc) L-M" Ks-L’ center, located at the lower end of cloud B (Kishimoto 1989),
Source IR-CN 0.1 7 15 17 coincident with our IR quasi-pointlike central source, ast far-
Source IR-CS 0.1 ! 14 20 gued in RLG04, we find counterparts for clouds C, D, E in our

Struct. IR-1bnorth  0.15 10 1.9 3.2 L’ and M images. Note that the central IR core has also been
StrUCt'lls'ﬁlb south 001';5 130 117'4 23;_)'1 identified as the near-IR polarization center withff{Simpson
- - : - et al. 2002). One can also notice the remarkable resemblance
Knot IR-1 0.08 6 22 >30 .
between structure IR-5 in the deconvolved hage and the
Knot IR-2 0.08 6 2.2 - . L
Knot IR3 0.08 3 50 - HST cloud F observed in [Olll] and & both exhibiting the
Knot IR-4 0.08 6 51 . same shape with two components. This registration scheme,

especially with HST clouds, is in agreement with the one pro-
Table 2. Values of the color indices in each identified region after d?)osed by Bock et al. (2000). All these registrations are only
convolution. The calibration was made assuming the sant oatio 5564 on morphological resemblance. A fine resolution multi
for the central source as found before deconvolution. Tleetage ra- wavelength study within “lis now achievable thanks to A.O
diusis given ias well as in pc. observations in the near-IR coupled with deconvolution.

There is no proven method to perform absolute photome#y3. Morphology
on deconvolved data. Nevertheless, one can estimate aeel
photometry assuming that the color ratios of the centrdlgrar
unchanged after deconvolution. So, we calculated colac@sd On non-deconvolved images, the prominent compact nuclear
from data after deconvolution. Under this hypothesis, the Lsource was partly resolved along the North-South direcion
M’ values found for previously identified structures are indjod<s, as shown in the Ks profiles of RLG04. This central source is

%31 The compact core
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Fig. 4. a-Name given to identified structures in these lines. b-Gagsition of Ks (white) and Mdeconvolved images. c-Superposition of L
(white) and M deconvolved images. The black cross indicates the locafitire central source. d-Radio map (green contours) frontirGale
et al. (2001) over deconvolved’Me-HST [OIIl] observations (white) from Capetti et al. (I9Dver deconvolved M The black cross marks
the location of the IR central source. f-Mid-IR deconvohaehtours from Bock et al. (2000) (green) over deconvolved M

Band FWHMnsee PSF  Dif. limit FWHM gec described in the K band bi-spectrum speckle interferometri
Ks (N-S) 0.08 0.08"  0.056” 30 mas (2.1 pc) observations of Weigelt et al. (2004). The size of the elenga

Ks (E-W) 0.065% - - <15 mas (1.2 pc) tion (2.1 pc) found after deconvolution, discussed in secti
L’ 0.1Y 0.100  0.098 <0.08'(3.5pc) 4, is nevertheless smaller than the one they derived. Atrothe
M’ 0.1z 0.1z 0.1 <0.05’ wavelengths the central source, despite its link to thehaort

Table 3. FWHM of the core at each wavelength before (undec) aff" SPOL, appears rather circular in the inner 5.5 pc. We con-
after (dec) deconvolution, compared to the size of the PSFtaa Sider this value as an upper limit for its size of the core &sth
diffraction limit. bands.

On the other side, 0”3outh of the nucleus, another spot
appears in all bands. We called it IR-CS. This spot is not ob-
viously linked to the central source and seems extended at al

also marginally resolved in the’ band and totally unresolvedwavelength. The three sources (IR-CN, IR-CS and the central
at M’. The apparent size of this nucleus for each band is rpurce) are aligned along P-A20°. Source IR-CN is coinci-
ported in Table 3. dent with part of HST cloud B but not with any radio structure.
After deconvolution, the central source does not exhibit eXhe Spot IR-CS is very close to HST cloud A as well as the
actly the same morphology from Ks to’Mands. At all bands, a radio source S2. These spots could trace the dusty cores of ga
quasi-pointlike central source, linked to a northern s@whad clouds orbiting the central engine, screening externdbren
IR-CN is seen. This can explain the asymmetric profiles of the that direction from the central activity. The magnitudé d
central source found at Ks and.lHowever, at Ks, the sourceference after deconvolution between these spots and tlaten
clearly has an elongated shape along the same P.A)(-4$ source is about 3 at Mand L’ and 2 at Ks and, in all bands, the
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flux ratio between the two spots is close to unity. This is cothe presence of high velocity shocks, the survival of the tlus
sistent with dusty clouds heated directly by the central X-Uthis region is an issue.

source since, with a simple radiative transfer model, werean  The straight shape of this structure in the Near-IR, espe-
produce a 600 K dust temperature. These clouds would becially at M’, is also a challenging question. 3-D simulations of
the innermost part of the NLR, where dust is close to sublimjgt-cloud interaction in YSOs (de Gouveia Dal Pino 1999)-con
tion. versely exhibit a clumpy distribution of the emission whish
hard to compare to IR-1b seen i’ Mhowever, in Ks and 1,

this structure appears more disturbed as expected in teetas

a jet-cloud interaction. Patchy obscuration by dust colsd a
On the south part of the nucleus, only a small appears be responsible for suchfiérences and we thus favor the inter-

0.35’of the nucleus. This patch is elongated N-S (0)22nd pretation of a dusty cloud interacting with the jet.
exhibits substructures while it is unresolved in the E-Wedir

tion. Its upper part is aligned with the three previous sesrc 3.3.4. Jet-induced structures IR-1 to IR-5
This structure was first identified in Mid-IR by Bock et al.

(2000), who found an elongated spot south of the centrdie fourth.remgrkable feature is a "wave-like” series ofrfou
source. Neither HST cloud nor radio source can be ider@robably five given the deconvolved Mand) elongated knots
fied at this location. The lack of intense UV emission may g@at begin at 0.4north of the nucleus (named knot IR-1 to IR-
due to screening by the inclined galactic plane of NGC 1063/n GRB04) and developing along PA47" for about 50 pc,
the southern NLR clouds being more conspicuous in the H&€"Y well resolved in one direction after deconvoluthneﬁb
(Thompson et al. 2001). Its spectral energy distributiothim  XNOtS are elongated about 10pc each, unresokégq) in the
Mid-IR is comparable to the tongue (Bock et al. 2000), otfther direction and perfectly parallel along P-A45°. A pe-
served north of the nucleus at about the same distance, o ffidiar structure (resembling a crab pincer) that we name8 IR
might be of the same nature. However itsM color is redder 'ocated 0.7north-eastalong P.A.47°, appears only in Mand

than the one found in the northern structures. Obscuratjon [ Sub-structured into two components, with an extensiong
dust could be responsible for thiffect. the same direction as knots IR-1 to IR-4. Using deconvofytio

structures are better defined than in the previous study.
What could be at the origin of this surprising pattern?
3.3.3. Micro-spiral, bar-like or jet induced structure A first mechanism that can be invoked to explain the quasi-
IR-1b periodic shape of thiwave-like group of knots over such a dis-

tance is periodic winds, blowing from the central enginevi&l
An elongated structure identified asnacro-spiral armin a  2000). However the knots would be expected to be arranged as
previous paper (RLG04) is detected in all deconvolved irsag@oncentric arcs centered on the nucleus, which is not vérifie
bending north of the nucleus. Itlooks like a spiralarminKda  Another process could be jet-ISM interaction. We first note
L’, but is straighter and more elongated in theBand. This that HST UV-visible, Mid-IR and our near-IR images present
feature was first identified by Rouan et al. (1998) and degictg c|oud-free region, precisely where the radio jet propemat
as a possible micro-spiral arm. Their deconvolved K-band ir§,rrounded by a more clumpy medium, composed of the dense
age revealed a S-shaped extended structure, includingrkcenjigned clouds. The structured arrangement of IR knotsgalon
bar and two micro-spiral arms crossing the nucleus. Mid-lfge jet suggests hydrodynamiffexts induced by the latter.
deconvolved data of Bock et al. (2000) showed a more lineggyeral numerical simulations have been developed ainting a

structure aligned along P.AQ, with a shorter southern part,jescribing the interaction of the jet with the ISM.
resembling a large spot (our spot IR-6), linked to the north-

ern structure. The NaCo data revealed two components in the Saxton et al. (2002) have obtained ring-like radio emitting
northern part. We identified in RLG04 a feature which seemed knots surrounding a jet passing through a dense medium.
to bend north-east, a possible trace of a northern micn@alspi  This structures are reminiscent of what we observe in Near-
arm. This structure that we named IR-1b ends with knot IR-1. IR. However the scales are veryfidirent and no periodic
Itis coincident with HST cloud C which is known to be at the patternis evident. Moreover, NGC 1068 does not show any
interface between the radio jet and a giant molecular clasd, radio feature of that type.

demonstrated in Gallimore et al. (1996a). This radio soigce — Micono et al. (2000, 1998a,b) have developed a general hy-
known for its jet mega-masers that Gallimore et al. (200@} su  drodynamic model for radiative jets, especially suitedhto t
gested to be powered by Xray emission induced by the shock. stellar case, where Kelvin-Helmotz instabilities play ltize
However Kraemer & Crenshaw (2000b) argued that most of sic role. In their simulations, interaction of the jet witiet

its UV continuum is nuclear scattered light and cloud C seems ISM induces either regular structures but with a bowshock
mostly photoionized. In addition, Cecil et al. (2002) shdwe appearance or a fully turbulent morphology. Thus the com-
that, because of the UV line ratio, the deflection of the jet is parison with our images is not convincing.

not clearly connected to the excitation of the cloud in the UV— The model developed by Sten et al. (1997) is more rel-
even if the broadening of lines is consistent with shockés Th  evant to the NGC 1068 case, because it deals with clouds
region appears also polarized in the near IR (Simpson et al. in the NLR of an AGN. Their simulations produce dense
2002). Considering the high UV and X-ray radiation field and clumps in a cocoon surrounding the jet, but they appear

3.3.2. Knot IR-6
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more randomly distributed than the four IR knots we depproximated by:
tected.

| o T = 1650x (L“;"‘E’)?IBK

Even if, as far as we know, no simulation seems to be able Moc
to reproduce the regular pattern, we still tend to favor arbyd
dynamic dfect. Two of these knots are also perfectly coincide o g
with observed HST UV clouds D and E, following our regi59 10%ergs.s” (Barvainis 1987). It puts an upper limit on the

tration scheme, and structure IR-5 is superimposed on cidgiperature mduc_ed b;_/ th'.s excitation mechanism. The tem-
eratures found with this simple model are reported in Table

F. However, the whole set of HST clouds does not exhibit th
S 47 We assumed a UV luminosity of &x%0*ergs.s* for the
same structured distribution.
- o .___central source of NGC 1068, a value that allowed us to repro-
We exclude the possibility that dust is intrinsically mixe . . .
o : . duce the central K band flux and continuum in a previous study
with ionized gas in the UV clouds, since the IR knots are not r

solved in the direction parallel to the jet, while the UV ‘(AGratadour et al. 2003). The color temperatures deduced fro

appear diuse. We rather believe that we are observing a class

hereLy 46 is the luminosity of the exciting source in units

of objects that would be made of a dense dusty core surrounded Position Tondee  Tdee Dist(PC)  Toge
by an ionized gaseous envelope. The patchy and more severe  Source IR-CN - 600 10 520
extinction by dust in the UV-visible could explain the nog+e Source IR-CS - 600 10 520
ular shape of the UV emission. Struct. IR-1b north 650 600 25 375
south 650 600 25 375

There is also a correlation between the presence of these

knots and the presence of knots in the radio jet, which re- IR-6 600 500 25 375
inforces the interpretation of jet-induced structureswideer E:g; :2'; 238 328 ig gi’g
why the periodicity of the near-IR knots is not reproduced Kol IR-3 =00 450 EE >80

within the radio jet |s.an open. questlon.. Knot IR4 250450 &5 565
Complementary information (velocity, spectroscopy,)etc.

on these Very pecu“ar structures |S requ”'ed to understm‘ld Table 4. Temperatures deduced from values of the color indices in
each identified region, before and after deconvolution, gEmed to

nature.
values found considering the distance to the nucleus andreersing.
Only the deconvolved =M’ is considered because in good agreement.
3.3.5. Other structures Classical Black Bodies are assumed to evaluate tempesature

Several other spots are found in the deconvolved images: one

spot 0.3 south-west of the nucleus, another one is located 0.43 .
"north-west, and a last one 0.7Borth of the nucleus. The éeconvolved data for structure IR-CN and IR-CS are in good

latter was first identified on coronagraphic images of GRB&grggrtnzn: with th'f simple mediI' Fcl)r the o(;her strucguhes,th
and named spot N2. West of the nucleus, an arc is identifiedffICted temperatures are far too low and we need another
L” and M band images and partially detected in Ks. The amechanlsm to exp_la|r_1 the h'.gh temp_eratures In region IR'lb
is well superimposed in all bands favoring the conclusiat thg_n? IR-2 to IR-4 with in addition practically no variationtvi

this strange shape is not a residual Airy pattern. Nevertisel iIstance.

this feature has not been detected on the coronagraphicKs im

age, probably because of the coronagraphic mask pattern4s® Shocks

we cannot exclude the possibility that this arc can be afaatti

of deconvolution. Shocks might be a mechanism able to provideféinient local

heating. Indeed, it is commonly assumed that radio source C
traces the deflection of the jet, probably by a giant molecula
cloud. Following Villar-Martin et al. (2001), dust grairmsin
survive in highly ionized and shocked regions if, for ingtan
Since no H emission is detected within a 0&dius around NLR clouds consist of an external hot shell of ionized gagh wi
the central engine (Alloin et al. 2001; Galliano & Alloin 2B0 g cooler and denser dusty core.

Gratadour et al. 2003), and there is no evidence of hlghastell If we assume a shocked cloud of density n, the induced UV
activity in its surroundings (Marco & Brooks 2003), we wi-a |uminosity was given by Dopita & Sutherland (1996) to be:
sume in the following that most of the near-IR emission is due

to dust, and we will explore possible excitation mechanigms Luv.shock = 1.1 % 103(
explain the color indices found.

4. Comparison to numerical models

Vs )3.04 n erascm2 sl
10km.s! cnr3 9 ’

The density of the cloud responsible for the deflection of the
jet was estimated by Gallimore et al. (1996a) to be at least of
about 100 cm?, considering the radio jet properties, a value
If we assume classical grains, for instance silicate grair®nsistent with densities of giant molecular clouds foumd i
heated by the central engine and no screening between the tive galactic plane. Concerning the shock velocity, Axonlet a
the temperature of grains at a given distance r to the nu@deu§1998) found that the ionization conditions and the velocit

4.1. Temperatures
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structures are consistent with shocks of velocity of attlee cs— T T
700 km.st. Assuming these initial conditions, and a size ¢ I
about 110 pc for HST cloud C, the UV flux induced solely
by the shock generated by the interaction of the jet with tl
cloud should be of about-@0* ergs.st. If we find an up-
per value, considering a dense cloug 20 cnt3) and a faster
shock («=1000 km.s?) the shock-generated UV flux become I
: Luv.shok=1.2x10* ergs.st. This is an order of magnitude less = ¢.50
than the flux received from the central source at this digtar
(2.4x10* ergs.s?). Shocks alone are thus not able to explai
the high color temperatures found in knots IR-1 and IR-2. F s
IR-1b, as previously argued in section 3, spectroscopiiesu  °*[
in the UV have shown that most of the UV emission from clou
C comes from scattered nuclear light rather than from shoc -
For structure IR-3, IR-4 and IR-5, Gallimore et al. (1996¢  qanl. 0. 0 i
found no evidence for the formation of a shock front. 4 5 B 7 8 9
So, if classical dust grains are considered, it does not se.... Euv (&)

that shocks are able to reproduce the high color tempegatutgy 5. Grain radius and incident energy thhat reproduce the Ks-Lp
of knots IR-1 to IR-4. and Lp-M observed on our data. The ratios are indicated in fiok

in magnitude. The mean solution which would best reprodhedwo

color ratio is indicated with the dark cross.

0.55

4.3. The VSG hypothesis

Another way to tackle this issue is to explore the nature ef th
dust. In our previous paper (RLG04 and RGB04) we propost&mperature of 2000 K, and we obtain a temperature evolution
that transient heating of very small dust grains (VSG), poswith grain radius and incident photon energy in good agree-
bly nano-diamonds, could be responsible for these high‘coment with the one they obtained with a more sophisticatet dus
temperatures. Here, we explore this hypothesis in moréisletagrain model.

When the photon is absorbed by the grain, it heats it at a
maximum temperature which depends on the size of the grain
and the photon energy. The grain then cools by re-emittiisg th

First proposed to explain the bump at 280in interstellar IR €nergy, mostly in the IR. Assuming a blackbody emission for

emission, transient heating of VSG could be responsible fé€ grain, we can deduce the total flux emitted by a cooling

40% of the energy absorbed by dust in the ISM (Desert et &8lfain of equivalent radius:

1990). It could also be responsible for the unidentified mid-

IR emission bands (Guillois et al. 1999). Thus, it represent F() = f”Bﬂ[T(t)] x 4ra’dt

a very good candidate to explain the high dust temperature in _ i ) _

UV-irradiated regions such as knots IR-1 to IR-4. whereT (t) is the solution of the energy conservation equation:
We consider here the general case of a single UV photon CdT = 4ra2oT4dt

heating a nano-grain. In order to estimate its maximal teape

ture as well as the the flux ratio between Near-IR bands during We can thus obtain the flux ratio between Near-IR bands

the cooling phase, we need to estimate the heat capacity ¢@athe cooling of a carbonaceous VSG. We tried to reproduce

VSG. It can be approximated by a Debye law at low temper@.e L’-M and Ks-l’ colors found for knot IR'3, for instance

ture and a constant (Dulong and Petit model) at high tempeY4th a variety of grain sizes and photon energies. We plot in

4.3.1. General model for carbonaceous VSG

ture. This can be conveniently written as: Figure 5 the solutions found for both of the two color ratios.
We note: a) within a plausible range of photon energy, the
(CoTlO)3 grain size does not vary by a large amou#2$%), b) the two

solutions found are rather close and the best fit to the daya ma
be in between, given the uncertainties. Globally, a mean-sol

whereT, is the Debye temperature of the dust species@nd tion which would best reproduce the color ratio found in lenot

andC; coeficients depend on the characteristics of the graid&-1 t© IR-5 would be 6 eV UV photons and grains with a ra-
We took dius of about 0.5nm.

co=238x1m¢;GLf
0

- CorT\3

4.3.2. Nano-diamonds: interesting candidates

and In RLGO4 we proposed that nano-diamonds could be the major

component of the VSG population in those knots. Laboratory
(units J.K1), assuming simple carbonaceous nano-grairexperiments have shown that the temperature of a nano-
Following Jones & d’Hendecourt (2000), we adopt a Deby#iamond can increase to very high values (up to 1000 K)

C1=305xa3,
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when absorbing one UV photon (Jones & d’Hendecourt 200@¥.slope as well as in terms of flux, to compare with our near-
Nano-diamonds are a very stable and resilient speciesdhat R images: i.e a torus inclined 2®ith regard to the line of

be formed by strong UV radiation on graphitic or anamorphosght, composed of silicate grains and a total bolometriai{u
carbonaceous grains by chemical vapor deposition (Hill.et aosity of 1.5<10*%rgs.s? in the visible-UV range for the cen-
1998). They can also form in shocks, as indicated by their disal exciting source. The results are very similar at 2.24md
covery in meteorites subjected to high pressures (Lewis et@nd show an emission, dominated by a central core, extending
1987). Laboratory experiments show that most of the emissialong the N-S direction. As shown in Fig. 6, the morphology of
appears in emission bands given the very low valu@gt at the source is totally dierent at 1@m, where a more complex
other wavelengths (diamond is well-known to be transparentemission distribution appears in the central part and caoino

the IR), but, on the other hand, the presence of emissionsbariusly be fitted either by a single Gaussian component or by
at 3.43im and 3.5am is clear for large diamond particles onlytwo Gaussian, as in the 2« range. Our result is thus not di-
and would not appear for very small ones (Jones et al. 2004)rsctly comparable to the results off#aet al. (2004) who fitted
that we no longer predict the presence of such spectralriatiutheir interferometric data with two Gaussian components.

in NGC 1068. Nevertheless, the size of the N-S extension given by our
model (FWHM~0.7 pc N-S at 2.2m) is smaller than the one
fitted on our Ks data, even if the general trend of a N-S ex-
tended source is clearly reproduced.

Both deconvolution methods show an increase in the appar- So, the_ combmed_mterpretatlon of both photometrlc and
ent size of the central source with wavelength which is COmorphologmal properties of the central source Is not fud_yl-
sistent with a simple physical model, assuming that theebbttS'Stent',-Lhe O\E)el_r-smple mgdgl ofcta;)ugbr:nut-llke pbscurmg
dust is seen at shortest wavelengths. However, the souice WIQ_JS V‘k’]'t asu |mat|(I)n CaV'ﬁY IS pr(;] aply r:jotfﬁment to e()j('d
only clearly resolved along N-S at Ks. Discussion aboutdts aP ﬁ'ndt € r_rtl)oreh comp e)i reallty. O.t err] mﬁ els (Ia\re needed to
tual physical size is thus reasonable only at this WavehangftLI y describe the central emission in the therma IR. . .
Considering the L1-L2 method as the one that favors the high- For the size of this obscuring structure, no constraint®n it
est intensity gradient in the object, the FWHM deduced frofjter scale is brought by our data. On the other hand, we can

images deconvolved with this method should thus be consftpnclude thatits internal wall is at a parsec scale, as stoywn
ered as an upper limit on the size of the central core. the Ks band image. Such a size is coherent, for instance, with

The Near-IR colors of the central source found before OIthe NaCo observations of Circinus, another archetypal tiype

. . . ~* “Hucl Pri |. 2004).
convolution are consistent with dust at about 900K. Thisis Iﬁuc eus (Prieto et al. 2004)

good agreement with previous conclusions based on spectro-
scopic observations (Gratadour et al. 2003). The centtakso 5. Conclusion
seen at 2.2m may represent the outer surface of a dust sublj-

mation cavity around the central engine. The size of this'riy:av’a‘fter careful image pr_ocessing and reliable deconvolytion
depends on the visible-UV luminosity of the central engin8€&/-IR NaCo observations of NGC 1068, from Ks toind,

fow = 1.3% L[lléz in pc, whereL Y2 is the visible-UV luminos- show a wealth of details and reveals a very complex dust-struc

46 . . .
ity in units of 10*%rgs.s according to Barvainis (1987). Thisture around this AGN. The main results can be summarized as

leads to 0.5 pc in the case of NGC 1068, assuming the sa WS.

visible-UV luminosity as previously used. — The overall picture in the near-IR suggest the shaping of
When fitting the deconvolved central source by an ellipti- the NLR by the passage of the jet. At the location of radio
cal 2-D Gaussian distribution (see Fig. 6), we find a FWHM  source C, a very peculiar elongated emission is found, ap-
of 30 mas, i.e 2.2 pcC, at Ks along the major eXtenSionoo-].G pearing very Straight in Mwh”e more C|umpy and bend-
and lower than 1. pC (13 maS) in the perpendicular direction |ng at Ks and L. This difference may stem from patchy ob-

(as expected since the source is unresolved in the E-W direc-scuration by dust. This structure probably trace the cloud
tiOn). This result is not in conflict with the interferometiob- interacting with the Jet but its Shape is unclear.

servations of Wittkowski et al. (2004) with the VLTI instriamt — Four e|0ngated knots (|R_1 to |R_4), not resolved in one di-
VINCI who found a size of 5mas (i.e. 0.4pc) for the central rection, quasi-periodically dispatched along the axishef t
source along P.A45°(i.e. the direction along which we do not  jet and bracketing it with another complex structure (IR-6)
resolve the source). We find also a circular 2-D Gaussian of gre shown. Their highly regular distribution is unexplaine
5.5 pc FWHM in L' and M, but, as the source was not clearly  since no numerical simulations of the jet interacting with
resolved in these bands, this result must be considered as arg|ouds or ISM is able to reproduce their regular alignment
upper value. nor their elongation perpendicular to the direction of the
This kind of behavior, with an N-S elongation in the ther- jet. However, we favor an interpretation in terms of hydro-
mal IR, is indeed predicted by numerical models. The one that dynamical instabilities due to interaction of the jet with i
we developed to fit K band continuum (Gratadour et al. 2003) environment, given the close correlation between the struc
reproduces suchfiects. We thus computed high resolution (2 ture alignment and the jet direction.
magpixel) images with this model, using the set of parameters Comparison to a simple model demonstrates that the very
that allowed us to reproduce the central K continuum in terms high color temperatures found in these structures cannot be

4.4. Dust in the central core
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Fig. 6. Images obtained with our radiative transfer model at 2.2,ahd 10.@m, and the N-S profile on the Ks image of NGC 1068 (solid
line) compared to the N-S profile of the image obtained by otving the elliptical 2-D Gaussian fitted on deconvolved Keage by the PSF
(dotted line) and the isotropic profile of the PSF (dashee)lin

produced by excitation induced by shock generated UV-X upper limit of 5.5 pc on the source FWHM i land M.
rays. On the other hand, transient heating of VSG of the size This elongated shape is reproduced with a radiative trans-
of about 0.6 nm is able to produce the high temperatures, fer model tuned to reproduce previous spectroscopic data.
and nano-diamonds are a very interesting candidate given Nevertheless, the size found with this model is smaller than
their resistance and their formation mechanisms. However, the one deduced from deconvolved images. This could call
their IR emissivity is not known and this requires further into question the relevance of tdeughnut torus paradigm

work. which is certainly an over-simple description of a complex
— We find two new spots symmetrically disposed North-West reality, as testified, for instance, by our discoveryaf/es
and South-East of the central source, along £.20°. bracketing the jet.

They have similar magnitudes andagg of 2 with the cen- ] ] )

tral source, which is consistent with dust at 600K, i.e. whdfirough careful image processing we extracted new informa-
is expected at this distance (20 pc) in dusty clouds direcﬂ?”- Nevertheless, this near-IR dissection of the nucleus
heated by the central engine. GC 1068 done with the best single-dish resolution achievab

— The central source is elongated along the same axis and'fdhe near-IR is limited to the study of the NLR. _
solved in Ks, with a FWHM of 2.2 pcin Ks at P.A:16°and What new observations are needed ? The unambiguous de-

less than 1 pc in the perpendicular direction. We also put &iption of the BLR and the dust sublimation cavity of this
object will soon be reached by interferometric techniqfies,
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instance with the new VLTI instruments such as AMBER, e&ratadour, D., Clénet, Y., Rouan, D., Lai, O., & Forveille,

pecially when multi-baseline observations can ensure @nag 2003, A&A, 411, 335

reconstruction. The emission spectrum of transiently deatGratadour, D., Mugnier, L. M., & Rouan, D. 2005a, A& A ac-

particles is diferent to the standard black body distribution cepted

(Desert et al. 1990), and spectra from 2 tovbof the IR knots Gratadour, D., Rouan, D., Boccaletti, A., Riaud, P., & @&n

could help to discriminate between the VSG component pro-Y. 2005b, A&A, 429, 433

posed here and classical grains. Narrow band imaging in co@uillois, O., Ledoux, G., & Reynaud, C. 1999, ApJ, 521, 1L133

nal lines and recombination hydrogen lines would improwe tidill, H. G. M., Jones, A. P., & D’'Hendecourt, L. B. 1998,

contrast and test the spatial correlation between gas astd du A&A, 336, L41

Polarization in the IR could also help to discriminate betwe Jdfe, W., Meisenheimer, K., Réttgering, H. J. A., et al. 2004,

scattered nuclear light from the AGN and intrinsic emission  Nature, 429, 47

Jones, A. P. & d’'Hendecourt, L. 2000, A&A, 355, 1191
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425,77 and finding the values of the parameters that maximize tiee lik
Wittkowski, M., Kervella, P., Arsenault, R., et al. 2004, A& lihood of the data.
418,139 Becauseo andn are assumed to be Gaussian and indepen-

dent,i is Gaussian as the sum of two independent Gaussian
processes. Its probability densipyi, ®), viewed as a function
of ® for a giveni, is the data likelihood. The opposite of the
data log-likelihood_(®) can be written, with a minor approxi-
mation, as:
The deconvolution process is based on a maximum a posteriori £y — BB ()2
estimation of the object, meaning the minimization of a com4 (@) = Z |Og(|h(f)|280(f) +o ) [1(F) = h(f)om(F)| ]
pound criterion: 7 IN(F)2Se(f) + o3

J(0) = Ji(0) + Jo(0), (A.1) (A.4)
The identification consists of minimizing of Eq. (A.4) as a
function of ®, i.e., four parameters. The gradientlotan be
: i i . . computed analytically, sb can be minimized quickly by a con-
Concemning the object prior, assuming a Gaussian prﬁ%gate gradient method. Additionally, it is possible towed to

probability distribution leads to deriving its expressionthe three the number of unknowns by making the change of vari-
Fourier domain from the computation of its Power Spectrg lesu = o2/K and searching fo®’ = {K, fo, p, u} instead of
- n - s 105 Ms

Density (PSD). The regularization term is thus written a5 - (K, fo, p, o2}, Thus nulling the gradient df(©’) with re-
(Conan et al. 1998): spect toK gives an analytical expression Kfas a function of

1B(f) — Bm(F)2 the current values of the three other parametgrp, i, which
Jo(0) = Z ( )So(fn;( ) , (A.2) speeds up convergence.

Appendix A: Classical deconvolution with a PSD
type regularization

The first term of this criterion is a measure of the fidelitytie t
data, and the second term, a regularization or penalty term

where®, = E[0Q] is the mean Fourier transform, ai®} =
E[16(f) — 8m(f)I?] is the object PSD. The weight of the reg-
ularization term in the compound criterion should be adjdst
according to the noise level in the image.

A.1. Unsupervised estimation of the object and noise
PSDs

We choose the following parametric model for the object PSD
So (Conan et al. 1998):

So(f) = E[IA(F) - Bn(F)F] = K/[L + (F/f0)?]  (A3)

This model has the advantage of being both sparse (few pa-
rameters) and correctly modeling the PSD of various types of
scenes.

If the noise is assumed to be Gaussian and approximately
stationary (the case of a background-limited noise withia un
form background, as in the thermal IR), there are four hyper-
parameters to be adjusted for the deconvolution: the naige v
anceo? and the parameters of the object P8P {K, fo, p}.

The adjustment o, = {K, fo, p} can be made in a super-
vised way using physical consideratiot&:is approximately
given by the square of the number of photons in the image,
f, is the inverse of the characteristic size of the object, evhil
the powerp characterizes the regularity or smoothness of the
object and is usually between 1 and 4. This supervised adjust
ment has proved useful (Conan et al. 1998) but is necessarily
approximate.

It is possible, in a Gaussian framework, to identify (or es-
timate) the hyper-parameters in an non supervised way by a
Maximum Likelihood (ML) method, as recently proposed in
the context of phase diversity (Blanc et al. 2003). If we deno
by ® = {K, f,, p, o2} the set of hyper-parameters, the method



