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ABSTRACT

We present a broad—band(Q.3-70 keV) spectral and temporal analysidloSTARobservations of the luminous infrared galaxy NGC
6240, combined with archivaChandra XMM-NewtorandBeppoSAXiata. NGC 6240 is a galaxy in a relatively early merger state
with two distinct nuclei separated byl”5. PreviousChandraobservations have resolved the two nuclei, showing thgtahe both
active and obscured by Compton-thick material. Althougy ttannot be resolved IyuSTARthanks to the unprecedented quality of
theNuSTARlJata at energies10 keV, we clearly detect, for the first time, both the primang the reflection continuum components.
The NuSTARhard X—ray spectrum is dominated by the primary continuuengaig through an absorbing column density which is
mildly optically thick to Compton scatteringr (~ 1.2, Ny ~ 1.5x 10?* cmi2). We detect moderate hard X—ray (L0 keV) flux
variability up to 20% on short (15 20 ksec) timescales. The amplitude of the variability is immasxn at~30 keV and is likely to
originate from the primary continuum of the southern nuslélevertheless, the mean hard X-ray flux on longer times¢géars)

is relatively constant. Moreover, the two nuclei remain @bton—thick, although we find evidence of variability of thaterial along

the line of sight with column densitigs,;<2x10% cm2 over long (3-15 years) timescales. The observed X—ray emission in the
NuSTARenergy range is fully consistent with the sum of the best—fitleis of the spatially resolve@handraspectra of the two
nuclei.

Key words. galaxies: active — galaxies: individual (NGC 6240) — X—rayelaxies

1. Introduction

Galaxy mergers represent a key phase in most scenarios of
Send gfprint requests toS. Puccetti, e-maipuccetti@asdc.asi.it galaxy formation. According to models and simulations (e.g
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Springel et al. 2005, Di Matteo et al. 2005, Hopkins & Elvi2013), while at softer energies it has not exhibited sigaiftc
2010), during the mergers of massive gas—rich galaxies, cobriability (Komossa et al. 1998, Netzer et al. 2005).

gas is destabilized and can rapidly form stars and will ulti- NGC 6240 is the result of merging of two smaller galaxies,
mately feed the active galactic nucleus (AGN). The relaitive \yhjch formed a larger galaxy with two distinct nuclei, with a
portance of starbursts and AGN and the associated tlmesscgllsg(‘:]mar separation 01”5 (~0.7 kpc). The two nuclei are ob-
are not known. Disentangling the contribution of these cOMPseryved in near—infrared (e.g. Fried & Schultz 1983), in the r

nents (e.g., finding signatures of posifivegative feedback) in i (e.g. Condon et al. 1982) and in optical (e.g. Rafanetile
merging systems is crucial for comparing the observatiaitts W1997) images.

model predictions. In this respect NGC 6240 plays a key rsle a
one of the nearest&0.02448D =111.2 Mpc,DA=105.9 Mpc)
luminous infrared galaxies observed, in a relatively eargrger
state (Tacconi et al. 1999, Tezca et al. 2000, Bush et al.,20

At X-ray wavelengthsChandra with its unsurpassed X—ray

angular resolution (FWHMOQ’5), identified that the two nuclei
g both active and both exhibit highly obscured X-ray spec-
Engel et al. 2010, Medling et al. 2011). The infrared lumino ra typical of Compton—thmk_AGN (_Komossa etal. 2003). The
Southern nucleus is also brighter in X-rays than the naomther

i N 194 | _ 5 1 ; .
girglagrs etlgll ZOéT)QSDisS;tl t>r<1e1(t))40uenrga?y ’b\évt\n%gzelflglézslg(ﬁﬁ;ﬂ_nucleus. The observed 0.1-10 keV luminosities of the two nu-

nous infrared galaxied-r = (10 - 10%2) L) and ULIRGS clei are 1.9x10* erg s* and 0.7x10* erg s* (Komossa et al.
(ultra—luminous infrared galaxietir > 102 L) and implies 2003). The southern nucleus is also brighter based orug+5

a high star—formation rate (SER61+ 30M, yr-* from Yun & luminosity (see e.g. Mori et al. 2014, Risaliti et al. 2006).. .
Carilli 2002, through fitting of the far—infrared spectralezgy ~ The black hole mass of the southern nucleus, obtained via
distribution). Owing to the SFR which is high for its massy(e. high resolution stellar kinematics, is .84 — 2.2) x 10°My
Santini et al. 2009), NGC 6240 is classified as a starburakgal (Medling et al. 2011). The mass of the northern nucleus, if it
The optical emission—line spectrum (Fosbury & Wall 19740llows the Msy—o relation (Tremaine et al. 2002), is .41+
Zasov & Karachentsev 1979, Fried & Schulz 1983, Morris &4) X 10°Ms (Engel et al. 2010). Due to the large scatter in the
Ward 1988, Keel 1990, Heckman et al. 1987, \eilleux et delation, this value is subject to systematic uncertasntieich
1995, Schmitt et al. 1996, Rafanelli et al. 1997) is domidate larger than the measurement errors.
LINER-Ilike line ratios over the centrall0 kpc. This spectrum  The two nuclei are surrounded by extended X-ray emis-
is preferentially associated to shocks produced by cloledidc sion modelled as a multi-temperature plasma with tempesatu
collisions in the merging system, rather than to a centratphand column density increasing toward the central regiorls wi
toionizing AGN continuum (see e.g. Fosbury & Wall 1979, Briemetal abundances that are higher than S%Z—Z.S—Netzer
& Schulz 1983). Nevertheless, a few high—excitation fezdin g 5. 2005;2=10—Boller et al. 2003; Wang et al. 2014). The
IR spectra and in optical HST narrow-band images indicase pg a5~ associated with highly ionized sBa—emitting gas,
sible weak AGN signatures in the southern region of the g'alaéeaks centrally at the southern nucleus, wi9% of the emis-

(Rafanelli et al. 1997). ion orainati - .
. _ ginating outside the nuclear region. Its tempemtaf
The definite presence of an obscured AGN in NGC 62‘ﬁ('!)fv7><107 K, indicates the presence of fast shocks with veloci-

has been known since the filAGCAhard X-ray observations a5 of the order 0£2200 km S (Feruglio et al. 2013a, Wang

showed that a reflection spectrum provides the best fit belaw,| 2014). The energetics and the iron mass in the hot phase

10 keV (lwasawa & Comastri 1998). The pcr)iZTary_Smission, ORyggest that the fast shocks are due to a starburst—driveh wi
scured by a column density of abduy~2x10" cm = emerges qypanding into the ambient dense gas. Nevertheless, Wang et
_only at higher energies and was orlgl_nally detected by th& PR (2014) were not able to rule out additional energy ingect
instrument onboar@eppoSAX\Vignati et al. 1999). The nu- i, the circumnuclear region such as heating from an AGN out-
clear |n(t)2|5nS|c bolometric luminosity is in the quasar r@gi o,y High—resolution mapping of the CO(1-0) transition iéFe
(Lo~ 10™erg s, Vignati et al. 1999, lkebe et al. 2000, Lira €{,gjig et al. 2013b) revealed the presence of a molecularovutfl
al. 2002, Boller et al. 2003). _ _ with velocity ~(200-500) km s, originating from the south-
The presence of both a transmitted primary absorbed coniiin nycleus, likely driven by both supernova winds and radia
uum and a cold reflection component is still under debate. THsn from the AGN. Alternatively, the CO(1-0) molecular gas
results obtained by the broad—band spectral analysis up-to gyndenses within the outflowing gas, because the velodity di
ergies of 100-200 keV (Vignati et al. 1999; Ikebe et al. 200@3rence between ionized and molecular outflows would lead to
are controversial. Vignati et al. (1999) clearly detect fa@®s- severe shredding (Veilleux et al. 2013). The coldest andreut
mitted primary absorbed continuum, but the presence ofdlte ¢ y,gst plasma forms a soft X—ray halo extending up 1¢6 from

reflection component s not significant. On the other harehek e two nuclei with sub—solar metal abundancés:().l—O.S—
et al. (2000), usinRXTE data, obtained an equally good fitNarolini etal. 2013)

with either a reflection—dominated spectrum or with a refldct _ )
plus transmitted model. Therefore, the presence of a pyimar !N this paper, we discuss the broad—bar@.8-70 keV)
absorbed continuum is not certain from their spectral aigly SPectral and temporal properties NSTARobservations of
However, Ikebe et al. (2000) concluded that both comporaats NGC 6240 combined with archivaMM-NewtonChandraand
needed because in the pure reflection—dominated modeltheBgPPOSAXata. In § 2, we describe tHeuSTARand archival
trinsic power law photon index is unusually flit£ 1.26+0.13). observations. In § 3 we discuss the variability propertfisc-
Historically, NGC 6240 has shown moderate X—ray variabifilon 4 presents t_h? broad-band spectral analysis, and n @ Sw
ity on monthyear timescales at energies larger thab keV compare the individuaChandraspectra of the two nuclei with
(22+7%, 54:18% and 43% in the 14-100, 14-24 and 35_the NuSTARspectrum of the galaxy as a whole. The results and
100 keV Swift BAT energy bands, respectively; Soldi et alconclusions are presentedin § 6 and § 7, respectively.
Throughout this paper, we adoptASCDM cosmology with
L | ris the 8-100@um luminosity according to the cosmology used if2m = 0.27,Q, = 0.73, andHo = 67.3 kms™* Mpc™ (Planck
this paper. Collaboration 2014).
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We analyzed four archiv&@#handraobservations collected in
2001 and 2011 (see Talble 2) using @leandralnteractive Anal-
ysis Observations (CIAO) software (v4.5; Fruscione et @0&)
and the standard data reduction proceduresspleextractask
was used to extract the spectra. The background spectrawere
tracted from source free regions at distances greater thaut a
1’5 from the nuclei of the galaxy in order to avoid contaminatio
from the X-ray dffuse emission, which is still seen on scales of
1/ (see Nardini et al. 2013). The spectra were binned to have at
least 25 total counts per bin. The nuclei showed negligibéep
up (less than a few %). For the final spectral analysis, we used
only the two ACIS-S observations (2001 and 2011) due to cal-
ibration uncertainties above 5 keV of HETG 0Oth order ACIS-S
spectra.

To avoid a loss of angular sensitivity, we registered the as-
trometry of the ACIS-S 2001 data to the ACIS-S 2011 data,
using the X-ray positions of bright common point-like s@s:.c
Fig. 1: 3—-78.4 keWuSTARmage for the FPMA module. The we found that the ACIS—S 2001 right ascension astrometric co
image was smoothed with a Gaussian filter with= 1.5 pixels rection is —@1, while the declination astrometric correction is
(~ 376). The green circle is centered on the peak of the emissigggligible (i.e. @01).
and has a radius of 75 From the analysis of thehandraimages (see upper panel of

Fig.[2), using an aperture photometry technique (see eag.efil
et al. 2009), we identified 9 serendipitous point sourcels Hftl
. . > 2 in the 0.3-8 keV band withjmery near the area correspond-
2. X-ray observations and data reduction ing to theNuSTARextraction region (i.e. a circle with a radius of
21 NUSTAR 75”)_. We g:o-added the source spectra, background spectra and
- ancillary files of the nine sources wittddascaspe&TOOLS

NuSTAReonsists of two focal plane modules, FPMA and FPMB/-6-13, leaving the original exposure time of a single seunc

is sensitive at 3-78.4 keV and has a FOV at 10 keV o{#aurri- the final co—added spectrum. The total 0.3-8 keV flux of these

son et al. 2013). The observatory has & E8VHM with a half— 9 Sources (green spectrum in the lower panel of Hig. 2) is defi-

power diameter of 58 We analyzed théluSTARobservation Nitely negligible in comparison to the flux in tiheiSTARextrac-

of NGC 6240 performed in March 2014. The observation log {90 region (yellow spectrum in the lower panel of Fiy. 2)isit

given in TabldlL. fltteq by a black.boldy of ~0.8 keV and there is no evidence of
The raw events files were processed usingNb&TARData any iron line emission. Therefore, the co—added spectruitimeof

Analysis Software package v. 1.4.1 (NuSTARDAS}alibrated hine brightest "contaminants” is consistent with a typispéc-

. ; o rum of ultra—luminous X-ray sources (ULXs), which turnsov
and cleaned event files were produced using the calibratem fi : .
in the NUSTARCALDB (20150225) and standard filtering crite-/€"Y duickly at about 10 keV as discoverediySTARsee e.g.

ria with thenupipelinetask. We usedhuproductgask included Wal'gon et al. 2015). For_the_se reasons, we conclude thataamy ¢
in the NUSTARDAS package to extract tNeelSTARsource and tamination by close point-like sources in tRaSTARspectrum
background spectra using the appropriate response arthanci IS n_er?]hglble. d @hand f th
files. We extracted spectra and light curves in each focalepla hol € slecon_ step v;as to eXt][aﬁt an r;’;\s_pectra do 'tl e
module (FPMA and FPMB) using circular apertures of radi§nole galaxy (|.e_. combination of the two nuclel, extendsm
75", corresponding te- 80% of the encircled energy, centere%on and serendipitous sources) using a circular regioadifis

on the peak of the emission in the 3-78.4 keV data (see F 4’5 to maximize the 8\ of the spectra. In this way, we exclude

[I). Background spectra were extracted using source—fgéene ost of the very soft X—ray emission in the halo of NGC 6240
on the same detector as the source. As shown in Table 1,

gﬁez keV, see Na_rdini et al. 2013). In any case, this component
background count-rates are a low fractien§%) of the source is not detectable in the energy band coveretNmBTARwhich
count—rates.

has a low energy limit at 3 keV. This is clearly seen in the com-
The spectra were binned according to two criteria: (i) fgHo parison of the cyan and yellow spectra in the lower panel @f Fi
ing the energy resolution multiplied by a facte0.4 at all ener-

gies, when possible; (ii) requiring a signal-to—noiseorati4.5.
Spectral fitting was performed in tiéuSTARband alone and
simultaneously with lower energy X-ray data (see below).

Finally, we verified that the whole galaxy did not show sig-
nificant variations during the fou€handraobservations (see
Fig.[3). We used thg? statistics with a threshold probability
of 2% to test the hypothesis of constant light curves. The 0.3
8 keV light curve of the whole galaxy is consistent with being
2.2. Chandra constant between the two ACIS-S and the two ACIS-S HETG

observations. The 6.4-8 keV count rates are oflly3% and
Chandra with its unsurpassed X-ray angular resolutior10% of those in the full energy band, for the ACIS-S and the
(FWHM~05), is an excellent complement MuSTARor ana- zero—order ACIS-S HETG, respectively. For this reason lsmal
lyzing the two nuclei and nearby regions and for studyingsposamplitude hard X—ray variability is flicult to be detect in the
ble contamination from sources that cannot be resolvedusy- full energy range; therefore we also verified that the 6.4e%/ k
TAR count rates are statistically constant. The ACIS-S and ASIS
HETG spectra are fully consistent each other (see[Fig. 4) con
2 httpy/heasarc.gsfc.nasa.gdecgnustaranalysignustar_swguide.pdf firming that the variability of the whole galaxy is not sigodint.
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Table 1:NuSTARNGC 6240 observation log

Observation IB RA_PNT DEC_PNT Exposuré Start Daté rate background
(deg.) (deg.) (ksec)
60002040002 253.2528 2.4308 30.8 2014-03-30T13:41:07 5980.002 7.6%

30bservation identification numbéRight Ascension of the pointingdeclination of the pointingf total net exposure timéstart date and time
of the observation‘mean value of the net count rate in the circular source eitracegion with 73 radius in the energy range 3-78.4 kéV,
background percentage in the circular source extractigiomewvith 78’ radius and in the energy range 3-78.4 keV.

Therefore in order to improve the statistics, for the finatsp ergy> 2 keV. Extraction of the background spectra and binning

tral analysis we used the co—added spectra of the two ACIS#&re done similar to thBluSTARanalysis.

(2001 and 2011) observations, and we also combined the-corre The whole NGC 6240 galaxy, as already pointed out by Net-

sponding background spectra, response and ancillary Wes. zer et al. (2005), does not exhibit significant spectralakitity

usedaddascaspeETOOLS v.6.13, which combines spectra anduring theXMM—-Newtorobservations (see also Fig. 5). There-

normalized backgrounds according to the method explainedfbre, to improve the statistics, we considered the comhinaif

the ASCAABC guidefi all MOS1 and MOS2 spectra, and of the individual PN spectra.
In addition to the spectrum of the whole galaxy, we also usétthe spectral analysis we used KeIM—Newtordata between

the ACIS-S spectra of each of the two individual nuclei (s&=-10 keV only, to avoid a larger soft X—ray contribution imzo

Komossa et al. 2003). The spectra were extracted using-cirparison with theChandraspectra.

lar regions centered on RA16:52:58.896, Dee-+02:24:03.36

and R.A=16:52:58.922, Dee+02:24:05.03 and with a radius

of 09 for the southern nucleus (the brightest one) arglfor 2-4 BEPPOSAXDS data

the_northerr_\ nucleus, respectively (blue and red circl_elssaac- NGC 6240 was observed lBeppoSAXBoella et al. 1997) on
train the middle and bottom panel of Fig. 2, respectively). 1998 August 14 (Vignat et al. 1999) with the LECS (Low En-
The 0.3-8 keV light curves of the southern and northern ndrgy Concentrator Spectrometer; 0.45-4 keV), the two MECS
cleus are consistent with being constant between the tW&AClMedium Energy Concentrator Spectrometers; 1.65-10.5 keV
S and the two ACIS-S HETG observations (see Elg. 3). Vid the PDS (Phoswitch Detector System; 15-200 keV, Fron-
also searched for variability in the two sub—bands: 0.3k8M terg et al. 1997) (see Tabl@ 2). Data products were retrieved
and 6.4-8 keV. We found variability only in the 6.4-8 keV lighfrom the BeppoSAXarchive at the ASI Science Data Cerfter.
curve of the northern nucleus in the ACIS—-S 2011 observatigRe ata were calibrated and cleaned using SAXDAS software.
(x;,= 1.84 with probability of false positive 0.6%, see bottom The MECYLECS event files were screened adopting standard
panels of FiglB). Nevertheless the count rate variatioms@all pipeline selection parameters, and the spectra were eadrac
and the median values of the count rates of the two ACIS—S GRsm # radii apertures, correspondingt090% of the encircled
servations are fully consistent (i.e. (0.GXL001) ctfs). There- energy. The two MECS units were combined after renormaliz-
fore we used also for the nuclei the co-added spectra of the f§g to'the MECS1. The PDS is a collimator instrument with a
ACIS-S (2001 and 2011) observations. We stress that the Qigql'd of view of ~ 1°.3 (FWHM). The PDS data were calibrated
8 light curve of the northern nucleus of ACIS—S 2011 showsgn cleaned following the standard “fixed Rise Time threghol
systematic residual respect to a fit with a constant in the tirthethod for background rejection. Following the method eed
interval 100120 ksec in Figl 3, which could be due to the 6.4e NuSTARJata, we estimate that for the MECS data, the con-
8 keV variability. tamination by the nearby bright sources is less than 10%. We
do not use the LECS data to avoid a larger soft X—ray contribu-
tion in comparison with data from other instruments usedhis t

2.3. XMM-Newton
work.

In the spectral analysis we also considered XMM—Newton

observations with a non—zero exposure time after backgroun

cleaning, obtained between September 2000 and August 2808 jght curve variability

(see Tablé€12). The high spectral resolutionXdfiM—Newtonat

~6 keV and the good counting statistics of the archival otserWith a few exceptions (e.g. the Compton—thick to Compton-
tions allow us to constrain the spectral shape and the iityenghin changes in NGC 1365, Risaliti et al. 2005, 2007), vari-
of the iron line complex. We reduced the data using the Sability in Compton—thick AGN is extremely rare at energies
ence Analysis Software (SAS ver. 14.0.0), following thensta< 10 keV. Constraining intrinsic variability in such obscdre
dard method described in the data analysis threads and te A®urces requires statistically good sampling of the 30-60 k
Guide toXMM-NewtonData Analysi€] Epochs of high back- energy range, where the primary continuum can arise. THg-ana
ground events were excluded; only events correspondingtto sis of the light curve in dferent energy ranges returns raw infor-
tern 0-12 for MOSIMOS?2 and pattern 0—4 for PN were usednation on the origin of the variability (i.e., variationskuding-
From the analysis of th€handraspectra, we found that theton ratio, column density, photon index of the primary conti
AGN and hot gas in the galaxy are extended less th&n ffus uum, reflection component). When data with good statisties a
the spectra were extracted using a circular region of ralilis available, the following timgount rate resolved spectral analy-
which corresponds te 90% of the encircled energy, similar tosis allow us to constrain better the variable spectral paters,

the NuSTARdata, which includes all the galaxy emission at e@nd place constraints on the geometry of the refletingprbing
medium (see e.g. NGC 4945 Puccetti et al. 2014; NGC 1068

3 httpy/heasarc.gsfc.nasa.gdecgascgabg
4 httpy/xmm.esac.esa.ifsagcurrentdocumentatiofthreadsg 5 httpy/www.asdc.asi.immigindex.php?missicasaxnfi
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Fig. 3: Chandrabackground—subtracted light curves in bins of 5500 s. Fagntd bottom panel: 0.3—8 keV count rates of the whole
NGC 6240 galaxy, 0.3-8 keV count rates of the southern nacle3-8 keV count rates of the northern nucleus and 6.4-8 keV
count rates of the northern nucleus. The dot—-dashed linesspond to the values of the count rate weighted mdaefs panels
show the light curves of the two ACIS-Ghandraobservations (see Tallé 2): 1590 (magenta open dots) ariB XBlack solid
dots).Right panelshow the light curves of the zero—order ACIS—S HECBandradata: 6909 (blue solid squares) and 6908 (red
open squares). Note that theaxis does not represent the real time.

Table 2: NGC 6240 archival data

Observatory Observation D Exposuré Start Daté refd
(ksec)
BeppoSAX 5047600100 120 1998-08-14 1
ChandraACIS-S 1590 36.7 2001-07-29T05:44:22 2,34
ChandraACIS-S HETG 6909 141.2 2006-05-11T01:41:48 3,4,5
ChandraACIS-S HETG 6908 157.0 2006-05-16T11:22:54 3,45
ChandraACIS-S 12713 145.4 2011-05-31T04:15:57 3,4
PN°  MOS1® MOSZ
XMM-Newton 0101640101 30.1 2000-09-22701:38:46 11.3 154 15.4 6,7
XMM-Newton 0101640601 19.0 2002-04-12T21:37:24 5.3 10.2 10.0 7
XMM-Newton 0147420201 31.6 2003-04-14T18:06:14 3.4 7.1 7.9 7
XMM-Newton 0147420301 28.1 2003-04-18T21:01:56 0 0 0 7
XMM-Newton 0147420401 14.1 2003-08-13T10:29:32 7.0 10.8 10.7 7
XMM-Newton 0147420501 31.2 2003-08-21T10:25:09 3.4 1.7 1.8 7
XMM-Newton 0147420601 9.2 2003-08-29T11:25:115 1.4 1.8 1.9 7

a Observation identification numbérfotal net exposure timé;start date and time of the observation interfakference: 1: Vignati et al.
(1999), 2: Komossa et al. (2003), 3: Nardini et al. (2013)/Vang et al. (2014), 5: Shu et al. (2011), 6: Boller et al. (90@3Netzer et al. (2005)
; € Good Time Interval after background cleaning.

Marinucci et al. submitted). Unfortunately for NGC 6240 th89.99% using the Spearman rank correlationfitcent. In the
statistics do not allow this detailed spectral analysis. three energy bands, the background level is of the order of 7%
The NUSTARNGC 6240 observation lasted 60 ksec, but of the total count rate. Moreover we verified that the soura a

the Earth occults the target for approximately half the torbpacIo(ground light curves are not correlated at a confiderves le
yielding a net exposure time of 30.8 ksec. We analyzedin®- of 5%.

TARIlight curves in bins of 5800 s+( 1 satellite orbit). We used  To better analyze the hard X-ray variability, we analyzed
they? and the Kolmogorov Smirnov tests to verify the constandyuSTARlight curves in three narrower energy ranges: 10-25,
of the light curves. A light curve is considered definitelyighle 25-35 and 35-60 keV. We found that the amplitude of the varia-
if the probability of false positive isc 2% for at least one of the tions is largestin the 25-35 keV energy band, changing49f%

two tests. on timescales 0£15-20 ksec. We also searched for hard X—ray

; o ali ; bility on similarly short timescales using the arthep-
The 3-60 keV light curve is slightly variable and shows yaria
systematic trend of the residuals with respect to a fit witbra ¢ POSAX15-200 keV PDS data. The PDS light curve is not con-

stant (see Figl6). To investigate possible spectral variatwe stant and the largest amplitude variability-i80% on timescales

analyzed the 3-10 keV and the 10-60 keV light curves se[?a( 20 ksec (see Figl 7), fully consistent with tNeSTARind-

rately. We found that the 3—10 keV light curve is fully consis"9%:

tent with being constant, but the 10—60 keV light curve is not The 20-70 keV PDS mean flux, evaluated assuming a
showing variability up to~20%. The 3—10 keV light curve is notpower—law model with photon index fixed to 1.7, is a factor of
correlated with the 10-60 keV at a confidence level largen tha0.9 the 20—-70 keMNuSTARmean flux. This factor contains
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Fig. 4: Chandraspectra of the whole NGC 6240 galaxy, un-
folded with the instrument response, extracted in the cggion

in the upper panel of Fif] 2. The colors represent the fouewsbs
vations (see Tabld 2). Since no significant spectral vditabias
present, we co—added the ACIS—S spectra.
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i + ] Fig. 5: XMM-Newtonspectra of the whole NGC 6240 galaxy,
‘ + ‘ unfolded with the instrument response. The colors reptéken
0.5 ! ° EPIC-PN and co-added EPIC-MOS1 and EPIC-MOS?2 spectra

fineray [kev] for all the observations (see Table 2).

Fig. 2: Upper panel 0.3-8 keV image mosaic of the 2001 and 2011

Chandraobservations (see Tadlé 2). The image was smoothed with a

Gaussian filter with- = 1.5 pixels ¢ 0775). The big yellow circle possible source variability and also variability due to ithier—
(75’ radius) marks théluSTARsource extraction region; the cyan cir-calipration uncertainty between the two instruments.

cle (14/5 radius) marks th€handrasource extraction region; the small As shown in §2.2, we also searched for variability in the

green circles (2 radius) mark the 9 serendipitous point sources wi . - _
SN > 2 in the 0.3-8 keV band withigery near the area COlrrespon(ﬂ:’:handradata in the hardest accessible energy range (6.4-8 keV)

ing to theNuSTARextraction regionMiddle panel 6-6.5 keV image of the northern and the southgrn nuclei separately. Theta:_atm
mosaic of the twoChandra observations: zoomed into the center offthe 2011 ACIS-S observation of the northern nucleus indou
the galaxy: the southern nucleus and northern nucleus areethay 0 be variable by a factor of 1.3 on timescales of 15 ksec,
blue and red circles, respectivelyower panel Chandraspectra, un- While the southern nucleus is constant. In the two 2006 ACIS—
folded with the instrument response, of the observatiorl338ee Ta- S HETG observations we did not find statistically strong evi-
ble[2). The yellow, cyan, blue and red spectra are extrantéfetiregions  dence of variability, neither in the southern nor in the herh
marked with the same color in the upper and middle panelsgféen nycleus. This could be due to the poorer statistics of the—zer
spectrum represents the “contamination” spectrum by taebyebright  order ACIS—S HETG data, in comparison to ACIS-S data (i.e.

sources detected in tiNuSTARsource extraction region. This “‘contam-4r the northern nucleus we had 50% fewer counts in the ACIS—S
ination” is negligible in theNuSTARextraction region, whose spectrumHETG)

is shown in yellow.
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TIME [s] Fig. 7: BeppoSAX15-200 keV PDS light curve in bins of

10.5 ksec. The dotted line correspond to the value of thetcoun

Fig. 6: NUSTARIght curves in bins of 5800 s-(L satellite or- rate weighted mean. The numbers in the top indicate the salue

. 2 for 23 degrees of freedom, and the false posijiveand
bit). The count rates are the added \{alugs detected by theAFP )I(mogorov Sngwirnov probabilities in the constzfnt %ﬁn oar
and FPMB modules, corrected for livetime, PSF losses and Upothesis
gnetting, but not for background. The dotted lines correspo '
to the values of the count rate weighted means. The numbers

icn thl% Igwer left cfofrner dOf each dpa:qnelfirrdicate the va(lju%g«lfof references therein;i€mus, Arévalo et al. 2014 and references
rg:)gorovegsrr%?r?]gv F:Soeb;brﬂiltizg int tﬁe ?:gﬁsggrﬂ}dl)?gﬁ?cur\?e- h therein), where photoionisation is dominant.

X The X—ray spectrum of NGC 6240 shows line ratios between
pothesis. From top to bottom panel: 3-60, 3—-10 and 10-60 kﬁ/l\é xu (1.47 l):e\F/)) Sk (1.865 keV), Skiv (2.006 keV), v
countrates. (2.461 keV) and Svi (2.622 keV), due to the hot thermal com-

ponent, which can be hardly reproduced within the context of

In the 6.4—8 keV energy range, the composed light curve ®fuilibrium models with solar metal abundance. Therefare,
the northern and southern nuclei does not present the ilariafEProduce these line ratios, the hot thermal component vaals m
ity shown by the northern nucleus alone. This is because §lid by the XSPEGrec/vekaL models with super—solar metal
northern nucleus is a facte0.4 fainter, and the amplitude of itsabundance% ~2—2.E_3_—Netzer etal. ZOo%zlo—Boller etal.
variations is small. This result is consistent with the aloseof 2003). A more empirical approach was followed by Wang et al.

variability in the 6.4-10 keV energy range in tiM-Newton (2014), who proposed a model withvikaL component, with
observations. solar abundances, plus several Gaussians to fit the refitesl

Alternatively, the observed strong emission lines are etqzkin
non—equilibrium models, in which the ion distribution i®ader
4. Broad—band spectral analysis than in thermal equilibrium models with the same physical-co
4.1. The model ditions; in this context, Feruglio et al. (2013a) modelled hot
thermal component by a shock model with almost solar abun-
The extended X—ray emission at energiéskeV in NGC 6240 dances. Based on these arguments, we attempted to model the
is due to an absorbed multi-temperature plasma. Both the tdrat thermal component with two fiierent approaches: a shock
perature and the column density increase toward the caniral model (i.e. XSPEGsHock model, hereinafter model A), and the
clei (Boller et al. 2003, Netzer et al. 2005, Wang et al. 20Thg usualmekaL component (model B in the following). As shown
cold—temperature plasma, which is the outermost, extepdis u below, the solar chemistry can be used for model A, whereas
~1’5 from the nuclei, has sub—solar metal abundanéesq.l— model B requires super—solar metal abundances.
0.5, see Nardini et al. 2013) and dominates at energigs keV. In the energy range 5-8 keV the emission is mainly due to
A medium-temperature plasma, which is less extended andhie two obscured AGN in the centre of NGC 6240 (Komossa
closer to the central nuclei. The hot—temperature plasrhahw et al. 2003). Both nuclei are best fitted with a hard, reflestio
is dominantin the-2-5 keV energy range, indicates the presené@minated spectrum and associated iron line complex (@€, F
of fast shocks (Feruglio et al. 2013a, Wang et al. 2014, ASISat 6.4 keV, F&; at 7.06 keV rest—frame energies and the Comp-
and HETG ACIS-S data) and is responsible for thesBeline  ton shoulder).
emission. In fact, while a scattered nuclear power—law doul In the NuSTARband, the two nuclei cannot be spatially
provide an equally good fit, the k&v line emission is extendedresolved, and their summed contribution in the hard X—raydba
and spatially resolved bghandra(Wang et al. 2014). Moreoveris modeled as follows: a) a primary continuum, transmitted
a dominant contribution to the kav from photoionisation is through a high column density absorber, modeledrbyss
ruled out through the comparison of the expected X—ray ke r(Yagoob 1997); b) a reflection component, due to opticaligkth
tios with the observed ones (Netzer et al. 2005). This is sjppo gas with infinite column density illuminated by a power conti
to some non—-LIRG AGN (e.g. NGC 1068, Bauer et al. 2015 andm and modeled withexrav (Magdziarz & Zdziarski 1995);
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later on, we will investigate more physically realistic eefiion Table 3: Best-fitting parameters
models. The photon indices of the primary and the reflected _
components are linked to the same value in the spectral fis. W22mete’ Model A Model B units .
also added three Gaussian lines to model th&,F&eK; and _Nica” 0.0487 0.0487 e
Nickel Ka at 7.47 keV. The Fiéa and Nickel Kx are Significant Primary and reflected componentscABs+PEXRAV+ZGAUSS+ZGAUSS +ZGAUSS

at 99.99% confidence level. The ratio between the normalizat™ Nia? 158730 1.63+010  16%cm?

of the Fe&lz and Fé&, is fixed to the theoretical value (1:8.8; r° 1.75:0.08 1.82+0.07

e.g. Palmeri et al. 2003). All the spectral components wer&ormycad 13651 1568 10% phkeVt cmr2s?
absorbed by the Galactic column density along the line dftSig Normyeas 1646 367 10* phkevt cmr2st
(i.e. 4.8%10?° cm?; Kalberla et al. 2005) and redshifted using re, nergy 6.309000  §309°0008  key

z =0.02448 (Downes et al. 1993). We used Anders & Grevessgex; energy 7.00£0.04 7.01tg;gg keV

(1989) cosmic abundances. For the broad—band analysis, Wgkel energy 7.48:0.06 7.48005 keV
simultaneously fit the ACIS-S (0.3-8 keV), PN (2-10 keV),r«, ews 0.3304 0.31:010 keV

MOS (MOSEHMOS2) (2-10 keV), FPMA (3-78.4 keV) and g« pwe 0.04£0.01 0.04:0.01 KeV

FPMB (3-78.4 keV) spectra of the whole galaxy. We introduceg;qe ewe 0.09°007 0.11+008 keV

—0.05 —0.06

normalization factors to take into account the uncertaixt flu
inter—calibration between filerent instruments. We fixed the

Cold—temperature COMpPONEMABScoldX VMEKALcold

normalization factor of FPMA to unity, leaving the other Neod 00755 010005 16%cm
normalizations free to vary. As discussed above, we modeled=" 0.595% 0.61:55; kev
the hot thermal components in twaffdirent ways. Therefore we 2o 03553 0.3310:
used two diferent models, with the following XSPEC format: ~ afecoid 017555 0.175¢3

Normeoig™ 3.739 4.8+32 10* phkevt cm2st
Model A: Medium—temperature COMpPONEMEBS medXMEKALmed
CONSTANTXWABSGaX (PLCABS+PEXRAV+ZGAUSS+ZGAUSS+ZGAUSS+ Nemed" 0.97°0%8 1.2+0.1 1072 cm?
WABScoldX VMEKALcold + WABSmedXMEKALmed + WABShotXPSHOCK hot) KT med 0.853¢ 0.96+0.06 keV

albed 1(fixed) 2.1:0%
Model B: Normped™ 6.574 6.1+13 10* phkeVt cm2st

CONSTANTXWABSGg|X (PLCABS+PEXRAV+ZGAUSS+ZGAUSS+ZGAUSS+

Hot-temperature:  WABShotXPSHOCKhot WABShotXMEKALhot
WABScoldX VMEKALcold + WABSmedXMEKALmed + WABSthMEKALhot)

NHhot" =NHmed =NHmed 1072 cm?
KThot 7.33:3 3.1 tgg keV

where the subscripts cold, med, hot indicate the cold, nmediu _
abhot =aled =abned

and hot—temperature components, respectively.

Normy™ 7.1+0.5 6.1+0.8 10' phkeVt cm2st
Tuholn 44:%3 10t s cnr®
4.2. Spectral analysis results FPMB/FPMA? 1.01:0.03 1.017503
. FPMAPN 0.88:0.04 0.88+0.04
For both models A and B, the cold thermal component requires,, | 005 005
AMOS® 0.94:005 0.94+005
a sub—solar abundancééO.Z—O.S) of thex elements (O, Ne, p 005
_ ) FPMA/ACIS-S 1.00°39% 1.0079%
Mg, Si, S, Ar) and a lower sub-solar iron abundariéeé €0.1-  dor 101621035  1028.8035
0.2) at 99.97% confidence level according to an F—test. Bhis i,2/,? prob. 0.98266% 0.99455%
consistent with Nardini et al. (2013). The absorbing colwlen- —minosty
sity for the cold thermal componenig = (0.12'500)x 107  —cpsoiotey) 7 7T T ergsT
cm2, for model A) is slightly higher than, but consistent with, picabs (1040 kev) 8562 7,921 10 erg s
the Galactic value (i.eNy = 0.05 x 1072 cmi?). The column  picabs (2-78 kev) 2182 205+78 10%erg s
densities of the gas obscuring the medik+0.9 keV) and the  peyray (2-10 kev) 0.060.02 0.1140.02 1P erg st
hot thermal componerltoslare simzilar, _tzhus are linked togethe exay (1040kev) 064021 1067010 103 erg st
the final fits N = (0.97*539) x 1072cm2, for model A). Thisis 1. 2 10kev) 014001 000001  10%ergs?

. p B +
hlgher than the column denSIty of the cold thermal Compone,gést—fit values with uncertainties at the 90% confidence feveone parameter of interest
Model B requires super—solar metal abundances for the nmmediy,2=2.706) for model A and B.

and hot—tem perature com poner‘%»(Z). 2 Fixed Galactic Column densify; ® column densityNy absorbing the direct power-law;
¢ direct power—law photon indeX; normalization at 1 keV of the direct power—lafvnor-

The best—fit parameters are reported in Téble 3. Both mghization at 1 keV of the reflection componehtest—frame line energf;line equivalent

els are fuIIy consistent with the da;e$(~0.99) nevertheless thewidth; h column densityf plasma temperaturémetal abundance®; normalization of the
. . . . ’ hermal component§;upper limit on ionization timescales. The subscripts caldd, hot in

qua“ty of the fit for model B is S“ghtly worse than for mode ,1,1, mandn indicate the cold, medium and hot-temperature componesgectively (see
A (AX2=+13 for the same number of d.o.f.). The super—solan.1).° Normalization factors with respect to the FPMA spectriirmtrinsic luminosities.
metallicity of the hot thermal component required by model B
may indicate that the model is oversimplified. Indeed multi— o o _
temperature plasma, non-thermal plasma and X-ray binagégient within the uncertainties. In fact, if the shock temgture
could contribute, with dferent percentages, to this componeris fixed at 6 keV the bestfit solution is still statisticallgcapt-
(see e.g. Bauer et al. 2015; Arévalo et al. 2014). On the otl@de. On the basis of the above described physical argunvests
hand, the temperature of the shock in modek&+£7.3"-8 kev) chose model A as the reference model. The broad—-band best-fit
is slightly higher than the temperature obtained by fittimiyo Spectra residuals and model A are shown in[Hig. 8.
the XMM-Newtonspectrum KT=5.5+1.5 keV; Boller et al. The best—fit parameters of the absorbed power—law, describ-
2003, Netzer et al. 2005) or thehandradata kT=6.15+0.3 ing the nuclear X—ray continuum emission of the two nucle; a
keV; Wang et al. 2014) with similaxspec models, but is con- I' = 1.75+ 0.08 andNy = (1.580.39) x 10?* cm™2. The nuclear
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(described in the following section) for a first—order comigan
with the spectral results obtained with model A.

ReplacingpLcaBs+pExrav With myTorus in model A, the
bestfitting parameters of the absorbed power—law, desgrib
the nuclear X-ray continuum emission of the two nuclei, are
consistent with those obtained using model A ('ex 1.70 +
0.09 andNy = (1.39"33%)x 10** cmr?). Moreover, the source is
still not reflection—dominated; we find that the 10-40 ke Vaefl
tion component is less than 20% of the observed direct compo-
nent. Finally, the nuclear absorption corrected 2—10 ke¥idu
nosity is~8x10%*3 erg s?, fully consistent with model A.

T T
ey

=
|

10-2

10-3

104

keV? x photons ecm™ s7! keV-!

5. Resolving the two nuclei

The NGC 6240 hard X-ray emission is due to two AGN in the
centre of the galaxy, resolved Bhandra(Komossa et al. 2003)
but not byNuSTARand XMM—-Newton This is the first attempt
to disentangle the primary emission of each nucleus by coembi
ing the spatially resolve@handraspectra withNuSTARhigh—
energy observations.

|
o

[AN]
T
i

—_

L1

Data/model 3

Energy [keV] 5.1. Chandraspectral analysis of the two individual nuclei

For this aim, we independently fitted tlghandraspectra of

Fig. 8: The broad—band spectra of the whole NGC 6240 galz;fé}? two nuclei (see § 2.2) in the 0.3-8 keV energy range. The
best—fit model (upper panel) and residuals (lower panelp THIrect and the reflection components (continuum and iroe lin
NuSTAR(green is FPMA, red is FPMB)XMM-Newton(blue emission) were modeled using thetorus model (Murphy &

is PN, magenta is MOSIMOS?2) andChandra(orange) spec- Y2qoob 2009; Yaqoob & Murphy 2011).

tra unfolded with the instrument responses (for singM— Assuming that the direct continuum emission is a power—
Newtonand Chandraspectra see Fidl5 arid 4, respectivelyjw, three tables are needed to generate spectraifitsrusZ,

are plotted in the upper panel. The total model A is superim¥TorUsS, and mytorusL. mytorusZ is a multiplicative ta-
posed. The model single continuum components are also sholg that contains the pre—calculated transmission fadtuas
the primary continuum (black solid line), the reflection ton distort the direct continuum at all energies owing to photo-
uum (black dashed line), the Kg, FeK; and Nickel lines (black electric absorption and Klein—Nishina scattering (see Zd.
dotted lines) and the three thermal components (black dash&e myrorus manual).myrorusS andmyrorusL represent the

dotted lines). The lower panel shows the dagst—fit model ra- Compton—scattergeflected continuum toward the line of sight
tios. and the fluorescence emission lines typically producedghlii

obscured AGN (i.e. A¢,, FeKz and Compton shoulder), re-
spectively. We used theytorus model in the original geometry
(i.e. the so—called “coupled” mode, which represents aoumif

absorption—corrected 2-10 keV luminosity isqZ) x 10° erg torus with a half-opening angle of §dorresponding to a cov-

s: the reflection component in the 10-40 keV energy range9and factor of 0.5). The normalization of the line companen

of the order of 20% of the observed primary emission (myrorusL) is linked to that of the scatterg@flected continuum
i . P hy . myToRUSS). ThemyrorusL line tables are made with a range of
We underline, as pointed out by Murphy & Yaqoob (200964 grsets for bestfitting the peak energies of the emission
that combiningexrav andpLcass may produce a bias toward so-;

; . X . nes. We found that anftset of+30 eV is optimal for the north-
lutions dominated by the direct continuum. Moreover, a/diab P

ith i | density for th ol ern nucleus. This energyiset is consistent with the results ob-
geometry with an Infinite column density for the materia r3’a.ined fitting the spectra of the northern and the southectens

sponsible for the Compton-scattered continuum is assumeG e 5 5_g keV energy range with a oversimplified model (i.e
the pexrav model. The spectral features associated with scatt Fpirical power—law continuum model plus redshifted giass
ing (e.g. F&, and Fe&, emission lines and Compton shoulderyneq) The Fi, energy bestfit values are.89+0.01) keV and

in a more realistic, finite column density medium cannot be rg; 45, . 01) keV, for the southern and northern nucleus, respec-
pLoduced by infinite .slab models. Th‘ﬂhTORUS model] (Mur- jvely. These values are consistent with those obtained aygV
phy & Yagoob 2009; Yaqoob & Murphy 2011, and see § ) 5i (2014, see their Table 2). ThelEeenergy of the northern
returns a more physically self—consistent descriptiorhefdi- . ~jaus line is systematically higher than the theoretiedle,

rect continuum and the reflection continuum and lines (Y&qog, . aner e ; o

h gy blueshift is 2_%‘ eV (conservatively the uncertainties
& Murphy 2009, 2011, Yagoob 2012) and it should not be afe 4t the 909 confidence level for two parameters of interest
fected by bias toward transmitted dominated solutions.elev; o Ay?=4.61). This dfset could take into account any residual
theless, the presence in NGC 6240 of two nuclei, unresolyedég

kes thi h f : set due to a blend of neutral and mildly ionized iron. Alter-
NuSTARmakes this source not the best case for using modglgi el the shift could be the Doppleffect due to outflowing
like mytorus. Therefore, for the whole galaxy we usegrorus

reflectingabsorbing medium with velocity940550km s* (see
e.g. Elvis 2000, Risaliti et al. 2002) or residual relativetion
6 httpy/www.mytorus.com between the two nuclei at the late stage of the merging psoces
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(see e.g. Bournaud et al. 2011). In the latter scenarionassu  Table 4:Chandrabestfit parameters for the two nuclei
ing the above velocity the coalescence will be irV(Qg) Myr,
which is shorter than the timescales of 10-20 Myr estimated b

. P t 53 NP Unit
other authors (see e.g. Scoville et al. 2014). et e =
The spectra of each nucleus contain part of the X—ray emis- 15702 19708 1074 2
sion of the circumnuclear plasma, because the hottest plasm . 10661 41:%0 10° ph keV-! cm2s
.. . o -38 -15
probably originates near the nuclei. Moreover, for pro@cef- o 806 7346 deg
fects, the spectra can also be contaminated by the coldsshpl Fek EWO 0 37;524 0 5’;0_70 KoV
Therefore, we include the multi-temperature plasma, neatlel s o 00
. . x°/dof 135.2112  90.7%68
using the cold—temperature, the medium—temperature and th 24 prob 1267%  1.345.4%
shock components as in model A (§ 4.2), in the spectral mod- % P> o SR )
eIIing La," (2-10 keV) 5.2 2.0 Wergs
. _ o .
Thexsrpec format for the adopted model for each nucleusis: -z 10740keV) et terg s
La,' (2-78 keV) 15.7 6.0 1ergst
i - 1
ZPOWERLAW X  MYTORUSZ(fopg) +  MYTORUSS(Gobs) Las' (10-40keV) 12 05 Wergs

+MYTORUSL (Ogps)+ WABScoldX VMEKALcold + WABSmedXMEKALmed +

Chandrabest—fit values with uncertainties at the 90% confidencd fevene parameter of
WABShotXPSHOCK hot

interest (\y2=2.706).
a Best—fit parameters for the southern nucl@usest—fit parameters for the northern nucleus;

Whereeobs is the inclination ang|e between the torus polar aX“ irect pqwer—law photon inggx fixed to the best-fit v_alue eftﬂna_l spectrum (see§4.2);'
. . R . equatorial column densifyly; ¢ normalization of the primary continuum referred to 1 keV;,

and the observer’s line of S'th and the phOtOI’] index of the Princlination angle between the torus polar axis and the elssiline of sight? line equiv-
mary continuum was fixed to the best—fit value of the Whoﬁpntwicﬁh;h intrinsic primary 2-10 keV Iuminositieé_;intrinsic 10-40 keV and 2-78 keV
galaxy specirum (see § 4.2 and and Tble 3). o e ey oo o e eTeceancred component
We performed a fit initially fixing the parameters describing
the temperatures, absorption column densities and metalab
dances of the three thermal components, at the bestfitssalue
obtained for the whole galaxy spectrum (see Table 3), leavin
the normalizations free to vary. Note that the normalizatd 1
the cold—temperature component for the northern nuclexais < 7
sistent with zero, while for the southern nucleus it is on#i#o [ ]
of the normalization of the medium—-temperature componet.
do not find a statistically good description of the spectta-@),
and some residuals are left at low energies. The best fit #or th
southern nucleug/y? prob=1.2/7%) is obtained with slightly
higher values of the temperature of the medium—temperatureg
plasma component and the associated absorbing columriydensi —
(kT= (1.3£0.2)keV,Ny = (1L.5+0.2)x 10??cm™?), aswellasa Z «~
higher value of the absorbing column density of the shock-com I
ponent Ny = (10+ 3)x 10?2 cm™2). This is also the case for the I »
northern nucleus, in which the best—fi(y? prob=1.33.4%) B S - —
value of the absorbing column density of the shock component Torus inclination angle, 8 [ degrees |
is slightly higher Ny = (1.9 + 0.3)x 10?? cm~2) than that ob-
tained in § 4.2. These results are consistent with the faat tirig. 9: Chandra68%, 90% and 99% confidence contours for the
the extended X-ray emission of NGC 6240, over a large scadeuthern and northern nucleus: equatorial column deNsgitfin
sufers from blending of thermal plasma withfigirent temper- units of 1¢* cm2) versusyps (i.€. inclination angle between the
atures, inhomogeneous absorption and metal abundana@-Therus polar axis and the observer’s line of sight). The cemfi
fore, spatially resolved analysis in small regions can gagilts contours are evaluated leaviiNg, 6ops @and the normalizations
slightly different from the results obtained using data from largef the direct continuum free to vary.
regions (e.g. Wang et al. 2014).

The intrinsic 2-10 keV flux due to the shock componentis a
factor of~6.5 larger in the southern nucleus than in the northern,
consistent with the scenario that the shock originates fitven The actual line—of—sight column densities aXg: = (1.47°322
southern nucleus (see Feruglio et al. 2013b, Wang et al.)20341 0?4 cm™2 and Ny = (1,55j8»7 %1024 cm2 for the southern
We also found that about 60%, 10% and 30% of the totalxve and northern nuclei, respectively. For both nuclei, thisassis-
line flux is emitted in the southern nucleus, northern nuelnd  tent with an optical depth to Thomson scattering-of1.2[] The
extended region, respectively. These percentages aré&stnts equivalent widths of the Fg, line (Tabl€2) are fully consistent
with those found by Wang et al. (2014) through spectral argth previous results (Wang et al. 2014). The intrinsic @iy
imaging analysis. 2—10 keV luminosity of the southern nucleus& 10*3 erg s%)

The Chandrabest-fit parameters of the primary continuurss a factor of~2.6 larger than that of the northern.
for each nucleus are reported in Takble 4. For both nuclei, the
inclination angle of the torus and the absorbing column itens
are not correlated. The inclination angle of the two tori tmel
absorbing column densities ardfdrent at the-99% confidence 7 . — xx o x Ny, whereo; is the Thomson cross sectionijs the
level. The equatorialy is higher in the northern nucleus, whilemean number of electrons per H atom, which is2 assuming cosmic
the inclination angle is larger in the southern one (see[@jg. abundance.

24 atoms cm 2]
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6. Discussion

T T
.
)

Ll

The two nuclei in NGC 6240 are separated-b¥”’5 (~0.7 kpc,
Fried & Schultz 1983) and are therefore not spatially reswlyy
NuSTARor XMM—-Newton As a first step, we performed joint
NuSTARXMM-NewtorChandrabroad—band spectral analy-
R ] sis (0.3-70 keV) of the data of the whole NGC 6240 galaxy (i.e.
combination of the two nuclei, extended emission and sépend
itous sources), to evaluate the mean properties of the veysle
tem and for comparison with previous high energy obsermatio

~. The broad—band 0.3-70 keV spectrum is characterized by
three main spectral components (model A in §2.1 and Tdble 3).
The first is the primary continuum emission piercing throagh
Compton-thick obscuring medium which dominates the spec-
trum at energies- 10 keV, where most of the X-ray luminos-

,_
o
®

103

keV2 x photons cm™2 s~! keV-!

10—+

L | Ny

—_ I

o] L

E . }ﬂﬁ MMWMMW%J E ity is observed. The second component is the refl¢stadtered

a0 T ! f ¥ r emission from cold gas which also generates strong, Fend

~ b Ll ‘ . FeKj emission lines at 6-7 keV. The third is a multi-temperature
5 }Eonergy ev) 50 thermal plasma due to the nuclear starburst and extended-sup

wind. Both the transmitted and the reflected componentsaare r
quired by the best fit at a high level of significance %) ac-

Fig. 10: TheNuSTARspectra unfolded with the instrument re_cording to an F—test. The i”teF‘SiW of the reflection c_ompnb'rre
sponses (green is FPMA, red is FPMB) superimposed with t 10-40 keV energy range 1S of the quef of, or slightly lowe
bestfit thermal component of the whole galaxy (black lo an~20% of the observed primary emission. Therefore, most

dash—dotted line, medium—temperature and shock comps)négtt?te h('jgh ege{ﬁ]y ﬂli]x IIS trar:smlt_ted, rtath(felr t?_an iom_ptotn—d
in model A: WABSmedXMEKALmed + WABShotXPSHOCKhot, SEE § 4.2) scattered, an € whole systém 1S not retiection—dominate

and theChandrabest—fitwytorus model for the two nuclei (see | IS IS consistent with the relatively low value of thei€zeline

§ 5). The blue lines mark the primary continuum (blue( solifduivalent width £0.3 keV; see also Shu et al. 2011, Brightman

line), and the reflection continuum and lines (dotted linethe K \N/andra 2011) and the observed variability at energié®

southern nucleus; the magenta lines are the primary cantinu“€": o ) )

(magenta solid line), the reflection continuum and linesfemta ~ The nuclear emission is characterized by a primary power

dotted line) of the northern nucleus. In the lower panelNinS- aw continuum withl' = 1.75+ 0.08 andNy = (1.587339)x10%

TARdatdChandrabest—fit model ratios are shown. cm 2, and intrinsic luminosity of (D*#§)x10* erg s* and of
(21.8'32)x10" erg st in the 2-10 keV and 3-78 keV energy
ranges, respectively. Our findings significantly improveomp
previousBeppoSAXVignati et al. 1999) an®RXTE(lkebe et al
2000) results, both for disentangling the primary and réfiec

5.2. Chandramodel of the two nuclei versus the NUSTAR components, and for better constraining the spectral petem

spectrum The BeppoSAXest—fit absorbing column densityNy =
_ (2.187339 x 10?* cm?) is higher than th&luSTARbest fit value

The sum of the best-fit models of ti@handraspectra of the at> 3. To better investigate this discrepancy we re—analyzed
two nuclei described above is extrapolated to high eneagiéls theBeppoSAXiata using our best—fit model A (see §2.1 and Ta-
over—plotted on th&luSTARJata of the whole galaxy in Fig.1L0. ble[3) and leaving only the column density obscuring the prim
A statistically acceptable description of tNeSTARspectrum is  continuum free to vary. We introduced a normalization fab&
obtained without adjusting the fj¢2/y? prob=1.162.7%for the tween our best—fit model A and tiBeppoSAXiata, to take into
3-70 keV energy range, and 1/08% ignoring the 7.5-9 keV account the flux inter—calibration and the contributiomirthe
energy range, where the discrepancies are the largestgaduderendipitous sources in the MECS extraction region (sadiu
by the residuals in the lower panel of Higl 10. see § 2.4). The best—fit cross—hormalization factor isA00%5.
e also added a normalization factor between MECS and PDS
ata following the ABCBeppoSAXata analysis guidéThe
estfit §2/xy? prob=0.8479%) value of the absorbing column
ensity isNy = (1.82'3-19) x 10?* cmr2, which is lower, although

Leaving the normalization of the direct continuum and th
equatorialNy for the southern or the northern nucleus free
vary, the goodness of the fit improves at 99.8% confidencé le

While the best-it values of the normalization of the diramt-c tconsistent within the errors, than the Vignati et al. (19983t fit

tinuum remain consistent with those previously measufteel, ; . . .
best—fit values of the column density are systematicall;elowvalue' TheBeppoSAbest-fitNy remains systematically higher

3 —2
Ni=(1.38+0.06)x10%* om2 andNy=(1.33'018)x 107 cm 2 for  than that oNUSTARby about~(1-2)<10%*cm 2, and the bolo-
'EheH S(()uthern an)d northern nucle:s,( resp_gé?i)vely). Thisdabels metric luminosity is~ 9% larger than that measured frduoS-

possible column density variatiors2x 107 cm-2 on timescales TAR This luminosity diterence includes the inter—calibration

of~3 years. Fits were also performed leaving the spectral SIOLérécertamty between thHuSTARand theBeppoSAidata, and

free to vary. While for the southern nucleus the best—fit phot' consistent with little intrinsic variability in NGC 624 his
index is relétively well constrained’(= 1.70 + 0.08), only a WOUI(.j also suggest that tiseppoSAXiata are not contaminated
lower limit could be obtained for the northern orié ¥ 1.67). by bright serendipitous sources.

In any case, these slopes are fully consistent with thatiodxda
fitting the total spectrumi{= 1.75). 8 httpy/heasarc.nasa.gmocgsayabgsaxabgsaxabc.html
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6.1. Extended emission Assuming that the 8—100@m luminosity of 34 x 10*® erg

s~ (Wright et al. 1984; Sanders et al. 2003) is a good proxy for
The NuSTARdata have made possible a precise measuremg total luminosity, the two AGN contribute (32%5)% of the
of the nuclear continuum of NGC 6240 over a broad energytal energy output. This is consistent with the values ioleth
range and in turn allowed better constraints on the softer-coysing multiple methods such as SEBfrared spectroscopy fit-
ponents associated with the host galaxy. More specific@i§y, ting, PAH features, higlow excitation MIR lines, MIR dust
medium-temperature plasmaekALmed, KTmed in Table[3) has continuum (e.g., 20—24%—Armus et al. 2006; 25-50%—Lutz et
an observed luminosity of 2 10" erg s* and~ 0.9 x 10"  al. 2003; up to 60%—Egami et al. 2006; 25.8%—Veilleux et al.
erg s in the 0.5-2 and 2-10 keV energy ranges, respective}p09; 45-60%—Mori et al. 2014). The AGN fraction is relalyve
Star—forming galaxies are luminous sources of X-ray ewnssi high for the observed infrared luminosity but is not impliles
which originates from X-ray binaries, young supernovae-remjonso—Herrero et al. (2012) showed that in local LIRGs the
nants, hot (0.2-1 keV) interstellar gas associated tofstaring  AGN bolometric contribution to the IR luminosity of the sgat
regions and O stars (Fabbiano 1989, 2006 for reviews). Thgit 25% in about 8% of the sample. Moreover, in the local Uni-
X-ray luminosity correlates with the SFR (see, e.g. Rarlli yverse the AGN contribution increases with the IR luminosity
al. 2003; Lehmer et al. 2010 and reference therein), thugjusihe system (Nardini et al. 2010; Imanishi et al. 2010a,bnatm
the NGC 6240 SFR (6M, yr™ Yun & Carilli 2002) and the Herrero et al. 2012), and NGC 6240 is a high—luminosity LIRG.
relations by Ranalli et al. (2003) and Lehmer et al. (201®, w
estimate a 0.5-2 keV luminosity of2x 10" erg s* and a 2-10 _ _
keV luminosity of 07+29x 10" erg s*. Despite the uncertainties-3- The accretion rate of the two nuclei

that dfect these relations, these results suggest that the_ mediuffs spatially unresolvedluSTARspectrum is consistent with
temperature component can be fully due to star formation.  the sum of the best—fit models obtained from the spectrat anal
The hot temperature plasmiT: in Table[3) is fitted with ysis of theChandradata of the two nuclei. This suggests that
both a non—equilibrium model (model A in Table 3) and an equie emission at energiesl0 keV of NGC 6240 is due only to
librium model (model B in TablEl3). Using model A, the ionizathe two nuclei, and is not strongly variable on long timessal
tion timescale parameter is.§433) x 10'* s cnt®. If the plasma (~3 years). Moreover, there are possible column density varia
were close to being in collisional ionization equilibriunen we tions of < 2 x 10?° cm2. The two nuclei are both highly ab-
would expect a value 10'2 s cnt® (Masai 1994), suggestingsorbed withry ~1.2 (i.e.Ny ~ 1.5x 107 cm2) and at energies
that the plasma is in a marginally non—equilibrium statee Th-10 keV they are dominated by the primary continuum emis-
non—equilibrium model is statistically preferred over éuiilib-  sion. The actual line—of—sight column density is a fev?on2
rium one Ay?=+13 for the same number of d.o.f). Furthermordarger in the northern nucleus; this would be consistert wie
it does not require super—solar metal abundances, redigiredresults from the 3—am spectroscopy (Risaliti et al. 2006). The
model B (Z%~2). The non—equilibrium model strongly favourssimilarity of the column densities of the Compton—thick exat
the presence of a nuclear shock (Feruglio et al. 2013a, Wangjial obscuring the two nuclei could suggest that there isra-co
al. 2014). mon obscurer along the line—of—sight, possibly origingiimgas
For the shock component, we evaluated a bestfit value35id dust thrown up by the ongoing galaxy merger. The current
the column density value dfiy~ 107% cm2 and an intrinsic 9at@ do not allow us to determine where this material liee Th
0.5-8 keV luminosity of- 3 x 10?2 erg L. This value is about calorimeter onboard thistro-Hmission (Takahashi et al. 2014)

a factor of 0.5 smaller than the luminosity obtained from t ill allow to measure the profile of the Rg with a resolution of
Chandraspectrum only, but, as noticed by Wang et al (2014))€ order ofx 350 km s and thus it will be possible to discrimi-
their absorption—corrected luminosity could be overested by 'at€ whether itis originated in a compact circumnucleardar

a factor of two, given their unlike large column density g gms N larger scale material in the host galaxy (Gandhi et al 5101
obscuring the hot plasma (1.l = (5.5 + 1.7) x 1023 cm2). The intrinsic primary 2—-10 keV luminosities of the southern

(5.2 x 10* erg s') and northern nucleus (2 10* erg s') are
fairly consistent, within a factor of2, with those expected from
6.2. AGN contribution the MIR—X-ray luminosity correlation (Gandhi et al. 20093;

ing the nuclear 12m fluxes (Asmus et al. 2014).
The total AGN bolometric luminosity, calculated assumingt ~ The bolometric luminosities are@0* erg s* and 2.6<10*
bolometric corrections for type 2 AGN of Lusso et al. (20119rg s* for the southern and northern nuclei, respectively, using
(~15 for the observed X-ray luminosity, with an uncertainty diolometric corrections for type 2 AGN from Lusso et al. (2R11
a factor of~3) and the absorption—corrected nuclear 2-10 kebhe southern nucleus is brighter than the northern as exgect
X—ray luminosity, is (11*53)x10% erg s*. This value is a factor according to the 3—-6m luminosity (see e.g. Risaliti et al. 2006,
of ~2 lower than that evaluated from the spectral energy disthtori et al. 2014). The bolometric luminosity of the southarn
bution (Lira et al. 2002Lp, ~ 2x10* erg s, assuming the cos- cleus is lower, but consistent, with the value from the séen-
mology adopted in this paper). We note that Lira et al. (2002rgy distribution in the NIRVIR bands (po = (1.4 + 0.6)x10*
extrapolating the best—fit of Vignati et al. (1999), assuraed erg s, assuming the cosmology adopted in this paper). The
AGN unabsorbed 2—10 keV continuum flux o£10-2% erg s slight, not significant, discrepancy could be due to a resdidu
cm~2, which is~ twice ours; this explains the discrepancy in thetarburst contribution in the MIR flux.
bolometric luminosity. We also note that a lower value of the The inferred accretion ratégqq = Lpoi/Ledd is ~0.00570 503
total AGN bolometric luminosity reduces the discrepancy béor the southern nucleus, assuming a black hole mass 0f<0.84
tween the luminosity of the 14Gcomponent and the absorbe®.2)x10°M,, (Medling et al. 2011), andggqs~0.0145-35¢ for the
AGN continuum found by the spectral energy distributiorrgLi northern nucleus assuming a black hole mass @f £10.4) x
et al. 2002). Therefore, NGC 6240 is one of the most lumino@§®M,, (Engel et al. 2010). The northern nucleus shows a higher
among the local bona fide Compton—Thick AGN, similar tedV Agqq, but the uncertainties on its black hole mass are also arfacto
34 (Gandhi et al. 2014). of a few. On the contrary, the black hole mass of the southern n
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cleusis more precise, being determined by high resolut&ilas The 6.4-8 keV tentative variability of the northern nucleus
kinematics. The estimated accretion rates are on the |ldwftai suggests changes of the direct continuuyama of the column
the distribution of Eddington ratios in nearby Seyfert 2agq&s density; we are not able to disentangle them with the current
(e.g. Vasudevan et al. 2010). In this respect, it is simipathe data. In any case, theftiérent 6.4-8 keV variability could be an
obscured AGN selected in the GOODS survey (Simmons et ialdication that the matter reflectif@ompton—scattering the nu-
2011, 2012). The low value of the accretion rate and the higlkear emission is distributed féérently in the nuclei, as the re-
black hole mass for both nuclei suggests that they could &lavesults obtained in the present analysis seem to suggesti(iB F
ready assembled most of their mass through accretion peses On timescales of the order of years, the mean hard X-ray
and are likely to become inactive. The low level of accrefion flux state is approximately constant, suggesting that theeéion

a luminous, highly obscured early merger system is somewhates of the two nuclei do not experience strong variabdity
unexpected. The relatively low accretion rate may be aateti year—long timescales.

with the strong molecular outflow (Feruglio et al. 2013b) g¥hi The variability observed in NGC 6240 is similar to that ob-
has depleted the nuclear regions of gas. We also note thaitén sserved in NGC 4945. Indeed also in NGC 4945 the hard X—ray
of the large uncertainties in the black hole mass and Eddingtvariability is ascribed to changes of the primary continyaan-
ratio, the photon index of the primary continuum is consistefirmed through a detailed count rate resolved spectral aisaly
with the low accretion rates of the two nuclei according te t{Puccetti et al. 2014). In NGC 4945, the fast and large hard
relation found for a few AGN type 1 samples (Shemmer et a{—ray variability, the constancy of the Kg line and the huge
2008, Risaliti et al. 2009, Brightman et al. 2013). Compton depth along the line of sightr( ~ 2.9) suggest a
low global covering factor<£0.15) for the circumnuclear gas. In
comparison with NGC 4945, in NGC 6240 thekgdline is con-
stant, but the hard X—ray variability is smaller and slovikely

. . . . . due to the higher black hole masses and lower accretion, rates
A detailed analysis of the light curves in several independa- and the Compton depth along the line of sight is a fasti5

ergy bands clearly reveals hard X-ray variability on tinzdss s U :
of ~15-20 ksec by up t6-20%. The variability is peaked athOVGVgr'GEZ%SSehf(;Z%ngZ Ilg%g?tti;r;]aitntflllechloétl)g‘Lgover|ngdafnr

6.4. Hard X—ray variability

~30 keV (~40%). These results are consistent with the vari-
ability detected earlier in th&wift BAT data on substantially

longer timescales (i.e. monflygars). In fact, Soldi et al. (2013)7. Conclusion

found maximum (5418%) and minimum variability (43%) in
the 14-24 and 35-100 keV energy bands, respectively. M
over, by re—analyzing thBeppoSAXDS data {15200 keV),

we found variability up to~50% on timescales fully consistentrv;l]

with those of theNuSTARhard X—ray light curve. The PDS has

a field of view (FOV) of 1.8 and therefore the data could suf-

fer from contamination. Nevertheless, for NGC 6240, no kmow
bright sources are present in the PDS FOV, and the probabilit

of a serendipitous source in the PDS FOV with a flux equal or
larger than that of NGC 6240 is 10°° (see Vignati et al. 1999). *

Assuming that th&luSTARBeppoSAXDS andSwift BAT
hard X-ray variability have the same origin, the observait va
ability can be explained by the two following hypotheses:

a) the variability is due to flux variations of the transmit- *

ted component of the southern nucleus up 20-30% foNuS-
TAR and by~50-70% for theBeppoSAXDS andSwiftBAT ob-
served variability. Indeed, the lack of variability of thek, line
suggests that the reflection component is constant. Mor¢lose
spectral analysis suggests that the nuclei are transmidsimi-
nated at energies10 keV.

b) On the contrary, if the variability is due to the northern
nucleus, the amplitude of the variations should be up%6—
60% forNuSTARand up to 0f~2.6 for theBeppoSAXDS and
Swift BAT observed variability. Thé&NuSTARvariability would
be consistent with the tentative30% variability in the 6.4-8

keV Chandralight curve of the northern nucleus. Nevertheless,

the NUSTARBeppoSAXPDS andSwift BAT hard X—ray vari-
ability would imply that the northern nucleus should be aghiy
or brighter than the southern nucleus in some periods. $lalig-i
ficult to reconcile with the evidence that over the la6 years,
all data suggest the southern nucleus has been brightettthan

northern as indicated lyhandradata (Komossa et al. 2003; Shu «

et al. 2011; Wang et al. 2014) and 35 luminosity (see e.g.
Mori et al. 2014, Risaliti et al. 2006). Therefore the mostysi-
ble hypothesis is that the hard X-ray variability is mainlyedo
variations of the transmitted component of the southerteusc

We presenNuSTARobservations of NGC 6240, one of the near-
LSt luminous infrared galaxies in a relatively early megate,
ith two distinct nuclei separated by a distance~ofl’’5. The
ain results of this work can be summarized as follows:

We clearly detect at a high significance o) both the trans-
mitted primary absorbed continuum and the cold reflection
continuum. The primary continuum is obscured bia of

~ 1.6 x 10%* cm?, and dominates at energie40 keV.

The total AGN bolometric luminosity is glfg-g)x1045 erg

s*, which is (323°)% of the infrared luminosity. This indi-
cates that the galaxy emission is not dominated by the two

AGN, but likely by a starburst and related processes.
The spatially unresolvetluSTARhard X-ray spectrum of

NGC 6240 is consistent with the sum of t@handrabest—

fit models of the two nuclei extrapolated to tReSTARhard
X—ray energies. This suggests that the hard emission of NGC
6240 is only due to the two nuclei, and that it has not varied
by much on a decade—long timescale. Both nuclei are highly
absorbed withrr ~1.2 (i.e.Ny ~ 1.5x 10?* cm™) as ex-
pected in the early stage of a major merger, and have bolo-
metric luminosities- 8x 10* erg s* (southern nucleus) and
~2.6x10* erg st (northern nucleus). The two nuclei show

low accretion ratedgda = Lbol/Ledd is ~0.005 395 for the

southern nucleus, antkgg~0.0142%% for the northern nu-

0.003
cleus).
We found variability in theNuSTARlight curve at energies

>10 keV of ~20% on timescales of 15-20 ksec. We found
similar variability in theBeppoSAXDS light curve. Various

arguments lead us to conclude that the hard X—ray varigbilit
is due to variations of the primary continuum of the southern

nucleus. _
Finally, by comparindNuSTARandBeppoSAXandChandra

archival data, we found that the two nuclei remain consis-
tently Compton—thick. Although we find evidence of vari-
ability of the material along the line of sight with column
densitiesNy <2x10?% on timescales 0£3-15 years.
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Variability below 10 keV is not observed in Compton—thickkebe, Y.; Leighly, K.; Tanaka, Y.; Nakagawa, T.; Terashirfa Komossa, S.
AGN due to absorption and reflection. Above 10 keV only a few 2000, MNRAS, 316, 433

sources have been sampled witlffimient statistics, anMuSTAR

Imanishi, M.; Maiolino, R.; Nakagawa, T. 2010a, ApJ, 7091 80
Imanishi, M.; Nakagawa, T.; Shirahata, M.; Ohyama, Y.; Gnak 2010b, ApJ,

is finding variability to be more common (NGC 4945, Puccetli 751 1233
et al. 2014; NGC 1068, Marinucci et al. submitted; NGC 624@Qyasawa, K.; Comastri, A. 1998, MNRAS, 297, 1219

this work). Therefore to investigate variability in thispy of

source, good sampling of the 30-50 keV energy range is manggg

Kalberla, P. M. W.; Burton, W. B.; Hartmann, Dap; Arnal, E.;NBajaja, E.;
orras, R.; Poppel, W. G. L. 2005, A&A, 440, 775
W., C. 1990, AJ, 100, 356

tory. FurtherNuSTARmonitoring of NGC 6240 would allow a komossa, S.: Schulz, H.: Greiner, J. et al. 1998, A&A, 334 11
detailed tim¢count rate resolved spectral analysis and help ptimossa, S.; Burwitz, V.; Hasinger, G.; Predehl, P.; Kaasir S.; lkebe, Y.

constraints on the geometfigcation of the reflectingbsorbing
medium.
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