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Abstract. We have made use of archival HBVIJH photometry to constrain the nature of the three discrete sources, Al, A2

and B1, identified in the double nucleus of NGC 6240. STARBURST99 models have been fitted to the observed colours, under
the assumption, first, that these sources can be treated as star clusters (i.e. single, instantaneous episodes of star formation), and
subsequently as star-forming regions (i.e. characterised by continuous star formation). For both scenarios, we estimate ages as
young as 4 million years, integrated masses ranging betweed@® M, (B1) and 18 M, (A1) and a rate of 1 supernova per

year, which, together with the stellar winds, sustains a galactic wind 4. In the case of continuous star formation,

a star-formation rate has been derived for Al as high asM7@r!, similar to what is observed for warm Ultraluminous

Infrared Galaxies (ULIRGs) with a double nucleus. The Al source is characterised by a mass density of abtig 280

which resembles the CO molecular mass density measured in cold ULIRGs and the stellar density determined in “elliptical
core” galaxies. This, together with the recent discovery of a supermassive binary black hole in the double nucleus of NGC 6240,
might indicate that the ongoing merger could shape the galaxy into a core elliptical.

Key words. galaxies: evolution — galaxies: individual: NGC 6240 — galaxies: interactions — galaxies: starburst —
galaxies: star clusters

1. Introduction identified with concentrations of stars younger than-10
The i ; ¢ starburst ated with . 10° years (e.g., Zepf & Ashman 1993; Scoville et al. 2000;
€ Importance of starbursts associated with major merg%ﬁraee et al. 2000; Farrah et al. 2001). At optical wavelengths,

between galaxies became clear when IRAS revealed POPYMRGs are characterised by a nuclear spectrum which is

tions of luminous and ultraluminous infrared galaxies (LIRGL§ . : .
. . ther Seyfert-like consistent with the presence of an AGN
and ULIRGS) in the nearby universe (cf. Neugebauer et 8' Y ! SIS w pres

T . . I QSO, LINER-like or Hll-region-like. In these last two cases,
1984, So_|fer etal. 1984). Interest therefore remains h|gh N Ular clusters andr Hll regions seem to be the dominant source
derstanding how these starbursts are structured. While LIR Sonization (Veilleux et al. 1999)

are characterised by an infrared (IR; 5-50m) luminos- NGC 6240 is one of the closest member of the class
ity Lr > 10! Ly, ULIRGs exceed_r ~ 10% L, (Sanders

& Mirabel 1996). ULIRGs contain 18-1P° M, of molecular of ULIR?S' b_eling at a distan_ce oi98 Mpc (for OHﬁ -
gas (Evans et al. 2001) and are typically the merger of two Zﬂr’ kn;f Mﬁc )- Its fa;'R |l|JmInOSIty IS (Srll) X ﬁ f I.‘®
more disk galaxies of nearly equal masS8{(l, Sanders 2001). “an t e,t al. 1984) and it places NGC 6240 ","t the .amt (or
Indeed, NGC 40389 (the Antennae), Arp 220 and NGC 7o5pWarm ) limit of the ULIR_Gs clas§: From the point of view of
are not only classical examples of LIRGs and ULIRGs, but ag%orpdholl(ogyi NGC 6224_Ok|s CIaSISTSgl"’_‘SFa rSergzr\cl)J tl\:vcl)grr;g.s—
are key benchmarks in the Toomre sequence of galaxy merg?yg ISK galaxies (Zwicky et al. , Fosbury afl > ’
(Toomre 1977) acconi et al. 1999); the colours of the nuclear and circum-

HST/WFPC2 and NICMOS imaging has revealed thaHuclear stellar populations indicate that the merger has pos-

5%-20% of the known ULIRGs are multiple mergers, probglbly been ongoing for the pastl Gyr (Genzel et al. 1998;
cza et al. 2000). The gravitational interactions as well as

ably descending from compact groups of galaxies (Cui et a[: . . .
y g bact group N ( isturbances induced by star formation are responsible for

2001; Bushouse et al. 2002). Independently of their m arge-scale dust lanes, loops, shells and tails extending out
tiplicity, ULIRGs show circumnuclear bright knots usuall - ! ’

pcty g to ~30 kpc (cf. Pasquali et al. 2003, hereafter Paper I). The cen-
Send gprint requests toA. Pasquali, tral region of the merger is characterised by a double nucleus,
e-mail:pasquali@phys.ethz.ch with the two optically visible nuclei separated by5:2” on
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average with their apparent separation increasing at shoftalsle 1. The log of NGC 6240 images taken with HSTFPC2
wavelengths (Bryant & Scoville 1999; Scoville et al. 2000pnd NICMOS.

The H, and CO emission is found to peak in between the nu-
clei, possibly in a thick disk structure, and slightly closer to the Dataset Filter Exp. Timeins
Southern nucleus (van d(_ar Werf_et al._1993; Tacconi et al. 1999; u4ge010..  FAS0W — brodd 3% 700.00
Ohyama et al. 2000). Thidleset is believed to be the result of
interactions between the molecular gas and an expanding shell

u4ge010.. F547M —mediuM  400.00+ 800.00

centered on the southern nucleus (Rieke et al. 1985), or to the ~ 449€010.. F81aW + 3% 400.00

gravitational settling of gas into a nuclear disk as the interaction

evolves (Tacconi et al. 1999). n48h09w.. F110W <J 4% 39.95
A remarkable feature of the NGC 6240 nuclei is the three n48h09... F160W H 4% 47.95

discrete sources, Al, A2 and B1 located in the southern “A’
and the northern “B” nucleus, respectively. They were first re-
solved in HSTFOC B-band images by Barbieri et al. (1993)

who measured an enhanced blue continuum emission CoHgq the dust associated with the starburst is responsible for the
sponding to these sources. In a subsequent analysis basegt §fand emission. The AGN accounts mainly for the hard X-ray
[On]/[ON1] /HB line ratios, Rafanelli et al. (1997) suggestedmission and is completely absorbed in the near IR, optical and
that Bl is a LINER, and A2 a LINER or a HIl region (cf.gqft X-ray bands. Very recently, Komossa et al. (2003) imaged
Veilleux et al. 1995). The authors also pointed out that the ligge A and B nuclei with Chandra ACIS-S and clearly detected
ratios derived for Al are typical of a Seyfert galaxy or a highyn AGN in each nucleus, so that the existence of a binary sys-
excitation Hl region. A Seyfert-like nature would imply th&em of supermassive black holes in the core of NGC 6240 has
presence of an AGN in the A core. These nuclear sources gty peen firmly established.
believed to (_:Irive a large-scale outflow (Heckman et al. 1987). | this paper, we aim to estimate the age, mass and redden-
K-band imaging of NGC 6240 reveals the presence of rggh of the stellar content of the nuclear sources in NGC 6240
supergiants in the double nucleus (Tecza et al. 2000) frofig compare these with their properties at radio and X-ray
which an age between 15 and 25 Myr is inferred for the galagyayelengths, in order tdy discuss the star formation mode on-
nuclei. In the radio, 70% of the flux at 20 cm is emitted by Aoing in the core of such a gas-rich and dynamically extreme
and B, of which half comes from two unresolved sources a%?stem, andi) possibly shed some light on the nature of the

half is diffuse emission (Colbert et al. 1994). These Compaértld-product of the merging process at work in NGC 6240.
sources do not align up with B1 and AA2, but are shifted

westward and less separated, probably because of obscuration _
effects. Their spectrum is quite flat (= 0.6) suggesting that 2. Data processing
their radio emission is powered by the local starburst.
Beswick et al. (2001) observed neutral hydrogen in a
sorption against the two nuclei of NGC 6240 using MERLIMGC 6240 was observed with HST at several wavelengths.
with an angular resolution of 0.2 arcsec. The nuclei aplere, we have collected the data acquired with WFPC2 as
pear as slightly extended sources at a frequency of 5 Gphart of the GO proposal 6430 (Pl van der Marel, cf. Gerssen
with a resolution of 0L02 x 0.055 arcsec and are separatedt al. 2001) and NICMOSIIC2 for the GO proposals 7219
by 1.52 arcsec. The radio continuum emission is attributed t¢rR Scoville) and 7882 (PI van der Werf). The image rootnames
combination of AGNs and starburst activity. The HI absorpith their corresponding filters and exposure times are listed in
tion appears to be associated with the gas disk that is alable 1.
seen in CO. Hagiwara et al. (2003) present radio maps of the We retrieved the WFPC2 and NICMOS images already
H,O masers in NGC 6240, and show that the masers are cpipeline-processed, i.e. corrected for bias, dark current and
centrated in the southern Al nucleus, which evidently contaifat field. We registered the WFPC2 frames to the same spa-
dense gas. tial grid of the images taken with the FA50W filter, by sim-
ISO data have revealed OIV emission from the nuclply measuring the position of several point sources in common
which is attributed to an AGN (Genzel et al. 1998; Lutand their relative shifts inX; Y) among the available datasets.
et al. 2003). AGN-like hard X-ray emission is observed b&he (X; Y) shifts were then applied with the IRAF routine
low 10 keV (lwasawa & Comastri 1998; Vignati et al. 1999)IMSHIFT. Once aligned, the images acquired with the same
High-resolution follow-up observations with Chandra and tHéter were combined with the STSDAS task CRREJ to clean
HRC camerain the.08-10 keV band have been performed byhem from cosmic rays and have them median-combined to im-
Lira et al. (2002). In the high resolution X-ray map, the emigprove their $N ratio.
sion peaks coincide with B1 and Al. Lira et al. used the X-ray The NICMOS pipeline-reduced images were aligned to the
fluxes together with optical-to-radio luminosities measured finames acquired with the F110W filter with the same tech-
the galaxy’s double core and fitted the resulting spectral energgue as above. Since they were obtained with Camera 2 (FOV
distribution (SED) with a combination of starburst, QSO anaf 22" x 22" at 0.073/pix) they essentially overlap with the
blackbody continuum spectra. It then turns out that the starburehtral area of the PC images containing the galactic double
component dominates the observed SED at most wavelengthsleus.

n48h09x.. F222M K short 4x 55.94

g_.l. Observations
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Table 2. The observed magnitudes of the discrete sources in NGC 6240 nuclei.

Cluster B \Y | J H

Al 23.27+0.05 20.82+0.04 18.73+0.02 17.49:0.02 16.96+0.02
A2 2159+ 0.08 19.77+0.04 1856+£0.05 17.73:0.03 17.33:0.03
Bl 21.19+0.01 19.84+0.01 19.24+0.03 18.66+0.04 18.49+0.04

determined from two bright and point-like isolated objects
in the PC, and subsequently applied to the measured fluxes.
Bl Only at this stage, fluxes were first transformed into the
- A 1 WFPC2 synthetic magnitude system and subsequently into the
Johnson magnitude system using the zero points and the colour
equations listed in Holtzman et al. (1995).
Because it becomes very filigult to clearly identify
the Al, A2 and B1 sources in thE band, where emis-
o] sion from dust dominates the stellar emission from the
A_ nuclei (cf. Gerssen et al. 2003), we performed aperture
photometry only on the F110W and F160W images. We
set the aperture radius to 2 pixels and measured a me-
dian sky in an annulus of 5-to-8 pixels. Subsequently,
background-corrected aperture fluxes were scaled first to
those corresponding to the fluxes in“&@adius aperture and
then to the flux of an infinite radius aperture following the
prescription given in the NICMOS Photometry Cookbook
(cf. http:/www.stsci.edu/hst/nicmos/performance/
photometry/cookbook.html).
TheBVIJHmagnitudes of the nuclear sources and their un-
certainties are listed in Table 2.

3. The stellar populations in the nuclear sources

Fig. 1. The nuclear sources in NGC 6240, A1, A2 and B1, as thefhe A1, A2 and B1 sources have a mean FWHM of 5.2, 9.6
appear in the PC | image (top) and in the NIC2 H image (bottomnd 4.2 pixels respectively, a factor of 3 to 6 larger than the
The latter has been scaled to the PC angular resolution. PC stellar PSF, therefore they are resolved. From their FWHM
we can derive estimates for their tidal radii, which vary be-
tween 47 and 108 pc. Such values have also been estimated
for some of the younger and intermediate-age star clusters in
The high spatial resolution of the Planetary Camera h#se Antennae (Whitmore et al. 1999): knot S and cluster #430
made possible to detect three discrete sources in the nublaie a tidal radius of 450 pc andé/3 pc, respectively, while
of NGC 6240 which were labelled A and B by Barbieri et athe intermediate-age cluster #225 has a tidal radius of 50 pc. In
(1993). On the basis of their coordinates, our sources ha@mparison, all the globular clusters in M 31 are characterized
counterparts in Barbieri et al’s FOC images, namely Al, A2y R; < 100 pc (Cohen & Freeman 1991; Grillmair et al. 1996),
and B1, and in the Chandraimages &8-10 keV obtained by and only two Galactic globular clusters hai® > 200 pc
Lira et al. (2002). Figure 1 shows the F814W and F160W in{Bjorgovski 1993). In addition, young and massive star clus-
ages of these nuclear sources, where the NIC2 image in H l&rs are quite often found in the nuclei of late-type spiral and
been scaled to the resolution of the PC | image. barred spiral galaxies (cf. Sect. 5). On the other hand, the

Their positions were measured with the IRAF rounuclear sources in NGC 6240 possibly show spectra typical
tine IMEXAMINE, and were used as the input coordinatesf HIl regions (Veilleux et al. 1995; Rafanelli et al. 1997) and
for PHOT in DAOPHOT. Photometry of the nuclear sourcemay well be extended clumps of star formation. This option
was performed assuming an aperture radius of 3 pixels in theuld also be more consistent with the findings of an under-
PC images. A median, local background off@se emission lying, ~1 Gyr-old stellar population (Genzel et al. 1998; Tecza
underlying the nuclear sources was computed over an annudtial. 2000), so that the light of the newly born OB stars is now
of 4-to-6 pixels. dominating the colours of the nuclear sources.

Aperture fluxes were corrected for the camera’s charge We have fitted the colours observed for the nuclear sources
transfer (in)diciency (CTE) following Whitmore & Heyer ((B - V), (V = I), (V = J) and ¥ - H) corrected for the
(1998). Aperture corrections to the standar8 @perture were GalacticE(B — V) = 0.076 mag (Schlegel et al. 1998)) to

2.2. Multiband photometry
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STARBURST99 (Leitherer et al. 1999) tracks, which weras solid lines, in the left-hand panels of Fig. 2. Superposed

computed: are the sources observed, apparent magnitudes, represented b
i) for instantaneous star formation in a star cluster with a m&#ked dots. The observational uncertainties (cf. Table 2) are
of 10° M, and solar metallicity (cf. Sect. 3.1); smaller than the symbol sizes. TH€obtained for each colour

i) for continuous star formation with a rate (SFRfOr minimumxg, is plotted in the right-hand panels of Fig. 2

of 10 M, yr-* and solar metallicity (cf. Sect. 3.2). with the aim of showing which colours agree better with the

Indeed, colours depend mainly on reddening and age once?N lutionary tracks and which are dlscrepant._ The lowgst
metallicity is fixed. In massive clusters stochasfieets in the ‘" ) accurs for th? Al source, whose theoretlcgl SED agrees
stellar population are minimized and so the colors become W—th the observations to within the phowm?”‘c errors (e_x-
sensitive to the total mass as long as the stellar mass fubicPt for theJ band). The B1 and A2 best-fitting SEDs (.jEVI-
tion is fixed (Lanon & Mouchine 2000; Cervid et al. 2002). ate from the observell band by 0.3 and 0.5 mag respectively,

No metallicity has so far been measured for NGC 6240, b%rgd this discrepancy could in part be due to contamination by

McCall et al. (1985) predicted a metallicity of about 20% Sol%ebular emission (see, e.g., Anders & Fritze-von Alvensleben

The computed STARBURST99 tracks also assume a Salp 8 3 for possible con_tamlnants and thei’r“egts on broad-
IMF from 0.1 M, to 100 Mo, a (type Il) supernova cuté and fluxes as a function of age of the dominant stellar pop-
. (0] (o]

mass of 8M,, standard stellar mass loss and theoretical Wil%atlon)' We ha_lve estlmated_ a line-contribution-e0.1 mag
models. in the F450W filter from the integrated central spectrum pub-

. . . lished by Fosbury & Wall (1979) and0.07-0.05 mag in the
The theore_tlcal colours at each time mgsh_pomt WETe 8L 10w and F160W filters from the spectra in Simpson et al.
d(zanedl according to thIzetS]s (20011 ﬂe]gtgctlon Iebm{[, and ﬁ996). Uncertainties in the colour equations used to transform
Xior VAUIE WAS compuied as the sum o ences between,, epco magnitudes to the Johnson system may also contribute.
the reddened theoretical and the observed colours, weighte 4 best-fitting age, reddening and mass of A1, A2 and B1 are
:23 dO:ri?]gvs\g)Sn\?;::ggi;;ag (téef'\f)or_egglglrg% r:qzzh\;vﬁ)ﬁ:n;’ ﬁ fed in Table 3. Adopting Calzetti’s (2001) extinction law, we
step of 0.01 mag and a set of reddening, absaluteagnitude estimate for the double nucleus of NGC 6240fnextinction

and colours have been saved corresponding to the miniggyim between 4 and 9 mag, in agreement with the value/ < 5
derived from the fit to the observed colours. The lowest Va||n|t|ally derived by Fosbury & Wall (1979) and DePoy et al

5986) The estimate given by Lutz et al. (2003) is larger
5 5 . . . ,
among thei,, Minima (yr,;;) obtained along the age sequencg = 10-15 mag, which has been derived from the flux ratio

of the evolutionary track has been selected together with its rehine Biy to the [Nell] 12.81um lines. The authors themselves
ative set of best-fitting reddening, colours and absolute Magll. sider their estimateéiv. very unce.rtain because of thefii

tudes. The Iat'Fer represent our best-fi.tt.ing model SED to e ty to measure the Brline of the underlying gas against the
of the three discrete sources. In addition, the reddened th Lilar component.

retical apparen¥ magnitude was scaled to the observed one The probability functions (for the sources’ age, mass and

gnd the |n_|t|al track mass or SF.R was ”?“'“p"ed by this SC"’}Jéddening) are plotted in Fig. 3 as dashed histograms, together
ing factor in order_to estimate either the integrated mass or Wﬁh those derived in Paper | for the clusters in the main body
total SFR of the dls.crete sour.ces. . and tails of NGC 6240. A caveat applies here, as discussed ex-
In order to assign a confidence interval to age, mass adsjvely in Paper I: the histograms in Fig. 3 simply give the
reddening, we have extracted from the previous fits all the (r§flpst probable value(s) for the clusters’ age, mass and redden-
dc_enmg,zage, absolute mangutudes, mass) solutions associgfedyt do not represent the true cluster parameters. Indeed,
with a xio < 1.5 times theyjy,y value. These are selected Qypen the mass ranges spanned by the clusters are combine
obtain the range of acceptable suboptimal fits to the photo- probability function, their width (i.e. the error bar on the
etry. We have used these intervals to construct the probabiliiss value most consistent with the data for each cluster) has
functions of age, mass and reddening for A1, A2 and BLin th&, eect of smearing any intrinsic relationship between ap-
same way as done in Paper | for the clusters in the main bagdytent juminosity and cluster mass, and the probability func-
and tails of NGC 6240. In summary, we combined the ranggs, may show a peak. In addition to this, evolutionary ef-
spanned by the fits to age, reddening and mass into histograigs, such as those associated with a non-coeval population
where the value of each bin is the number of acceptable §pgiar clusters, also broadens power law luminosity functions

lutions. Each bin was then normalized by the total number&tr_ Meurer 1995: Fritze-von Alvensleben 1998, 1999: de Grijs
model solutions for the nuclei of NGC 6240, so that a probabg; 5 2001 2003a). Moreover, luminosity selectidieets (i.e.

ity function is obtained for the age, mass and reddening of tm?liting magnitude of=25 mag) prevent the detection of clus-

sources. A word of caution applies he_re, wh_erebya photomeﬁgys at any age that are less massive thanld® M, and al-
measured through larger apertures might give somewhat higagy oy ever more massive clusters to be revealed at gradually
masses and SFRs and might negligilffeat ages. older ages. Therefore, the mass distribution of the NGC 6240
clusters (middle panel in Fig. 3) is heavily compromised by the
limiting magnitudes for masses lower thanx4.0* Mg, even
among the very young star clusters.

The best-fitting SEDs obtained under the assumption that the Because the fits for the nuclear sources are based on four
nuclear sources in NGC 6240 are star clusters are plottediependent colours, instead of two as for the other NGC 6240

3.1. The cluster hypothesis
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Fig. 2. The best-fitting spectral energy distributions (solid lines) obtained for the discrete sources Al, A2 and B1 in the nuclei of NGC 6240
with superimposed the observed, apparent magnitudes. The assumption here is that A1, A2 and B1 are star clusters. In the right panels, the
x? value is plotted for each source and colour for minimygn

star clusters (cf. Paper 1), the confidence intervals for A1, A2ble 3. The best-fitting age, reddening and mass for Al, A2
and B1 are well determined and narrow: they do not overland B1 computed under the assumption that these sources are stellar
except in age. The discrete sources in the nuclei of NGC 62dgsters.
certainly stand out because of their young ages with respect te
the overall cluster population, but, while B1 and A2 fall on the _Source  Age (Myr) E(B-V) (mag) Mass o)
tail of the c:ustefr mgsshal}dhreddening distribulti(_)n_s, Al shows Al 4.4+ 0.05 23+ 0.05 1260.2)x 10°
extreme values for both of these parameters. It is interesting to

. . . A2 3.9+ 0.10 1.7+ 0.02 4.2 ¢ 0.5)x 1P
note the increase ig(B — V) from B1 in the northern nucleus * * € 0.5)x .
to A1 and A2 in the southern one which is consistent with the_ 81 ~ 4.0£0.05 1.0:0.02 2.9&0.2)x10
3D geometry of the double nucleus as derived by Ohyama et al.
(2003).

(e.g., NGC 7252 cluster W3: Schweizer & Seitzer 1998;

Maraston et al. 2001; NGC 6745: de Grijs et al. 2003b);
3.2. The hypothesis of continuous star formation spectroscopic mass confirmation has only been obtained for

cluster W3 in NGC 7252 to date. The presence of an AGN
Only a very small number of compact coeval star-formingithin both nuclei also points to complex evolutionary histories
events with masses like those inferred for the nucleihere we expect circumnuclear stars to span a range in age.
of NGC 6240 in the previous section have been observé further hypothesize that the circumnuclear SFR is likely
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(B ' ' ' ' ' ' ' '] (0.7 and 0.5 mag, respectively). As already suggested, this de-
C s 1 viation could in part be produced by contamination from nebu-
08 1 lar emission in theB band; uncertainties in the colour equa-

2 C f 1 tions used to transform WFPC2 magnitudes to the Johnson
Z 06 - FF"- 4 system may also contribute. In the case of B1 and A2, the
\_g = — 1 minimum y2, is a factor of 2 worse than obtained under the
Z 04 - assumption that these sources are star clusters. The SEDs de

C 1 rived for A1 for the two scenarios are similgiZ(, of 5.91 for a
02 - -1 cluster SED against 6.56 for a continuous star-forming region).
C . . | . . . ] The diference in B- V) and { - |) between the evolutionary
0 6 8 10 tracks employed so far (with a fixed cluster mass GfiQ and
log[Age] (years) for a SFR of 10M9 )_/r‘l) are within the obsgrvatlonal errors
for ages of few million years. Therefore, given the observed
(B ottt colours of Al, A2 and B1, we are not able to discriminate be-
C 1 tween acluster and a sharp SBST model.
08 J'_ _; ] Probability functions have also also derived and are plotted

2 C I 1 as dashed histograms in Fig. 5, together with the probability
5‘ 0.6 - functions computed for the NGC 6240 clusters (from Paper I).

£ - A2 Al ] Once again, the discrete sources in the nuclei of NGC 6240
Z 04 | -] are among the youngest stellar systems in the galaxy, with ages

o 2R 1 between 3.5 to 8 x 1(f years, thus implying that young stars
02 H 1 dominate the circumnuclear regions in optical. The integrated
Cl 74 | mass of Al, A2 and B1 overlaps with the high-mass tail of
0 4 6 8 10  theoverall NGC 6240 cluster distribution, with A1 showing an
log[M] (M,) extreme value once again. This same trend can be recognized
——— in the reddening histogram.
L ]
0.8 C 1 3.3. Dependences on metallicity

3 F 1 Totestthe robustness of our results against metallicity, we have
Z 06 -] repeated the above analysis using STARBURST99 tracks com-

£ C 1 puted under the same assumptions, but with the metallicity set
= 04 Al 1 toZ = 0.008 (LMC-like). Tables 5 and 6 summarize the best-

B ] fitting parameters obtained for the cluster and the continuous
02 - _ | star formation scenarios, respectively.
ot — ] We conclude that the properties derived for a solar- and a
2 LMC-like metallicity are well within the uncertainties of the
E(B-V) best fits for each of the scenarios modelled. A better overall

_ S ) ~agreement between the solar and LMC-like metallicity cases is
Fig. 3. The probability distributions of age and mass in logarithmig chjeved for the cluster hypothesis. In the case of continuous

units, and reddening on a linear scale. The solid line represents gﬂﬁr formation, the sources’ ages and star-formation rates are
probability distribution for the population of star clusters detected In '

the NGC 6240 main body, the dashed line traces the clusters ideSM-Stematlca”y larger faZ = 0.008 than forZ = Z. Although

) : ,
fied in the galaxy’s tails (cf. Paper I). The dashed bins show the m FXtO,t yalges of the best fits are cc.)m.parable, an LMC-like
probable values from fits to the A1, A2 and B1 sources. metallicity introduces larger uncertainties on the parameters

than a solar chemical composition. Hereafter, we will adopt the

results of the evolutionary tracks with= Z;.
to have increased during the ongoing merger in NGC 6240.

Therefore we have to consider a continuous star formation sce- )
nario, such as described by STARBURST99 models with4a Discussion
SFR of 10M,, yr~t and solar metallicity. The resulting best-4
fitting model SED is shown in Fig. 4 for each source, where we
also indicate the? associated with the observed colours foA starbust can be modeled either as a single and instantaneous
minimum y2,, and the best-fitting properties of the three nwevent of star formation, or as an act of continuous star forma-
clear regions are listed in Table 4. Similarly as for the clustéon extended over a short period of time. We have computed
scenario, we determine for the galaxy double coredarex- a STARBURST99 model for both scenarios, and assuming a
tinction ranging from 3 to 9 mag. total cluster mass of M, in the case of a single stellar burst
The minimumy?2, is particularly large for B1 and A2 asand a SFR of 10Myr~! for the continuous star formation
it is dominated by the large discrepancy in tie<V) colour hypothesis. We have fitted the photometry measured for the

1. Nuclear stellar populations
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Table 4. The best-fitting age, reddening, SFR and integrated mass for A1, A2 and B1 computed under the assumption that these sources are

star-forming regions and governed by continuous star formation.

Source Age (Myr) E(B-V)(mag) SFRM,yrl) Integrated MassN)

Al 4.4+0.9 2.4+ 0.07 266+ 109 1.3 ¢ 1.0)x 10°
A2 4.3+0.4 1.5+ 0.05 21.5+5.7 9.6 ¢ 3.4)x 107
Bl 4.3+0.7 0.8+ 0.08 1.5+ 0.6 7.2¢3.7)x 10°
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Fig. 4. As Fig. 2, but now assuming a continuous star formation scenario.

multiple nuclei of NGC 6240 A1, A2 and B1 to the synthetizedf ~4 Myr and moderate-to-heavy obscuration. As already
populations, hoping that the observed colours could discrindiscussed by Lira et al. (2002), these optical SEDs are not
nate between the two scenarios. Within the observational wmiquely tied to the presence of the AGN in either B1 or Al.
certainties, the results almost overlap and do not support either\we notice that all three nuclear condensations in NGC 6240
of the two models more strongly than the other. resemble other Starbut8GN systems, where large contri-
butions to the light come from young stellar populations.
Indeed, Gonalez Delgado et al. (2001) found that young and
intermediate-age stars are present in the nuclear and circum-
Both models indicate that the optical SEDs of Al, A2 and Bduclear regions of 45% of Seyfert 2 galaxies. The contribu-
are dominated by light from stellar populations with age#on of young and intermediate-age stars to the nuclear stellar

4.1.1. Ages
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population in Seyfert 2 galaxies can be as high as 50%

and 40% respectively (e.g. NGC 5135 and NGC 7130; ! C ]
Gonzllez Delgado et al. 2001). 08 | . jl -
8 - or . 4 1
Z 0.6 -
4.1.2. Stellar mass estimates and star formation rates ;; 04 :’r_,_l? O ]
Under the assumption of a single and instantaneous burst of E % I 7
star formation, we have derived stellar masses of abguio?, 0.2 - B
4x10° Mg and 3x 10’ M, for A1, A2 and B1, respectively. If o — N RN B
the cluster hypothesis were correct, these nuclei would be the 6 8 10
most massive known, exceeding by a factet 8 the most mas- log[Age] (years)
sive globular clusters. In particular, B1 would be the counter- —— 7
part of the W3 cluster in NGC 7252 (at a distance:d%” from 1

the galactic centre; Whitmore et al. 1993) for which Maraston

etal. (2001) estimate a total mass<&7x 10’ My andanage 0.8
of about 300 Myr, using high-resolution spectroscopy. Anotheg 0.6
massive cluster has been detected in NGC 1316 with a mass,
of about 14 x 10’ M, and an age of 3 Gyr (Goudfrooij et al. zﬁ 0.4
2001). In addition, de Grijs et al. (2003b) have extended the
cluster mass function in the interacting galaxy NGC 6745upto 0.2
masses of severall0® M, although their mass estimates are
thus far only based on multi-passband HST photometry. The
masses of A1, A2 and B1, combined with the clusters mass dis-
tribution in the outer (tails) and inner regions of the galaxy (cf.
Paper 1), would point to a radial gradient in the cluster mass, 1
whereby less massive clusters would preferentially form far

from the galactic centre and more massive clusters closer.Inthe (.8
assumption that the dynamical timescale of the merger is largerg
than the age of the nuclear sources, we would expect to find 0.6
more massive clusters in the galactic nuclei not as the results

of mass segregation, but as a consequence of larger amoufits 0.4
of gas funneled towards the galactic centre by the merger dy- g o
namics. Indeed, the central location of such massive clusters

as Al, A2 and B1 is particularly interesting. So far, there have 0 —

been a number of detections of a single massive cluster in the 0

centre of a galaxy. For example, Carollo et al. (1997) resolved E(B-V)
Compa?t sources_in the nuclei of 18 spiral gala?(ies (with an eI‘Eﬁ'g. 5. As Fig. 3, but under the assumption that A1, A2 and Bl are
ponential bulge) in a total sample of 35 galaxies, for Wh'Chs"i‘ar-forming regions.

mass of 10-10" M, and an age-1 Gyr are inferred (Carollo

etal. 2001). More recently,&er et al. (2002) identified a com-

pact cluster at the centre of 59 late-type spiral galaxies inyn the southern nucleus being brighter at radio and X-ray
sample of 77 galaxies. For example, the cluster at the CerW&veIengths, in b} CO and HO maser (Hagiwara et al. 2003)
of NGC 4449 was dated between 6 and 10 Myr old and as M@gsission. This might point to a larger reservoir of gas in the

sive as 4x 10° M, (Boker et al. 2001). Colina et al. (2002)sqthern nucleus compared to the northern on (see Sect. 4.2
identified a cluster of 4 Myr old and as massive a8 M in o 4 discussion on the relation between the star formation

the nucleus of NGC_4303, which is a barred spiral_ and thouqiﬂgtory and gas supply in NGC 6240). In particular, the SFR
to be a low-luminosity AGN. By analogy to what is observedgiimated for A1 in the optical is of the same order as the
for NGC 6240 (cf. Lira et al. 2002), this nuclear cluster domseR gerived from the integrated IR luminosity of NGC 6240
nates the optical emission of the galaxy core. Additional clu§140 M, yr-L, Heckman et al. 1990), thus indicating that the
ters, although slightly younger {3.5 Myr) and less massive y,clear sources dominate the galaxy’s IR emission and star
(7-8x 10° M), have been detected in the circumnuclear rgsymation activity. For these integrated masses and for the
gions of NGC 4303 (Colina et al. 2002). cluster masses derived above, we estimate a total bolomet-
Assuming continuous star formation, we obtained for Atic luminosity of ~10*? L. Lutz et al. (2003) have computed
A2 and B1 a SFR of 266, 21.5 and 1M, yrt, respectively, Lyo ~ 5x 10 L, from comparison with starburst template
which gives an integrated mass of abouk 110°, 1 x 10° spectra in the [Nelll] 15.5%m/[Nell] 12.82 um, with the
and 7x 10° M,, respectively. Star formation appears to be byaveat that this may be an underestimate since NGC 6240 is
far more active in the southern nucleus, A, which is consistambre obscured than the template starbursts.

| AL BLELELEN LRI B I

0

—_
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Table 5. The best-fitting age, reddening and mass for A1, A2 and B1 computed under the assumption that these sources are stellar clusters with
an LMC-like metallicity,Z = 0.008.

Source  Age (Myr) E(B- V) (mag) Mass i,) P
Al 47+2.0 2.4+ 0.2 26&14)x10° 6.39
A2 43+15 1.6+ 0.2 42¢28)x10° 18.87
B1 46+ 1.6 0.9+ 0.2 20&1.2)x 10" 57.05

Table 6. The best-fitting age, reddening, SFR and integrated mass for A1, A2 and B1 computed under the assumption that these sources are
star-forming regions and governed by continuous star formation. Metallicity is now Zet @008.

Source Age (Myr) E(B-V)(mag) SFRMoyr?') Integrated MassMo) — x2:

Al 6.1+25 2.4+ 0.08 412+ 219 256 1.8)x 10° 5.86
A2 6.2+ 2.7 1.5+ 0.13 33.4+ 21.6 21¢1.7)x 10 33.64
B1 6.5+ 3.6 0.8+ 0.21 2.8+£23 1.8 ¢ 1.6)x 107 85.73

The SFR in the double nucleus of NGC 6240 has alsmasses in newly born stars4 Myr old), as already pointed
been measured at radio wavelengths by Beswick et al. (20@)t by Gonalez Delgado et al. (1998).
They have derived, from the 1.4 GHz luminosity, a SFR of
about 83M, yr~! adopting a Salpeter IMF and assuming thaH
stars initially more massive than Bl, become supernovae

(SNe) with significant radio emission. This value is a fagrrespective of the scenario adopted (star clusters or continuous
tor of 2 to 5 lower than what we have estimated for A1, ustar formation), the STARBURST99 code computes, for the in-
ing BVIJ photometry and STARBURST99 models based onfarred ages and total masses of A1, A2 and B1 a SN rate of
Salpeter IMF with only stars more massive thaM§ explod- about 1 SNyr?, in agreement with what Colbert et al. (1994)
ing as type Il SNe. This discrepancy could have a variety ghd Beswick et al. (2001) estimated from the nuclear radio
possible sources, including the calibration of the techniquegnission at 20 cm and 1.4 GHz, respectively. The largest con-
possible impact of rapid evolution in NGC 6240, and tHe 0 tribution to this SN rate comes from Al. These SN explosions
set between regions that are bright in the optical and the {guld power a galactic superwind which manifests itself as a
dio, as evidenced by the radio centres being shifted westwggk outflow in the kit and Bry images (cf. Heckman et al. 1987,
and having a smaller projected separation than the optical. Thigper I).

smaller distance is probably affect of extinction increasing  The predicted mechanical energy flux released by the stel-
in between Al and B1 (cf. the 3D structure of the double nygr winds and SN explosions in Al, A2 and B1 i$ x
cleus as modeled by Ohyama et al. 2003). Therefore, eventygk ergs s from both the continuous and instantaneous star-
star-forming regions between Al and B1 would be hidden frofgymation scenarios. This value is in agreement with the predic-
detection at optical wavelengths and become visible only at fgns of Heckman et al. (1990). Indeed, if a total IR luminosity
dio wavelengths. As a caveat, the radio SFR could in princigle (3-11) x 10" L, is assumed for NGC 6240, Eq. (11c) in
be associated with star-forming regionfeient from Al, A2 Heckman et al. gives an energy flux from SN explosions and
and B1, which are not detected at optical wavelengths becawdgs|ar winds in the range {B) x 10% ergsst. According to

of their high extinction. However, despite these uncertaintigpe superbubble model by Mac Low & McCray (1988), a con-
the point remains that NGC 6240 has a prodigious SFR in {fgrsjon factor of total wintsN energy flux to kinetic energy of
double nuclei. the gas 0~30% implies a kinetic energy &f2x 10* ergs s*.

In terms of SFRs and ages, the nuclear sources Adopting a velocity spread of thedHilaments of 1000 kms
NGC 6240 closely resemble those detected in Arp 299. Tfideckman et al. 1990), we have computed a galactic wind,
latter appear to be 4 Myr old, with SFRs between 40mass-loss rate of about M yr2.
and 140M, yr~! and integrated masses in the rang8+d) x How do the STARBURST99 models compare with the ob-
10° M, (i.e. 1 to 2 orders of magnitude more massive thaserved, soft X-ray emission in NGC 624072 Schulz et al. (1998)
star clusters and HIl regions in Arp 299, Alonso-Herrero et aletermined, from ROSAT observations, a soft X-ray luminos-
2000). According to Ballo et al. (2003), Arp 299 harbours aity of about 132 ergss®. Based on the superwind model by
active AGN in both nuclei and would be, with NGC 6240, théac Low & McCray (1988) and Heckman et al. (1996), Schulz
only merging system with two AGNSs. Although the statisticet al. suggested that this luminosity is due to an input energy
are very poor, it would seem that the more powerful AGN#ux of 10* ergs st, equivalent to 3 SNe per year. Such a flux
may be coupled to larger nuclear SFRs and larger total nuclean expand a superbubble out to a radius of 10 kpodfC yr.

.1.3. The high energy budget
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The calculations assumed an ISM density of 0.1"tend a scenarios, our results are fairly robust with respect to the star
filling factor of the X-ray emitting gas of about 0.2. We havéormation history adopted.

repeated the exercise of Schulz et al. by assuming an input en-The time to produce the stellar mass in a system if the cur-
ergy of 6x 10* ergs s? (from the STARBURST99 fits to the rent SFR remains constant is an useful indicator of evolution-
observed photometry of Al, A2 and B1 with= Z,) and a ary rates. From Table 4 we see that this scale,is- 10’ yr
kinetic energy of Z 10*3 ergs s. From Schulz et al.’s Eq. (3), for all the three nuclear condensations. Another estimate of the
we estimate a soft X-ray luminosity ef6 x 10** ergss?, expected time scales for the evolution of the NGC 6240 nuclei
which agrees with the observed X-ray luminosity within a fa@an, in principle, be obtained by examining the mass balance
tor of <2. The agreement strongly depends on the uncerta@rithe nuclear interstellar medium,

ties in the observations and the model assumptions. However, . .
it could be improved if, for example, the conversion factor d¥lism = Ma = SFR— Muing,

input energy flux to kmet!c_energywere higher than 27% (up Wnerel\'/la is the gas accretion rate into each nucleus kg
perhaps 50%) aridr the filling factor of the superbubble wereg ihe mass loss rate out of each nuclear region fueling
smaller than 0.2, by perhaps a factor of 2. the galactic wind. Using nucleus Al as an example, we
have Mying < 40 Moyr~t (cf. Sect. 4.1.3 and Heckman
et al. 1990) and SFR- 270 My yr~%. The major unknown
4.2. Star formation lifetimes and histories is the accretion rate into the nucleus. We can estimate this
rate byMa ~ Mg,nuclear/tcrossnuclearWheretcrossnuclear = R/V ~
The nuclear condensations A1, A2 and B1 appear to be “efi®’ yr. Adopting a nuclear gas mass of°1Ml, from Tacconi
bedded” in a circumnuclear population-of Gyr old (Genzel et al. (1999), we then estimaké, ~ 100 M yr—1.
et al. 1998; Tecza et al. 2000), possibly implying that the The characteristic time scale for the starburst in nucleus
NGC 6240 nuclei have been undergoing a large spread in thk is thentyyst ~ —Mg / Ma < 107 yr. The combination of
star formation activity. This co-existence of old and young stdtigh SFRs, large flow velocities, and small sizes of the rel-
lar populations has also been seen in the Antennae nuddeiant regions demand rapid variations in SFRs. Even if one
where Berta et al. (2003) have been able to date two stevokes a maximal estimate of thetal mass of interstellar
formation episodes; one occurred about 1 Gyr ago and s in NGC 6240 of X 10'° M, (Georgakakis et al. 2000,
other is still ongoing. The authors suggest that the bimodalowing for the mass dfHe) and a short dynamical time scale
star-formation history in the Antennae nuclei is the result of 100 Myr for the entire system, we see that the current star-
a double encounter in the dynamical evolution of the galalurst can be sustained ferl00 Myr. The actual lifetime of a
ies’ merger. Similar star formation patterns are seen in othairst with the current SFR is probably considerably shorter un-
classes of interacting galaxies; e.g. the Seyfert 1 NGC 32@&r more realistic assumptions as to how much gas actually can
(Schinnerer et al. 2001). However, it is also possible that thesl the nuclear starburst region.
pre-merger systems could provide a substantial fraction of the
older stars seen in NGC 6240. The correlation between W2 Evolution of the nuclei
clear black hole mass and the stellar mass of the bulges 0‘?'

non-interacting galaxies implies that the pre-merger galaxiesdr8.1. Compact disks and the AGN

NGC 6240 both had significant bulges (Kormendy & Richstone ) i )
1995: Marconi & Hunt 2003). While the two AGN in NGC 6240 and their associated star

clusters appear to be simple objects at our angular resolution,

The data also indicate that substantial variations in SFRisematic studies supply a glimpse of their true complexity.
occur over very short time spans10 Myr, in mergers. For Observations of the central stellar velocity field by Tecza et al.
example, in Arp 299 Alonso-Herrero et al. (2000) detect¢@000) from the ground in th&-band show pronounced and
an extended period of star formation that begahMyr be- organized radial velocity gradients around nuclei A1 and B1.
fore the most recent episodes with ages~df Myr. The ex- They interpret these velocity patterns as resulting from the
tremely young stellar population ages-of Myr that we find rotation of inclined stellar objects, such as disks or flattened
for the three NGC 6240 nuclei is another indication of this ebulges, and by applying this model derive dynamical masses
fect. Rapid variations in SFRs might be expected to be assb=>10° M. High angular resolution observations of emission
ciated with the compact, high density central gas concenttiae velocities and widths by Gerssen et al. (2003) show more
tions that are characteristic of ULIRGs and related classesamimplexity. Their results could arise from some combination of
starburst galaxies (e.g. Solomon et al. 1997). These circunuclear disks and large-scale gas flows associated with the star-
nuclear regions have sizes 0f180.5 kpc and internal ve- bursts and ongoing interaction. Disturbed large-scale flows in
locities of >100 kms?! and associated dynamical scales dhe gas that are largely decoupled from the nuclei are also con-
only ~107 yr. It should be no surprise that star formation neaistent with what is seen in CO emission (Tacconi et al. 1999),
the centres of merging galaxies is dynamic, but given the huggIR emission lines (Ohyama et al. 2000; Ohyama et al. 2003)
gas concentrations in these regions, typicatly® M, the ef- and in HI absorption against the AGNs (Beswick et al. 2001).
fects of SFR fluctuations are spectacular. Given that our massDespite the complex gas kinematics seen towards Al
estimates for Al, A2 and B1 are comparable to within a factand B1, it is likely that both AGNs are surrounded by compact
of <2 between the instantaneous and continuous star formatims disks that have substantial rotational support. This model
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is consistent with th&-band stellar kinematics, and also withof an extraordinarily luminous star cluster. For example, young
the presence of OH maser emission from B1 (Hagiwara et siliper star clusters with similar masses are found in the centre of
2003). Nuclear maser emission in ULIRGs is thought to occtire Arp 220 merger, where the extraordinary N2 and N3 clus-
in rotating disks of dense gas with sizes of a few hundred fers described by Shioya et al. (2001) are not necessarily as-
which provide the large column densities of gas at near constaatiated with nuclei. The fate of such clusters is somewhat un-
velocity that are required for masers (cf. Phistrét al. 2001). certain. However, due to their high masses, these clusters likely
When other nuclear starbursts with AGNs are studied with sufill have short lifetimes driven by the dynamical friction time
ficient precision, molecular gas disks with radii-<gf00 pc and scale for them to spiral into the centres of their host galax-
masses-10® M, are found (e.g., Mrk 231; Bryant & Scoville ies, where they will merge with the AGNsuclear star clusters.
1996, Arp 220; Scoville et al. 1997, NGC 4303; Colina & his type of event can help to populate the bulge of the remnant
Arribas 1999). While such structures seem to be generic feglaxy (cf. Noguchi 1999; Kim et al. 1999).

tures of strong interactions involving gas-rich galaxies, it is not

clear which physical properties determine their size and mass

scales (e.g., Downes & Solomon 1998; Jogee et al. 2002). 4.3.4. The fate of NGC 6240

The B1, Al and A2 integrated masses give a mass den-
4.3.2. AGN and pre-merger bulge masses sity of about 16.0, 2 x 10° and 19.0 M pc3, respec-

tively, as measured in a circular aperture of raditis,Gnd
The combined total luminosity of the two AGNs in NGC 624Qssuming continuous star formation. For a single and in-
is estimated by Lira et al. (2002) to beb x 10 erg s*,  gantaneous burst of star formation, the cluster mass den-
comparable to what is produced by the starburst (see a§8, increases to 67.0,4x 10° and 80.0M, pc3. In either
Lutz et al. 2003). We therefore assume that each nucleus pfganario, these values are similar to the mass density of the
duces~10'? L,. A lower bound estimate for the black holengjecular gas (10-10° M, pc3) integrated over the cen-
masses oMgy ~ 10”> M, then follows from the Eddington 5] R < 05-1 kpc of most nearby ULIRGs (Sanders &
limit argument. Assuming that most of this mass was depositgghapel 1996), where 0.5 kpc translates intbat the distance
in the black holes before the present merger, we can estimgi®GcC 6240, i.e. the entire double core of NGC 6240. Evans
properties of the pre-merger system bulges on the basis of &), (2002) estimated the core mass density in molecular
pirical correlations betweeNlgy and host galaxy bulge prop-gas for a sample of ULIRGS with double nuclei and obtained
erties. Thus we find that the pre-merger bulge velocity digsjyes of 970 to & x 10° Mo pc3 per nucleus. Compared
persion would have beer150 km s* and the bulgeB-band \ith this sample, Al is similar to IRAS 12139305SW and
luminosities about ¥ L corresponding to a stellar masspas 14348-1447SW. In addition, the mass density of Al falls
near 18° M. The presence of dual AGN in NGC 6240 is conyp, the low-mass density tail of the distribution of early-type
sistent with it being a major merger involving two giant spirglg|axies, whose masses were measured in an aperture with
galaxies. a radius of 01 by Faber et al. (1997). Specifically, A1l ap-

The similarity between conditions in Arp 299 and thospears to fit in with the “core” galaxies of Faber et al.'s sample.

in NGC 6240 suggests another possible evolutionary tremhber et al. (1997) separate early-type galaxies into two cate-
NGC 6240 and Arp 299 are the only two merging systemries: the power-law galaxies with a fairly steep surface pro-
known to contain dual AGNs. In both cases, it appears tHié in their surface brightness, extending inward to the small-
the amount of mass going into the circumnuclear starburstst resolvable radius, and the core galaxies showing a broken
considerably exceeds that being accreted by the nuclear blpeler-law profile which changes to a significantly shallower
holes. Since energy production from accretion onto a blaslope at a specific break radius. Core galaxies are bright ob-
hole is more than order of magnitude mof&aent than what jects withMy < —20.5 (Ho = 80 km s Mpc1) and are found
is provided by nuclear energy in stars, and the AGN and st&iclusters as well as in the field.
burst luminosities are comparable in NGC 6240, we predict

. oy
a black hole accretion rate 668-30 M yr in nucleus Al. that, whatever the nature of the burst is, if their fate is to

From our earlier discussion of the lifetime of the starburst, VYﬁerge together, then B1, AL and A2 would likely form the
take 30 Myr as a generous estimate of the main starburst lifes * '« - eIIip,ticaI or a,t least a large bulge of an early-

time. We then see that if the system continues in its pres?yrB - ; :

: . e spiral galaxy, which NGC 6240 could evolve into, once
state, the black holes could grow in masw M@_prlor 0 ihe merger of the parent galaxies is completed. The findings
the eventu:_:tl merger of the binary nuclei into a.smgle Obje%tf Komossa et al. (2003) support this scenario. The presence
Our analy3|s thus suggests the nucleus of the final NGC 6240, heavily obscured AGN in the A nucleus has long been
merger will haveMey = 2x 10° Mo. known, but the definitive detection of an AGN in the B nucleus,

hence of supermassive binary black holes, comes from the very
4.3.3. The A2 cluster recer_1t Chandra ACI_S-S d_ata_., According to l\/_IiIosaqu'Je&'_

Merritt (2001) and Milosavljewiet al. (2002), during a galactic
Our photometric study demonstrates that nucleus A2 is alserger the two black holes fall to the centre of the merger and
a huge concentration of young stars. However, it shows farm a bound pair. Their spiraling towards each other releases
evidence for being an AGN, and therefore could be an examgeir binding energy to the surrounding stars, modifying the

The mass densities derived for B1, A1 and A2 suggest
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central stellar density of the merger. Consequently, the initidle szm value of the fitting procedure. Under the assump-
central cusp in the stellar density evolves into a shallower dissn that these sources are clusters, they are dated as young
tribution, p ~ r~%, similar to the luminosity profile observedas 4 Myr and are heavily obscured, wit{B — V) = 1-2.3
at the centre of elliptical core galaxies. This evolution occucs Ay = 4-9 in agreement with spectroscopic measurements.
within 10°-10 yr after the binary black hole has formed; thd heir mass estimates, however, are extremely high, fref03
cusp continues to flatten thereafter as the binary ejects start@ia® M,. A mass of 10 M, as found for B1, has been so
gravitational kicks away from the nucleus of the merger. THar determined and confirmed spectroscopically only for clus-
process should terminate when the binary reaches a separatoW3 in NGC 7252, while a lower mass of a few®1M,
of between 0.01 and 1 pc. has been estimated for the nuclear clusters in NGC 4303 and

The black holes detected in the double nucleus dIGC 4449. On the other hand, the tidal radius of the nuclear
NGC 6240 are about 1.5 arcsec apart (Komossa et al. 20@®urces in NGC 6240 is larger than measured for bona-fide
which translates into 700 pc at a distance of 98 Mpc, therefdrempact clusters and thus this favours the earlier suggestion
NGC 6240 may be at the beginning of the “cusp coalescendbat these sources are giant kegions instead. In this case, a
defined by Milosavljewi'& Merritt (2001) and may transform STARBURST99 model with continuous star formation is prob-
into an elliptical core galaxy. This agrees with the conclusigibly more appropriate, which results in:
by Genzel et al. (2001) who measured a rotational velocity ahjl young ages of about.3x 10° yr and reddenings in the
a velocity dispersion in NGC 6240 consistent with the properange 08 < E(B - V) < 2.4 mag;
ties of elliptical and lenticular systems. 2) SFRs between 1.5 (B1) and 266 (A}, yr—1, which define

integrated masses fromx710° to 1P My;
3) mass densities from 16 (B1) to 1200 (A, pc3;

5. Summary 4) a SN rate of 1 SNyF and a galactic wind of 4, yr-1.

We have analysed HST data available for three discrete Sour(gggnparlson with previously determined SN rates and galactic

identified in the double nucleus of NGC 6240. We have fili/d estimates based on NGC 6240 indicates that the nu-
lear sources dominate the galaxy’s total IR luminosity and star

ted the observed colours to STARBURST99 models to es?c'frmation activity

mate their ages, masses and intrinsic reddenings. Our fittlngI i fth . d th " fth
technique (cf. Paper I) relies on observed colours corrected for rrespective of the scenario assumed, the properties ot tne

the Galactic extinction in the direction of NGC 6240 and d§€uclear sources are such to likely sustain the observed soft

velops through five step§: the synthetic colours at each tim -ray eomlssmn. They can also be used to _est|mate a mass
mesh-point of the model are reddened BB — V) increas- of ~10% M,, for the bulge of the parent galaxies and a black-

ing from 0.0 to 5.0 mag in steps of 0.01 maiy:at each step hole mass 0f2 x 108 M,, for the end-product of the coales-

in E(B - V), ay2, is computed as the sum of the colouffeli- cence of the blljary black hole.

ences between observations and evolutionary tracks weightedStar formation rates such as those found for B1 and A2

by the observational errors and squaitifor each time mesh- '€ commonly observed in nearby blue compact galaxies such
point of the model, a minimuny?, is extracted from all the as NGC 7673 and Lyman break galaxies, while the SFR value

x2, values obtained by varying the reddening and the modiirived for A2 is typical of warm ULIRG galaxies with dou-

age, magnitudes and colouig} once all the time mesh-pointsble nuclei. Similarly, the mass density in Al is consistent with

of the model have been fitted, the smallg&f (v, ) is iden- the mass d_e.nsmes of molgcula_r gas in ULIRGs gnd the stellar

tified among ally2, minima and its correspondirig(B — V), Mass densities measured in elliptical core galaxies. The super-
(0] ’

model age, magnitudes and colours are assigned to the clutgFsive binary black holes recently discovered in NGC 6240

concernedy) the selected model magnitudes are reddened %pmossa et al. 2002) could in time transfer energy to the stars

the final selected(B — V), corrected for the distance modull Al A2 and B1, thus lowering the central stellar density
in:NGC 6240 nuclei to a flap ~ r~* profile, typical of el-

lus to NGC 6240 and scaled to the observed apparent maghni- ’ ) o )

tudes. The assumed SFR is multiplied by this magnitude s iptical core galaxies (cf. l\_/lllosf’:\vlje_m& Merritt 2001?_ The
ing factor to derive the actual SFR of the sources. We hag@lance between the relativfieiencies of star formation, dy-
made use of two sets of STARBURST99 models, comput@&m'cal friction, and the slingshoffect of the coalescing bi-
for two different metallicities, solar- and LMC-like. The re1@ry black hole will ultimately determine whether the merger
sults obtained from these two sets of evolutionary tracks agfBVGC 6240 will produce a cusp or a core elliptical.
reasonably well and are within the uncertainties of our fitting

procedure. Therefore, the subsequent analysis and discuséigfmowledgementsit is a pleasure to thank Claus Leitherer whose
of the properties of the nuclear sources have been based@uable comments improved the paper. AP would like to thank
the STARBURST99 models with solar metallicity. The nucledr van den Bosch and M. Carollo for stimulating discussions. JSG

condensations in NGC 6240 have four independent coloﬂ?gnks the University of Wisconsin Graduate School for partial sup-
available, B— V), (V — 1, (V — J) and { — K), which allow us port of this research and the European Southern Observatory for its

. . - - pitality while working on this project. This paper is based on obser-
fo determine a unique combination of age, reddening and S§ tions made with the NAS/&SA Hubble Space Telescope, obtained

with relatively Sr.n.all uhcgrtaipties. from the data archive at the Space Telescope Science Institute (STScl).
The probability distributions for the nuclear sources iBTScl is operated by the association of Universities for Research in
NGC 6240 have been derived from the fits wifty < 1.5 times  Astronomy, Inc. under NASA contract NAS 5-26555. This research
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Service. [astro-ph/0310029]
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