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ABSTRACT

Aims. Numerous studies of the host galaxy of Seyfert nuclei are being conducted in the optical/visible range. However, in the case of
Seyfert 1, the spectra of the inner galactic core can be dominated by broad emission lines coming from the nucleus that totally flood
the underlying galactic spectrum, preventing any study of stellar populations.

Methods. Because part of the IR H-band is free of the strongest AGN emission lines, we developed a method that allows the stellar
population of the very internal regions of the Seyfert 1 galaxies to be studied in the presence of a diluting continuum.

Results. A new inverse method using the flux as observables was developed and deeply tested. The specificity of the method is to
take the non stellar parameters (reddening, dust emission, and non-stellar continuum) into account directly in the synthetic distance
to be minimised.

Conclusions. The method is powerful for deriving the stellar content of the very central part of AGN. However, the results for the
stellar population are still tentative, as the incompleteness of the stellar base (lack of supermetallic giant stars) could lead to large
uncertainties. New observations of stars in the infrared at high spectral resolution, in particular metal-rich stars, are mandatory to
build a complete stellar library that can be used to synthesise the host galaxies of AGN with as much accuracy as possible.

Key words. galaxies: stellar content — galaxies: active — methods: analytical — infrared: galaxies — galaxies: individual: MCG-6-30-15

1. Introduction

Stellar population synthesis is the only way to determine which
kinds of stars compose a spatially unresolved astrophysical ob-
ject. There are basically two different approaches to do this. The
“direct” approach, also called “evolutive synthesis method” (e.g.
Tinsley 1972; Bruzual & Charlot 1993, 2003; Granato et al.
2001; Vazdekis et al. 2003; Le Borgne et al. 2004; Vazquez &
Leitherer 2005), compares the spectrum at each time step of
an evolving stellar population with the spectrum of the studied
galaxy. The other methods attempt to extract the stellar com-
ponents from the spectrum of the astrophysical object through
a mathematical inversion of the information content of the ob-
served spectrum. These so-called “inverse” methods use build-
ing blocks of either stellar spectra (e.g. Faber 1972; Pickles
1985; Silva 1991; Moultaka & Pelat 2000; Moultaka 2005) or
simple stellar population, SSP (e.g. Bica 1988; Vergely et al.
2002; Cid Fernandes et al. 2005; Ocvirk et al. 2006).

We chose to use the inverse method with an observed stellar
data base because it does not rely on presupposed models or hy-
potheses, such as the shape of the initial mass function, the star
formation rate, and a stellar evolutionary model. However, the
credibility of any solution needs to be checked against the cur-
rent astrophysical knowledge of stellar evolution. Such an ap-
proach should allow new evolutionary schemes to be unveiled
if more appropriate. Basically, it finds the best combination of
stars taken from a stellar base, using a minimisation procedure
that fits the observed spectrum.

Using extensive Monte-Carlo simulations, Pelat (1997) has
demonstrated that an inverse method using equivalent widths
can provide an approximate (at 80-90% efficiency relative to
the Rao-Cramer bound at high signal-to-noise ratio) global min-
imum that fits the observables best. This global minimum is
demonstrated to be unique, when the signal-to-noise (S/N) ratio
goes toward infinity. Thus this method avoids the usual multiple
degenerate solutions, the former biggest flaw of this method, as
soon as the size of the stellar library is limited by the number of
linearly independent observables.

As the age and the metallicity of the stars may have a sim-
ilar influence on the integrated spectrum, it is important to use
as many observables as possible in order to decrease the degen-
eracy. In the case of galaxies hosting an active galactic nucleus
(AGN), in particular the so-called Seyfert 1, the spectra of the in-
ner galactic core can be dominated by broad emission lines com-
ing from the nucleus that totally floods the underlying galactic
spectrum, preventing any study of stellar population. The spa-
tial resolution is still far from being sufficient for resolving each
individual component of the AGN central part. It is about a hun-
dred parsec for galaxies that are about ten or so Mpc away, ob-
served with 4/8 m telescopes without the use of adaptative op-
tics, thus including the Broad emission Line Region (BLR) and
a part of the Narrow Line Region (NLR) for most of those ob-
servations.

However, there is a part of the IR H-band, between 1.57
and 1.64 um, that contains a wealth of stellar signatures while
limiting the risk of an overwhelming contamination by AGN
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emission: only the three Brackett lines at 1.570 yum, 1.5880 um,
and 1.6109 um may be present. This spectral range allows the
study of the stellar population in the very internal regions, in-
cluding the nucleus, of the Seyfert 1 hosting galaxies.

This spectral domain is also rich in luminosity sensitive
lines, therefore in tools for telling the age of the stars (Dallier
et al. 1996). Indeed one can see in Fig. 1 how the relative vari-
ations in some metallic and molecular lines are good marks for
the age of the stars (e.g. 1.58 um (Mgl and CO), 1.60 um (Sil
and CO), and 1.62 um (CO and Fel)). A spectral resolution of at
least 2000 is necessary to evaluate the intensity ratios. In order
to make full use of the information, the velocity dispersion of
the studied galaxy, which enlarges the spectral lines, must not be
too large, with the limit approximately at 150 kms~!.

It is also in this wavelength range that the emission of the
stellar spectral energy distribution is at its maximum. This stel-
lar emission corresponds roughly to a blackbody spectrum with
a temperature of 4000 K, which is quite a good representation
for an elliptical or an early-type spiral galaxy, as are the hosts
of active nuclei supposed to be. The spectral energy distribution
of the active nucleus has a local minimum around 1 um (e.g.
Sanders et al. 1989), between the emission peak of the dust that
lies farther in the infrared and the emission of the accretion disc
that, when modelled by a power law, is weaker for these wave-
lengths than for the visible and the ultraviolet ranges. Thus, in
the near infrared, the contrast between the stellar contribution
and the non stellar contributions is higher than in other wave-
length ranges.

The continuum emission by the AGN and the emission from
the heated dust dilute the stellar absorption lines. Because of the
non linearities introduced by the modeling of the intrinsic red-
dening, the active nucleus continuum, and the dust emission, the
inverse method described by Pelat (1997), where absorption line
equivalent widths are the observables, cannot be used for a stellar
population synthesis of the most central parts of active galaxies
in the near infrared. We have to use the observed flux instead.
The goal of this paper is to describe a new method of disentan-
gling the different components of the inner core of the galaxy
that is composed of the addition of the spectra of stars and non
stellar contributions.

Using the flux as an observable instead of the equivalent
widths alleviates the difficulties of determining the level and
shape of the continuum (see Boisson et al. 2000), which usu-
ally leads to a large source of uncertainties. Another advantage
of using the flux as an observable comes from the number of ob-
servables. Indeed, it is the number of observables that limits, a
priori, the number of stars in the stellar base in order to have a
defined system. This will thus allow a greater sampling for the
stellar composition of the studied galaxies, the goal being to in-
clude in the base as many stars as possible to represent the HR
diagram best.

Moultaka (2005) already proposed such an inverse method
using the flux as an observable for the stellar population synthe-
sis in the visible range. Here we extend and improve this method
such as taking the non stellar parameters into account (redden-
ing, dust emission, and non-stellar continuum) directly in the
synthetic distance to be minimised. In this way, these parameters
are determined without the need of an external loop to probe all
the possible values for the non stellar parameters. It is also math-
ematically more correct, because the non-stellar parameters can
be bound to the stellar parameters, and thus preferable to treat
them in a similar way.

Whatever the approach in stellar syntheses, a spectral
database is needed to build a synthetic galactic spectrum. The
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Fig. 1. Intensity variations for 3 pairs of lines for different spectral types
and luminosity classes, at a spectral resolution of about 2000 (from
Dallier et al. 1996)

stellar population synthesis in the infrared range is quite recent
and the first detailed catalogues of observed stellar spectra in
the IR date from the 90s (Lancon & Rocca-Volmerange 1992
with the FTS of the CFHT at a spectral resolution R =~ 500;
Origlia et al. 1993 with IRSPEC at the NTT, R =~ 1500; Dallier
et al. 1996 with the spectrograph ISIS of the CFHT at R =~ 2000;
Meyer et al. 1998 with the FTS of the KPNO Mayall telescope at
R ~ 3000). The incompleteness of even the most recent libraries
in terms of metallicity led Frémaux et al. (2006) to compare a
set of observed infrared stellar spectra with theoretical ones (but
see Sect. 3).

The new inverse method, using all the spectral pixels as ob-
servables and taking the non stellar diluting components into ac-
count, is described in the Sect. 2. In the Sect. 3, we show how
we select the stellar spectra to compose the database. Section 4
provides different tests of the numerical synthesis code. These
tests are useful for knowing which level of reliability the code is
able to reach. An application to the well-known Seyfert 1 galaxy
MCG-6-30-15 is shown in Sect. 5. The conclusions of this work
will take place in Sect. 6.



2. Building the numerical code

We use the flux received in each wavelength pixel as the observ-
able quantity to fit. We take into account the internal reddening
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The unknown variables x; have to satisfy the constraint
M
)= x-1=0 (6)
j=1

of the galaxy, the contribution to the spectrum from the galactic
dust, modeled by a modified blackbody, and the contribution of
the active nucleus continuum, modeled by a power law. The ex-
tinction, the blackbody temperature, and the slope of the power
law are free parameters of the problem. All these non stellar
parameters lead to a non linearity in Eq. (1) that expresses the
quadratic distance Q to minimise, also called the objective func-
tion:

_1 N 5 F[/Z
Q_N;pi(l—a). ()

l

This equation allows adjustment of the dereddened luminosity
G/ of the galaxy in a number N of observables, which corre-
sponds to the number of spectral pixels, with M spectra of lumi-
nosity F; ;. Among these M spectra, there are M-2 stellar spec-
tra and 2 non stellar spectra. The total flux F? of the synthetic
spectrum is written

M-2
Fl, = Z-iji,j"'-xM—lFi,M—l +-xMFi,Mc (2)
j=1

The value x;, for j = 1 to M, stands for the contribution to the
synthetic spectrum of each stellar spectrum, the blackbody and
the power law, in term of proportions. The flux F; ; of the jy, stel-
lar spectrum at wavelength 4; is normalised by the mean value of
the flux inside a narrow wavelength domain around a reference
wavelength A.s. We choose here A..f = 1.58 um, since the flux
around this wavelength is nearly flat in general. The expression

A -B ehel kT _ q

Fiy-1 = (E) T ] 3)
is the blackbody flux normalised at A.s for a temperature of 7.
The parameter S allows use of a standard blackbody, as well as a
modified blackbody to account for different dust compositions.
In the 1.57 to 1.64 um band, the dependence on § is weak. In the
following, a standard blackbody is assumed (8 = 5).

In Eq. (2),

a=2
Fou = ( 4 ) @)

/lref

is the flux normalised at Ay of the power law F, = v™°.

Finally, G; is the flux of the studied galaxy for the wave-
length A; normalised at Ay in the same way as Fj;. Then, Glf
corresponds to this dereddened flux:

G =G L 1004K)~k(ArerDEB-V) )

where k(A;) corresponds to the values parametrised by Howarth
(1983), E(B — V) stands for the colour excess.

The introduction of a parameter p; (positive or null) allows
giving a different weight to each part of the spectrum, or even to
each individual pixel. The use of weights allows us to account
for differences in signal-to-noise ratio and to highlight the most
discriminant spectral data in terms of stellar population, or else
to reduce the importance, or even to delete, the regions of the
spectrum that are contaminated by e.g. the terrestrial atmosphere
or by emission lines from the active nucleus.

and are bounded, such as

x;>0for1<j<M

300 < T <1500 A
05<ac<l15

0<EMB-V)<2.

The bounds set for the non-stellar parameters span the parame-
ter values commonly deduced from astrophysical observations.
Dust grains with a temperature below 300 K will not be de-
tected, as they mainly contribute to the flux spectrum farther in
the infrared, so their contribution in our wavelength range is too
small. A temperature of 1500 K is the maximum possible for
dust grains as it corresponds to the sublimation temperature of
the most refractory dust material. Most of the active galaxies
have an intrisic reddening E(B — V) smaller than 2, and we took
the canonical values for the @ parameter. However, these bounds
can easily be modified for the synthesis of individual objects.

2.1. The “Lancelot B” routine

The non-linear quadratic Eq. (1) can be handled by the Lancelot
B routine, from the optimisation library GALAHAD (Gould
et al. 2003). This code allows us to obtain the best solution that
minimises the Eq. (1) subject to the constraints (6) and (7).

The method implemented in Lancelot B is described in de-
tail in Conn et al. (1992). An “augmented” Lagrangian function,
called the merit function of the problem, is associated with the
objective function (1) and with the constraints (6). It is written

M
1
BOx o) = 000+ D i) + ()’ (8)
j=1

where y; are the Lagrange multiplier estimates, and y is a penalty
parameter, positive and strictly smaller than 1, that tends towards
zero when the algorithm is approaching the solution. The de-
crease in the penalty parameter follows the decrease in c¢(x) and
ensures the convergence of the function when it approaches the
solution.

Lancelot B uses a two-level iterative method (several inter-
nal iterations are done for each external iteration) to determine
the minimum of Q(x). The y; and u are automatically adjusted
for each external iteration and are determined so as to converge
toward the minimum as long as the precision criteria on the
constraint (c(x;) < e.) and the projected gradient norm of the
Lagrangian function, which should also be smaller than e, are
not reached. We have arbitrarily chosen the value of 10719 ac-
cording to the machine precision (the code is written in double
precision).

The internal iterations help in finding the minimum of
¢(x,y, ) inside a region defined by the constraints (6) and (7),
using a trust-region method. For that, at the current point x;, we
compute a quadratic model my(s) of the variation in the merit
function for an increment s of x;. This model is computed thanks
to its secondary and primary partial derivatives and is written

1
m(s) = ¢k, ys ) + gi s + EsTBks ©)

where g; and By are the gradient and the Hessian of ¢ at the
point x, respectively. We consider that this quadratic model is a
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good approximation of the variation in the merit function inside
a trust-region centred on the point x; and defined by a trust radius
dy that can be updated during the algorithm.

The aim of each iteration is to determine a new point X1,
nearer than x; to the minimum of the objective function. If the
minimum s of my(s) inside the trust region allows ¢(xx + Sk, Y, i)
to be smaller than ¢(x, y, ), Xx+1 = X + Sk. If not, we look for
a new s; with a smaller trust radius.

The minimum sy is obtained in two steps. In the first one we
determine an approximation of the “generalised Cauchy point”.
This point corresponds to the first local minimum of my(s), fol-
lowing the steepest descent direction, at the intersection of the
trust region with the region defined by the constraints. Some
variables lie on the edge of the constrained region (e.g. the con-
tributions x; of several spectra are equal to zero) when we are
on the generalised Cauchy point. These variables are thus fixed
to their bounds, and the second step minimises the quadratic
model using only the variables that remain free. This computa-
tion, which is equivalent to resolving a sequence of linear equa-
tions, can be done with a conjugate gradient method or a factori-
sation method. The minimum s; of the quadratic model is then
obtained.

For our problem, the number of non-redundant observables
is large (several hundreds), so we have chosen a conjugate gradi-
ent method, because it is less expensive in memory and requires
fewer operations than the factorisation method. It is also possi-
ble to choose a more refined variation of the conjugate gradi-
ent method, using for example a preconditioner to readjust the
system to minimised. But these methods that find the minimum
more quickly are still very expensives in memory.

Finally, to know if the point x; + s, can be used as the starting
point of a new iteration, we compute the ratio

_ OOy, ) — G(xk + ko Y, 1)
Pk =
—my(sk)

(10)

between the real descrease and the predicted decrease. If this
ratio is near 1, the iteration has succeeded, and if the precision
criterion is still not reached, we compute a new minimum of
& (Xk+1,Y, n) Where xp1 = xp + sg. But if the ratio is near 0, we
reduce the trust region radius to find another sy.

2.2. Harmonisation of the spectra

Thanks to the new large instruments, the thinness of the galac-
tic spectral lines is limited not by the spectral resolution that
can be instrumentally obtained but by the velocity dispersion of
the galaxy, gy, that is an intrinsic limitation. The stellar base
spectra, at the resolution Rpwyy = ﬁ, have to be degraded in
order to compare them to the galactic spectrum, which generally
have larger . We convolve these spectra with a Gaussian with

o= ot - (%)

To perform the synthesis and use Eq. (1), we need spectra
at the same A;. For that, the code determines the longest starting
wavelength and the shortest ending wavelength amongst all the
stellar and galactic spectra. All the spectra are truncated inside
these bounds. Then, they are all brought to the same wavelength
step. The mean step is calculated for each spectrum. The spec-
trum with the largest mean step is taken as a reference and all the
other spectra are resampled to this step. The code computes the
corresponding flux for these new A; by a Fourier interpolation.

Finally, all the spectra are normalised to a same reference
wavelength step Ar chosen inside a small window free of any
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emission lines and without strong absorption lines. Each spec-
trum is divided by the mean value of the flux measured inside
this window.

The accuracy of the synthesis is revealed graphically, su-
perimposing the observed and synthetic spectra and computing
the residual spectrum between them, and of course numerically
thanks to the value of the objective function (Eq. (1)) calculated
by Lancelot B. The lower this value, the closer from the obser-
vation the synthetic spectrum is.

This code produces an output file that provides the number
of iterations to reach the solution, the value of the objective func-
tion for the synthetic galaxy obtained, and the stellar composi-
tion of this galaxy, together with the percentage of contribution
of each stellar spectrum to the galactic spectrum at the reference
wavelength. The contribution of the non stellar elements (black-
body and power law) and the value of their parameters (temper-
ature, slope, reddening) are also displayed in this file.

3. The infrared stellar database

It should be noted that each individual spectral type in a library
should encompass a significantly large domain of temperature,
gravity, and metallicity, because one cannot pretend to have as
many types of stars in the database as those forming a galaxy.
This usually prevents individual stars from being truly represen-
tative of one spectral type, so a number of stars with nearby stel-
lar parameters should be averaged.

The acquisition of stellar spectra at medium/high spectral
resolution in the infrared range is still too recent to be able to
gather a large number of stellar observations covering a wide
range of stellar parameters. There are too few observations of
high-metallicity stars, for example, in the infrared. It would then
be interesting to use a library of theoretical stars. However, the
spectra computed with the available models of stellar atmo-
spheres fail to adequately reproduce all the absorption lines of
the observed stars (see Frémaux et al. 2006). These spectra are
not reliable enough to be used for our purpose.

Most of the stellar spectra used in the present study come
from observations by Meyer et al. (1998) with the Fourier
Transform Spectrometer of the 4m Mayall telescope at the Kitt-
Peak National Observatory (KPNO). These spectra have a mean
resolution of R = 3000 in the H-band and are corrected for the
terrestrial atmospheric absorption. However, they are normalised
in flux, which is not convenient for what we want to do. We
therefore calibrated them in flux using the Pickles (1998) library,
which has a lower resolution but a wider wavelength domain.

Several stellar spectra, most of them from supermetallic
stars, observed by Boisson et al. (2002) with the ISAAC spectro-
graph of the VLT at a resolution of R = 3500 have been added
to the stellar database. These spectra are also corrected for the
terrestrial atmospheric absorption and are calibrated in flux. To
homogenise the stellar database, we decrease the resolution of
these spectra down to R = 3000.

There are no stars hotter than A type in our stellar database,
because the contribution of the O and B type stars is negligible in
the infrared, compared to cold or intermediate stars (A, F spec-
tral types). Only one A type star (a AOV) remains in the library.
The deep Brackett lines of this type of star are important spectral
features, so even a weak contribution will be detectable!. The
remaining of the library is composed by stars of all luminosity

I Br13 and Brl4 lines can be present in emission in AGN, but their
equivalent width is usually very small. The presence of such lines is
accounted for by giving a lower weight to the relevant spectral region.
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classes and of spectral type from FO to M4, chosen to describe
at best the HR diagram. A particular emphasis has been put on
the metal-rich stars, whenever observations of such stars were
available.

From a mathematical point of view, a spectrum may be in-
distinguishable from a linear combination of others according to
a goodness-of-fit criterion that accounts for noise, if some spec-
tra are badly calibrated or if the spectral resolution is too low. To
avoid multiple degenerate solutions for the minimisation prob-
lem, the information brought by each spectrum should not be
possibly confused with the information brought by all the oth-
ers. We thus synthesised each spectrum by all the others and
checked whether they can all be distinguished well individually.
Actually we had to remove some of them. The selection is made
with the help of the synthetic distance Q. If it is large enough
(we fix the limit to 107*), the star is kept in the database. If the
distance is too small, the synthesised star or some of the stars
that “composed” it are removed from the database. The final li-
brary contains 30 stars (Table 1 provides for each selected star,
spectral type, luminosity class, and lifetime) out of 96 if we add
the stars from Meyer et al. (1998) and those of Boisson et al.
(2002).

4. Tests of the code

Before starting to work on a real observed galactic spectrum,
we have to verifiy how the synthesis code is able to reproduce a
spectrum with known parameters and at which level of accuracy.
To do so, we build several test-galaxies from various contribu-
tions of the stellar spectra, possibly adding noise. The discrep-
ancies between fiducial and estimated spectra indicate the limits
of the method.

4.1. Fake galaxies

Several different compositions of stars are used to build the fake
galaxies. For example, a test is made over three stars, an inter-
mediate giant star (F3III type), a cold supergiant (M2I type), and
a supermetallic K3V type dwarf (see Table 1). In other tests the
fake galaxies are composed of several stars with similar spec-
tral types (for example, only G type dwarf stars or only cold M
type stars of all luminosity classes) in order to study the most
unfavourable cases that are potentially the most degenerate. All
these test cases are very well-reproduced, the input contributions
being found to within about one percent. The largest synthetic
distances Q are a few 10~7. We stopped the convergenge accord-
ing to a tolerance parameter. This parameter defines the practical
(i.e. numerical) value of “zero”. There is a trade-off in determin-
ing this value: if too high the algorithm stops without conver-
gence, too low it will run for ever. A good compromise between
speed and machine precision, here approximately 10~7. Because
this parameter is not exactly zero, this algorithm cannot guaran-
tee 100% success, as pointed out in Table 1.

In a second step, we test the efficiency of the code to de-
tect a non stellar contribution to the synthetic spectrum, whose
property is to dilute differentially the absorption lines. A fake
galaxy built with three stellar spectra (F3III, rK3V, and M2I; the
first test-galaxy quoted above) and diluted by a 20% non stellar
contribution from a blackbody spectrum with a temperature of
1000 K is synthesised very well (distance of 1.62x107%): the non
stellar contribution is within 3% of the exact value, the black-
body temperature within 50 K and the composition of the stellar
spectrum within 2% of the exact contributions. The residual 2%
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Table 1. Synthesis of fake galaxies: akegall is built with a 30% contri-
bution from the F3III type star spectrum, 40% from the rK3V type star
one and 30% from the M2I one, fakegal2 has the same stellar contribu-
tions but is reddened by E(B — V) = 0.1.

HD Spectral type lifetime (year) fakegall fakegal2
159217 A0V 2% 108 0% 0%
27397 FOIV 2% 10° 0% 0.4%
48501 F2v 10° 0% 0%
112164 rG1V 4% 10° 0% 0%
10307 G1.5V 6x10° 0% 0%
106116  rG4V 100 0.1% 0%
185144 KOV 2% 10" 0% 0%
219134 K3V 3% 10" 0% 0%
39715 K3V 3x 10" 39.1% 39.3%
131977 K4V 4% 10" 0.7% 0%
201091 wK5V 4% 10" 0% 0%
79210 MOV >4 % 100 0% 0.4%
36395 ™M1V >4 % 10'° 0% 0%
119850  M1.5V >4 % 100 0% 0%
173739 M3V >4 % 100 0% 0%
115604  F31II 2% 10° 29.9% 29.4%
220657  F8III 10° 0% 0%
107950  wG6III 8 x 10° 0% 0%
206952  KIIII 7% 10° 0% 0%
3627 K31II 6x10° 0% 0%
3346 K5-MOIII 6% 10° 0.5% 1.1%
102212 MlIIIab 5% 10° 0% 0%
151732 M4l 3 x10° 0% 0%
36673 FOI 107 0% 0%
20902 F5I 107 0% 0%
139717  rF8Ib 107 0% 0%
204867  GOIb 2% 107 0% 0%
210745 K2l 107 0% 0%
201251 K4l 107 0% 0%
39801 M2I 2-8x10° 29.7% 29.4%
BB(T.4) 0% 0%
PL(a,) 0% 0%
E(B-YV) 0 0.11
D 1.68 x 1077 1.62x10°°

includes stars with similar spectral types. Likewise, when we in-
troduce a power law spectrum or a reddening, the fake spectra
are reproduced very well: the maximum distances are about a
few 107 (see Table 1).

Without any noise, the contributions of each stellar spectrum,
as well as those of the non stellar spectrum, are determined to
within 3% at most, the blackbody temperature is found to within
50 K, and the @, parameter of the power law is known within 0.2
and the E(B — V) parameter within 0.04. These tests are a source
of knowledge for the maximum degree of precision we can ob-
tain with our synthesis method and the present-day observations
that do not allow to reach a better accuracy.

4.2. Noisy fake galaxies

The real galactic spectra are never obtained with an infinite
signal-to-noise ratio (S/N). It is thus necessary to evaluate the
accuracy of the synthesis according to the noise level. To do so
we took the previous fake spectra and added noise to each pixel.
The photon noise dominates the other sources of noise when we
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work on bright objects like nearby galaxies. This noise is there-
fore proportional to the square root of the flux. At each pixel we
add a random Gaussian variable with a null mean value and a
typical deviation of o-(1) = Vflux(1)/S/N.

With an §/N = 100, the fake galactic spectra composed only
by stellar parameters are still reproduced very well, the stellar
contributions are found within a few percent (the maximal de-
viation to the correct result is around 5%). When the S/N de-
creases, the discrepancies between the stellar population of the
fake galaxy and its synthesis increase up to almost 10% for an
S/N of 40 (typical synthetic distances are about 2 x 107#). This
10% difference for a given stellar type is spread over stars of
nearby spectral types with same luminosity class. Such a result
shows that we cannot pretend to obtain a galaxy synthesis within
a precise spectral type, but the interpretation of the synthesis will
not be modified if we find, for example, a small contribution of
an rG1V type star instead of an rG4V type star. With a lower
S/N, however, the noise becomes much too strong to synthesise
the spectrum, most of the spectral features becoming too heavily
contaminated.

We notice that the cold M spectral type stars are more sen-
sitive to the noise than other stars. Their caracteristic lines are
smered more quickly into the noise, and it is possible to see a
K type star instead of an M type star in the synthetic spectrum
when the /N is weak, in particular for the M dwarfs. When the
fake galaxy contains early type stars (A or F spectra type), an
S/N as low as 40 or below leads to a degeneracy between the
contribution of these stars and the reddening.

The inclusion of non stellar parameters can also lead to a
degeneracy with stellar contributions, but for all kinds of stellar
repartition. In the presence of noise, when a blackbody com-
ponent dilutes the stellar spectrum, a perceivable degeneracy be-
tween the blackbody and the hot stars appears. For example, with
an §/N of 40, a fake spectrum, composed of 20% from a black-
body at a temperature of 1000 K and 80% from a stellar contribu-
tion, can be synthesised with up to 10% contribution from extra
early type stars. At the same time, the blackbody temperature
is found at 660 K instead of 1000 K. The typical synthetic dis-
tances obtained when non stellar contributions are present in the
fake spectrum are similar to those obtained without them (about
2 x 107* for an S/N of 40), so the value of the synthetic distance
cannot be the only argument for determining whether the syn-
thesis is correct or not. We also use astrophysical knowledges to
validate a solution given by the numerical code.

In the same way, we notice a large degeneracy between the
reddening and the relative contributions of early and late type
stars. A fake spectrum reddened with an E(B — V) = 0.1 can
be synthesised by a spectrum containing too much cold and un-
dermetallic stars and without any reddening, while another spec-
trum with the same reddening parameter can be synthesised by
a spectrum containing early type stars and a higher reddening,
even with an §/N as high as 80.

In general, the stellar repartition of the synthetic spectra is
not far away from the real one for an S/N down to 40. However,
particular care should be taken when the result shows a high red-
dening parameter associated with a stellar population that goes
toward warm A or F type stars.

The AGN power law index, «, is the most difficult non stellar
parameter to extract. Indeed, in our small wavelength domain, a
variation of the parameter « only induces a weak variation in the
slope of the power law. If the spectrum of a fake galaxy, with
an §/N as high as 80, contains a 20% contribution from a power
law with a = 1.0 as the only non stellar parameter, it can be syn-
thesised as well with a 20% contribution from a power law with
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a = 0.5 and some reddening (E(B — V) = 0.1). It can be fitted
equally well by a 15% contribution from the same power law
and a 5% contribution from a blackbody with a temperature of
1500 K. These are only two examples among the numerous pos-
sible combinations of non stellar parameters that can reproduce,
with equivalent accuracy, a spectrum containing 20% of power
law, as soon as we add some noise.

In conclusion, without non stellar contributions, the stellar
population synthesis method described here is able to perfectly
recover the stellar contributions to the galactic spectrum, as long
as the S/N of the galactic spectrum is above 40. However, we still
have meaningful astrophysical results for S/N < 40.

Even if this method theoritically allows to find all the non
stellar parameters of the studied galaxy, it is very difficult to do
so in practice. Indeed, in the presence of non stellar components
in a fake galactic spectrum, all the degeneracies previously set
out are present as soon as the §/N is lower than 80. Few observed
galactic spectra are obtained nowadays with such an §/N, thus we
have to be extremely careful when we want to interpret real spec-
tra of low luminosity or distant galaxies. A large contribution of
hot stars, for example, may suggest either a higher blackbody
temperature or a weaker reddening. Thus it would be manda-
tory, for a more reliable solution, to regularise the mathematical
results by meaningful physical constraints upon the non stellar
parameters. Such an additional contribution can be gained from
an optical wavelength, from known AGN properties, or from a
favourite stellar evolution model.

5. Application: synthesis of an active galaxy,
MCG-6-30-15

The stellar population of a circumnuclear region of this Seyfert 1
galaxy? has already been studied in the visible range, while the
population of the most internal part of the galaxy was not reach-
able owing to the large contamination of the spectrum by strong
broad emission lines due to the active nucleus in this wavelength
range.

The near-IR range is nearly free of emission lines, for the
first time allowing study of the population of the very nucleus.
The new synthesis method described in this paper is suitable for
completing such a study. In a first step, we determine the stellar
population in the circumnuclear region that we compare to the
previous results in order to further test our method.

5.1. Introduction to the galaxy

This E/SO type nearby galaxy (z = 0.008) hosts a Seyfert 1 nu-
cleus. The heavily reddened active nucleus has been studied and
monitored in great detail in the X-ray, leading to estimations of
the black hole mass or spin, the accretion disc properties, and
the X-ray spectrum variability (see e.g. Vaughan & Fabian 2004;
Ponti et al. 2004; Turner et al. 2004; Arévalo et al. 2005; Zycki &
NiedZzwiecki 2005; McHardy et al. 2005; Reynolds et al. 2005).
However, the properties of the most central part of the host
galaxy still remains, in comparison, rather unknown.

Its lenticular form is very elongated, and photometric ob-
servations (Ferruit et al. 2000) show that it presents a dust lane
south of the nucleus (at a distance around 150 pc, as estimated
by Ballantyne et al. 2003), which should be the cause of the great
internal reddening measured by Reynolds et al. (1997) from the

2 MCG-6-30-15, ESO 383-G035, IRAS 13329-3402.
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hydrogen lines ratio H,/Hp that infers an E(B—V) value between
0.61 and 1.09 for the central region.

The population of the host galaxy was studied, in the visi-
ble (Boisson et al. 2004) with the synthesis method described by
Pelat (1997, 1998) and Moultaka & Pelat (2000) using the ab-
sorption lines equivalent widths as observables. Two circumnu-
clear regions of MCG-6-30-15 were synthesised, one ring lying
between 200 and 510 pc from the nucleus and the other one be-
tween 510 and 790 pc. The spectra were obtained with the NTT
telescope at La Silla, Chile, in the range 4500 to 9000 A. The re-
sults infer a population composed mainly of old mildly metallic
stars with a contribution of intermediate age stars (around 1 Gyr)
that increases farther away from the galactic centre. A high in-
trinsic reddening, with E(B — V) = 0.15 to 0.2, was inferred
in these regions. The stellar population of the external regions
of MCG-6-30-15 seems to be typical of lenticular galaxies with
one (or more) stellar burst episode in the past Gyr.

Unfortunately, this study in the visible range could not access
the stellar population of the most central part of the galaxy due
to the strong emission lines that limit the number of observables
that can be used for the synthesis.

Comparing the equivalent widths of the galactic absorption
lines at 1.59, 1.62, and 2.29 um, with the equivalent width of
the same lines observed in stars and stellar clusters, Oliva et al.
(1999) determined the presence of a non-stellar continuum in the
internal region of this galaxy (with a slit aperture of 4.4”, corre-
sponding to ~600 pc), which they identify as a power law with a
parameter «, equal to 2.3. They interpret this power law as dust
emission at a temperature of 1100 K. This continuum emission
dilutes the stellar contribution that only amounts to 40% of the
total emitted flux at 1.62 um. However, these results obtained
from very few absorption features are subject to high uncertain-
ties, the strength of the features depending on both the age and
the metallicity of the stellar population, but also on the level of
dilution by the non stellar components (that can vary from the
H band to the K band).

5.2. Synthesis of the external region

In this section, we try to recover the population of the exter-
nal circumnuclear region from IR observations, using our new
method of population synthesis. The results are compared to
those we obtained previously in the visible range (Boisson et al.
2004).

We use the spectrum of the circumnuclear ring, lying be-
tween 200 and 510 pc from the nucleus of MCG-6-30-15, ob-
served by Boisson et al. (2002) with the ISAAC spectrograph
on the VLT with a spectral resolution of 4.5 A FWHM and a
sampling step of 0.79 A. Note that the S/N ratios are about 80
and 40 for the nuclear and the ring spectra respectively. These
authors have determined a velocity dispersion of 83 kms~! for
this external region according to two different methods, the
cross-correlation method of Tonry & Davis (1979) and the fit
of the galactic spectrum by a stellar spectrum convolved with a
Gaussian. The stellar base spectra are therefore degraded to be
comparable to this galactic spectrum, as shown in the Sect. 2.2.
No AGN contribution is expected in a circumnuclear region so
far away from the nucleus, so it is fixed to zero.

When the blackbody and the reddening parameters are free
parameters, the synthetic spectrum contains a small contribution
of a blackbody spectrum with a temperature of 300 K, which is
an acceptable value for the temperature of dust grains at several
hundred parsecs away from the nucleus. The reddening is found
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Fig.2. Observed spectrum of the external region of MCG-6-30-15
(solid black line) and synthetic spectrum (grey line: case 2, Table 2).
Residuals corresponding to the relative difference between the obser-
vation and the synthetic spectra (W) are shown below the
spectra.

equal to zero (case 1, see Table 2). However, this galaxy should,
on the contrary, have a high internal reddening (e.g. Reynolds
etal. 1997, who found an E(B—V) between 0.61 and 1.09, for the
emission line region). Thus, in a second step, we have imposed
a minimum value of 0.6 for the reddening parameter (case 2),
still leaving the blackbody contribution free. The result is very
close to the case 1 for the stellar contributions, but we notice a
lower contribution of the blackbody, which compensates for the
reddening of the spectrum.

We have also fixed the contribution of the blackbody to zero
(as well as the one of the power law) in order to leave the redden-
ing as the only non stellar parameter (case 3). The synthetic spec-
trum obtained is then reddened with a value of E(B—-V) = 1.10,
in agreement with the maximum value determined by Reynolds
et al. (1997). The overall distribution of the stars is quite simi-
lar for all the cases: we find a contribution of about 25% for the
intermediate dwarf stars, 10% for the metal-rich G dwarf stars,
about 30% for the cold dwarf stars, and 35% for the cold giant
stars.

The synthetic distance obtained is very close in all 3 cases
(between 4.03x107* and 4.39x10™*) and residuals are quite sim-
ilar. Figure 2 we provide the comparison between the observed
and synthetic spectra obtained in case 2 (contribution of the
power law fixed to zero and reddening fixed to E(B — V) = 0.6,
all the other parameters remaining free).

It is worth pointing out that all the results described here
were obtained without any help from merit functions, which can
attribute more or less weight to different parts of the spectrum.
However, the edges of the spectral domain are often subject to
larger uncertainties due to e.g. flux calibration errors, and indeed
we notice in the Fig. 2 that the edges are the least well-fitted
parts of the spectrum. We therefore perform some syntheses at-
tributing less weight to these regions, as well as higher weight
to the regions containing the strongest absorption lines around
1.58, 1.59 and 1.62 um, but the results obtained in this way do
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Table 2. Summary of the syntheses of the external region for different settings for the non stellar parameters. In the first column, BB means
“blackbody”, PL “power law”, D corresponds to the synthetic distance obtained. (1) the contribution of the power law is fixed to zero, (2) same
as the previous one with the reddening parameter E(B — V) fixed to 0.6, (3) same as (1) with the blackbody contribution fixed to zero. The fixed

parameters are indicated in bold font.

Spectral type lifetime (year) 1 2 3
A0V 2x 108 0% 0% 0%
FOIV 2x10° 21.6% 21.6% 23.2%
F2v 10° 9.0% 8.2% 0%
rGlV 4x10° 7.3% 8.3% 8.5%
G1.5V 6 x 10° 0% 0% 0%
G4V 10'° 0% 0% 0%
KoV 2% 10%° 0% 0% 0%
K3v 3x10%° 0% 0% 0%
rK3Vv 3x 10" 0% 0% 0%
K4V 4 %10 0% 0% 0%
wK5V 4 %10 0% 0% 0%
MOV >4 x 10%° 0% 0% 0%
™M1V >4 x 100 0% 0% 0%
MI1.5V >4 x 10" 0% 0% 0%
M3V >4 x 10'° 26.8% 27.4% 35.2%
F3111 2x10° 0% 0% 0%
F8III 10° 0% 0% 0%
wG6IIT 8 x 10° 0% 0% 0%
KI11II 7 % 10° 0% 0% 0%
K311 6 x 10° 0% 0% 0%
K5-MOIII 6x 10° 0% 0% 0%
MIIIIab 5x10° 0% 0% 0%
M411T 3x10° 36.1% 34.5% 33.1%
FOI 107 0% 0% 0%
F5I 107 0% 0% 0%
rF8Ib 107 0% 0% 0%
GOIb 2x 107 0% 0% 0%
rK2I 107 0% 0% 0%
K41 107 0% 0% 0%
M21 2-8x10° 0% 0% 0%
Stellar contrib. 97.0% 98.3% 100%
BB (Ter) 3.0% (300 K) 1.7% (300 K) 0%
PL (a,) 0% 0% 0%
EB-V) 0 0.6 1.10
D 4.03x 107 4.18x10*  4.39x 10

not change the composition of the stellar population distribution
of the synthetic galaxy.

To compare the results obtained in the visible and the near
infrared domain, Table 3 provides the stellar contribution of the
population determined in the visible by Boisson et al. (2004).
These contributions are also transcribed in the near infrared since
they vary with wavelength. It shows a rather weak contribution
(less than 10%) of intermediate type star, and a major contribu-
tion (about 60%) of metal-rich cold giant stars, the remaining
flux being supplied by G to M solar metallicity dwarf stars.

The results in the infrared range in the present study provide
a younger stellar population if we compare with the results in
the visible. Indeed, based on the optical spectrum, the cold giant
stars are the main contributors in the near-IR, and the contribu-
tion of intermediate type dwarf stars is lower. However, we sus-
pect that the infrared stellar spectra library that we use does not
describe the HR diagram with sufficient completeness, in partic-
ular for the supermetallic stars. Indeed, our library is totally lack-
ing in supermetallic giant stars, while these last contribute about

40% according to the results obtained by Boisson et al. (2004).
The lack of such stars could result in the spurious increase in the
contribution of strong-lined stars that are not supermetallic, like
dwarf M stars; to compensate for a red continuum the synthe-
sis includes an enhanced contribution from intermediate F type
stars.

Furthermore, we noticed in Sect. 4 that hot stars and redden-
ing can be degenerate, their effects being able to compensate for
each other. Indeed, the reddening found here is higher than the
value of 0.2 found by Boisson et al. (2004), and at the same time,
we find a stronger contribution of intermediate stars.

In conclusion, the study of Boisson et al. (2004) has deter-
mined a population mainly composed by old stars plus a small
component of intermediate ones. Similar conclusions can be
drawn from our study in the infrared as the main contributors
to the synthetic spectrum consist in an old stellar population
(M dwarf and giant stars). The remaining come from interme-
diate stars, which can be the signature of a recent stellar burst.
However, in the IR, the old stellar component is certainly
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range by Boisson et al. (2004), converted to the near infrared range.

Spectral type 5450 A 1.6 um
0] 0% 0%
B3-4V 0% 0%
Al1-3V 0% 0%
F2v 31.3% 7.5%
F8-9V 0% 0%
rGOIV 0% 0%
G4V 6.3% 2.4%
rGSIV 0% 0%
G9-KOV 21.0% 11.4%
rKOV 3.3% 1.7%
rK3Vv 0% 0%
K4v 8.1% 7.7%
™M1V 2.5% 7.3%
GO-4111 0% 0%
wG8lIII 0% 0%
GIIII 0% 0%
rGIIII 0% 0%
K211 0% 0%
rK31II 21.5%  30.7%
rK411T 0% 0%
rKSIII 4.6% 8.5%
MO.5II1 0% 0%
MA4III 0% 0%
MSIIT 1.4% 22.8%
GOI 0% 0%
K41 0% 0%
M2I 0% 0%
rG21 0% 0%
KOII 0% 0%
K3I 0% 0%
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Fig. 3. Observed spectrum of the internal region of MCG-6-30-15 (solid
black line) and diluted spectrum of the external region (grey line; R =
3600, A1 = 0.79 A). Residuals are shown below the spectra.

underestimated because of the lack of supermetallic stars in the
database and, in addition, we cannot conclude much about the
metallicity of the population.
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Fig. 4. Observed spectrum of the internal region of MCG-6-30-15 (solid
black line) and synthetic spectrum (grey line: case 3, Table 4), at the
stellar base resolution (R = 3000, A1 = 2.8 A). Residuals are shown
below the spectra.

5.3. Synthesis of the internal region

Boisson et al. (2002) have shown that it is possible to recover the
spectrum of the inner 100 pc of the galaxy by diluting the spec-
trum of the external region with 20% of a power law spectrum
with a slope @ = 0.5 and 30% of a blackbody spectrum with
a temperature of 600 K. This spectrum has also to be reddened
with an additional E(B — V) = 0.5, in agreement with the greater
intrinsic reddening of MCG-6-30-15 in its internal region (see
Reynolds et al. 1997).

We tried to reproduce this result by fitting the nuclear spec-
trum without the use of the stellar library, but with the external
region spectrum imposed and the non stellar components as free
parameters. We then obtain a dilution of 56.1% by a power law
with @ = 0.5 and of 2.8% by a blackbody with a temperature of
300 K, and a reddening E(B — V) = 0.3 (see Fig. 3). Thus the
external region spectrum is diluted by about 60% of non stel-
lar contributions, which is close to the result previously found
by Boisson et al. (2002). However, the repartition between the
blackbody and the power law is different. If we fix a 30% contri-
bution for the blackbody, we obtain a result that is similar from a
mathematical point of view (synthetic distance of 1.30 x 10 in-
stead of 1.24 x 10~*) with a power law contribution of 27.8%; the
blackbody temperature is now 1140 K and the reddening is null.
Because the absence of reddening is not an appropriate result for
the nucleus, which again shows the strong degeneracy between
all the non stellar parameters, we are obliged to constrain some
parameters.

Now we perform the synthesis of the inner 100 pc with our
stellar database (results shown in Table 4). Boisson et al. (2002)
have determined a velocity dispersion of 69 kms~! for this re-
gion. Due to the supposed greater dilution and higher reddening
of the internal region, compared to the external one, we impose
a minimum of 0.8 for the reddening parameter E(B — V) for case
1. We then obtain a very strong dilution (about 80% by a power
law with @ = 0.5 and 2% by a blackbody at 300 K). The power
law contribution may be too high, so we have made another
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Table 4. Summary of the syntheses of the internal region obtained for different settings for the non stellar parameters. In the first column, BB
means “blackbody”, PL “power law”, D corresponds to the synthetic distance obtained. (1) the lower bound of the E(B — V) parameter is fixed to
0.8, (2) same as the previous one with upper bound for the contribution of the power law fixed to 30%, (3) same as the first one with the blackbody
temperature fixed to 1200 K. The constraint parameters are indicated in bold font.

Spectral Type  lifetime (year) 1 2 3
A0V 2x 108 0% 0% 0%
FOIV 2x10° 0% 0% 0%
F2v 10° 0% 0% 0%
rGlV 4x10° 0% 3.0% 0%
G1.5V 6x10° 0% 0% 0%
G4V 10'° 0% 10.0% 0%
Kov 2% 10%° 0% 0% 0%
K3v 3x10%° 0% 0% 0%
rK3Vv 3 x 10" 6.2% 0% 1.0%
K4V 4 %10 0% 0% 0%
wK5V 4 %10 0% 0% 0%
MOV >4 x 10%° 0% 0% 0%
™M1V >4 x 1010 2.1% 0% 5.3%
MI1.5V >4 x 10" 17.2% 19.7% 18.2%
M3V >4 x 10'° 0% 24.9% 11.0%
F3111 2% 10° 0% 0% 0%
F8III 10° 0% 0% 0%
wG6IIT 8 x 10° 0% 0% 0%
KI11II 7% 10° 0% 0% 0%
K311 6% 10° 0% 0% 0%
K5-MOII 6x10° 0% 0% 0%
MIIIIab 5x10° 0% 0% 0%
MA411T 3x10° 74.5% 42.5% 64.6%
FOI 107 0% 0% 0%
F5I 107 0% 0% 0%
rF8Ib 107 0% 0% 0%
GOIb 2% 107 0% 0% 0%
rK2I 107 0% 0% 0%
K41 107 0% 0% 0%
M21 2-8 x 10° 0% 0% 0%
Stellar contrib. 19.1% 29.6% 21.0%
BB (Te) 2.4% (300 K) 40.4% (1500 K) 22.7% (1200 K)
PL (a,) 78.5% (0.5) 30% (0.5) 56.3% (0.5)
E(B-V) 0.8 0.8 0.8
D 1.55 x 107 1.84 x 107 1.77 x 10~

attempt to limit the power law contribution to 30% (case 2). The
blackbody contribution then increases to keep a dilution of about
70% by the non stellar components, and the blackbody temper-
ature increases to 1500 K. If we free the power law contribution
and fix the blackbody temperature to a value of 1200 K (case 3),
as 1500 K is a very high temperature for dust grains, we still ob-
tain a total dilution of about 80% but with a smaller contribution
from the powerlaw component, compared to the first case.

The stellar contributions are highly dominated by M type
stars in all the cases. The giant stars are the major contributor
in cases 1 and 3, but the dwarf stars component is comparable in
case 2. As for the external region, the stellar population does not
contain any supergiants. The synthetic distances of these tests
are contained between 1.55 x 10~ and 1.84 x 10~%. Figure 4 we
graphically show the result obtained for case 3, and Table 4 sums
up the stellar populations and the non stellar parameters of the
different attempts.

All the cases show that the stellar population in the internal
region is older than in the external region. We do not notice any

sign of a recent stellar burst, in agreement with the hypothesis of
an age sequence for the different classes of AGN where Seyfert 1
should be quite old compared to starburst and Seyfert 2 galaxies
(Boisson et al. 2000).

6. Conclusions

In this paper, we have described a new inverse method of stel-
lar synthesis using flux as the observables, instead of equiva-
lent widths. It allows determination of the stellar populations in
wavelength ranges where the stellar lines are diluted by non stel-
lar continua, as in the infrared range.

This method allows recovery of the population distribution
of an astrophysical object for an S/N of ~40 and more with the
use of a stellar database. The run of several tests of the code
in the infrared range has shown that the exact balance of non
stellar contributions is quite hard to determine in the presence
of noise. The results obtained for the non stellar parameters are
then to be taken with care. It could be helpful to impose some
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astrophysical constraints on the non stellar parameters due to
their strong degeneracy. The joint synthesis of optical and near
IR data could help, as would the knowledge of reddening or the
continuum shape gained via other wavelength bands or observa-
tional techniques (e.g. imaging).

Under these conditions, synthesis of a type 1 AGN is pos-
sible. The spectrum of the internal region of MCG-6-30-15 is
heavily diluted by the non stellar components, the AGN con-
tinuum emission in particular. The circumnuclear region of this
galaxy in the infrared provides a population dominated by old
stars, but including some young stars that suggest a more or less
recent episode of star formation in the external region. These
results agree with those obtained previously. This also substan-
tiates the idea of an age sequence: we can classify the star-
bursts, the Seyfert 2, the Seyfert 1, and then the LINERs from
the younger to the older (e.g. Joly et al. 2001).

Although the method cannot fully disentangle the dust emis-
sion from the power law contribution, in our small wavelength
range, the method is powerful enough to derive the stellar con-
tent of the very central part of AGN. However, the results for the
stellar population are still tentative, because the incompleteness
of the stellar base (lack of supermetallic giant stars) could lead
to large uncertainties.

Whatever the IR library used, individual stellar spectra or
SSP, we are facing a common problem in the lack of high spec-
tral resolution IR data (observed spectra, as well as “theoretical”
ones, Frémaux et al. 2006) leading to the incompleteness of the
HR diagram coverage. New observations, in particular of metal-
rich stars, are thus mandatory to build a complete stellar library
that can be used to synthesise the spatially unresolved stellar
population of galaxies or star clusters as accurately as possible.
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