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ABSTRACT

We present the properties of X-ray detected dust obscuregiga (DOGS) in th&Chandra Deep Field South. In recent years, it has
been proposed that a significant percentage of the elusiig@a-thick (CT) active galactic nuclei (AGN) could be hisldamong
DOGs. This type of galaxy is characterized by a very higheirdd (IR) to optical flux ratio fo4,m/ f > 1000), which in the case of
CT AGN could be due to the suppression of AGN emission by gitienr and its subsequent re-emission in the IR. The mostirieli
way of confirming the CT nature of an AGN is by X-ray spectrgacdn a previous work, we presented the properties of X-ray
detected DOGs by making use of the deepest X-ray obsergaticailable at that time, the 2Ms observations of @mandra deep
fields, the Chandra Deep Field North (CDF-N), and the ChaBéep Field South (CDF-S). In that work, we only found a motiera
percentage< 50%) of CT AGN among the DOGs sample. However, we pointedimttthe limited photon statistics for most of the
sources in the sample did not allow us to strongly constragrtumber. In this paper, we further explore the propedfeke sample

of DOGs in the CDF-S presented in that work by using not onlgepaér 6M<Chandra survey of the CDF-S, but also by combining
these data with the 3MSMM-Newton survey of the CDF-S. We also take advantage of the greatageesf the CDF-S region from
the UV to the far-IR to fit the spectral energy distributio®&&EDs) of our sources. Out of the 14 AGN composing our sampéee 9
highly absorbed ( N > 10?2 cm?), whereas 2 look unabsorbed, and the other 3 are only medieatisorbed. Among the highly
absorbed AGN, we find that only three could be considered CNAG only one of these three cases, we detect a strongde K
emission line; the source is already classified as a CT AGN @liandra data in a previous work. Here we confirm its CT nature by
combiningChandra and XMM-Newton data. For the other two CT candidates, the non-detectioheofite could be because of the
low number of counts in their X-ray spectra, but their losatin the Lo_1okev/L12.m PlOt supports their CT classification. Although a
higher number of CT sources could be hidden among the X-rdgtested DOGS, our results indicate that DOGs could be ds wel
composed of only a fraction of CT AGN plus a number of modetathighly absorbed AGN, as previously suggested. From our
study of the X-ray undetected DOGs in the CDF-S, we estimatereentage between 13 and 44% of CT AGN among the whole
population of DOGs.

Key words. X-rays: general; X-rays: fluse emission;X-rays: galaxies; Infrared: galaxies
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« 1. Introduction 10?4 cm2). The actual percentage of CT AGN among the AGN
. ) ] ) population is still unknown and it is usually inferred in an i
= There is mounting evidence that the growth of galaxfirect way from the modelling of the cosmic X-ray background

> fes and the super-massive black holes (SMBHs) at theitxB; seel Gilli et al/ 2007, Treister etlal. 2009b, Akylas €t a

+ centres _must be strongly connected _(Magorrianiet gig12).

(0 11998, [Ferrarese & Merritt | 2000, _Gebhardtétal. 2000, |n the past few years, mid-infrared (IR) surveys have been
Tremaine et al. 2002/ Tremaine et al. 2002, __Marconi et wroposed as an alternative way of f|nd|ng and Studying CT AGN.
2004, | Ferrarese & Fdrd 20056, Kormendy & Ho 2013). Morerhe AGN emission that is absorbed is then re-emitted by the
over, star formation history seems to follow that of SMBHheated dust, so CT AGN, given their extremely obscured matur
growth via accretion and traced by active galactic nuclghould emit strongly in the mid-IR while they are fainter tter
(AGN) emission|(La Franca et.al. 2005). Therefore, to ob&ainyavelengths. This has been the basic selection argumedt use
complete census of the AGN population is vital to understagl several recent works. For examgle, Martinez-Sansiga€ et
cosmic evolution. (2005) argued that the missing AGN obscured populationgt hi

X-rays surveys are extremelytieient in finding AGN since redshifts displays bright 24m emission with no 3.@um detec-
X-rays are able to penetrate high amounts of gas and dust. N@n.|Daddi et al.[(2007a) used ultraviolet (UV) selectedrses
ertheless, X-ray surveys, even the deepest, such &@htirelra  instead and found a very high percentage of CT AGN among
Deep Field Surveys, and the hardest (i.e., those carrieabmve those showing mid-IR excess.

10 keV), are still biased against the most heavily absort@h A In this work, we focus on mid-IR bright optically faint
the so-called Compton-thick (CT) AGN (column densitigg N sources that have been associated with dust obscured galax-
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ies (DOGs). DOGs were first discovered usiSgitzer data In our previous workl(Georgantopoulos et al. 2011), we pre-
(Houck et al. 2005), as a population of 24n bright, R-band sented the properties of 26 X-ray detected DOGs from the 2Ms
faint sources at redshifts ~ 2 (with a small scatterr, = surveysinthe CDF-N and CDF-S and we found only a moderate
0.5;/Dey et all 2008, Pope etlal. 2008); this implies luminesiti percentage of CT AGN, although at least half of the full saampl
Lir > 10*%714L, that are comparable or in excess of low redshiéhow signs of heavy (but Compton-thin) obscuration. It loas t
ultra-luminous infrared galaxies (ULIRGSs; Sanders & Migab be noted that, because of poor photon statistics, in mamseas
1996). At those redshifts, the 24n emission corresponds to theheavily absorbed nature was inferred from a very flat spettru
peak of the torus IR emission in AGN. Therefore, this setecti We also found that the average spectrum of X-ray detected and
technique should be venfieient in detecting heavily obscuredundetected DOGs are very similar with a very hard photoninde
AGN. This could indicate a high percentage of CT sources, butalso
Fiore etal. 1(2008) proposed that most of the DOGmmbination of a moderate percentage of CTs plus a higher num
may be CT AGN. The stacked X-ray signal of théer of only moderately absorbed AGN.
undetected DOGs in X-ray surveys appears to be flat, Here we further explore the properties of the X-ray detected
which is indicative of absorbed sources (Fiore eétal. 200BOGs in the CDF-S presentedlin Georgantopoulosiet al. (2011)
Georgantopoulos et al. 2003, Fiore etial. 2009, Treistell etlay combining 6 MsChandra and 3 MsXMM-Newton observa-
2009a). However, Georgantopoulos etlal. (2008) pointethait tions of this region, and thus, by taking advantage of the im-
a flat stacked spectrum could also be produced by a combipesved signal-to-noise ratio of the new X-ray spectra. Wapad
tion of low-luminosity AGN with moderate absorption. MoreH, =75 km s, Qy = 0.3, andQ, = 0.7 throughout this paper.
over, Pope et al| (2008) showed that the normal galaxy (ndfrors are reported at the 90% confidence level.
AGN) content of DOG samples may still be significant. In any
case, the most reliable way to confirm their CT AGN nature is
to obtain their intrinsic absorption, or a strong Fe Emission 2. Chandra Deep Field South

line detection, directly from X-ray spectroscopy (see froara- Chandra Deep Field South (CDF-S) is the dee@bandra sur-

ple Eukazawa et.al. 2011). vey to date, covering an area of 465 arcfnifihe most recent
Lanzuisi et al.|(2009) performed an X-ray study of 44 lumi- o e )
nous DOGS Fagun/Fr > 2000 andFogm > 1.3 mly ) in the catalogue of X-ray sources within the CDF-S was produced by

. o : using 52 observations with a total exposure time~off Ms
Spitzer Wide-Area Infrared Extragalactic (SWIRE) survey, (Xue et all 2011). A further approved 3 Ms is due to be added to
which 23 are detected in X-rays. Among the DOGs detected s fi . G

L 32 this field, which will bring the total exposure to 7 Ms by theden
X-rays, half of these ha\_/<_a column densitigs N 10" cm?, but .0f 2015. This area has also been observedM1-Newton with
only one could be classified as a CT AGN. Fiore et al. (2009) iR :

vestigated the X-ray properties of 73 DOGs in the Cosmic Evﬁ—tOtaI exposure time 6f 3 Ms (Ranalli etall 2013). The flux

; X : ! : mits in the hard Chandra: 2-8 KeV, XMM-Newton: 2-10 keV)
lution Survey (COSMOS) (Elvis et al. 2009). They derlvedrtheband for these surveys are 5817 erg cnt2 s and 6.6¢10-10
column densities from hardness ratios, directly for the 81 d

2 &1 _ .
tected in X-rays and from stacked images from the undetecf%rg et s © for the Chandra and XMM-Newton observations,

DOGs, and found that the fraction of CT AGN among DOGg pectively. To maximize the spectral quality of our sample
Lo . Lo ..~ ~extracted spectral data from all ti@handra observations that
seems to increase as their IR luminosity increases. Thigris ¢

sistent with previous and more recent results in which the pWere publicly available by June 2015, which resulted in aimax

centage of AGN has been found to increase as the IR Iumin%%gr_}_]h(?)(posurhe t'mf of GtMS'. i lenath f
ity increased (Sacchi etlal. 2009; Lee et al. 2010; Riguatial. the Ul\i at:)eihéisf:r-sl(;eexNeen;rI}/S\?“tjoI-r\:\;agflzn%atgogféag?;aﬁ
2015).[Lanzuisi et al! (2009) also found that the hardnesgsra :

"~ ; : le from the GOODS-MUSIC catalogue (Grazian et al. 2006),
of X-ray undetected DOGs were consistent with those of the%a%bpuding U photometry from ESO-La Silla and ESO-VLT-

tected DOGs, and these authors argued that the very flatiph ) ! )

index in both samples indicates a high percentage of CT A Mﬁ)s, B, V. i, and z photometry from HST-ACS; J, H, and

among DOGs. photometry from VLT-ISAAC; andSpitzer photometry at
.5, 4.5, 5.8, &m (IRAC), and 24um (MIPS). We also used

Georgakakis et all (2010) compiled a sample of “low red: AR ; )
shift DOGs analogues” from the AEGIS and CDF-N surveyd ore recenfpitzer-IRAC observations from the SIMPLE sur

X . L vey (Damenetal._2011) and optical data from the MUSYC
These are sources for which their spectral energy disiobsit talogue [(Gawiser et/dl. 2006). Far-IR data in the 100 and

(SEDs) would be similar to those of DOGs if placed at redshﬁ%o um bands are available from the GOODS-Herschel sur-

2. Nine of their sources have X-ray counterparts, and ometh : :
. . ! vey (Elbaz et al. 2007), and the PACS Evolutionary Probes pro
of these sources show tentative evidence of CT obscuratio. ramme (Lutz et al. 2011).

SEDs of the X-ray undetected DOGs are consistent with st
burst activity showing no evidence for a hot dust component.
Georgakakis et al. (2010) concluded that there is littlelentce 3 S
for the presence of a high percentage of luminous CT sources
in either the X-ray detected or undetected population of BO®ur sample of X-ray detected DOGs is composed of the 14
analogues. sources in the CDF-S studiedlin Georgantopoulos|et al. {2011
Finally,[Treister et a1/ (2009a) examine the propertiesidf 2 For seven of these sources, there are data available fram bot
heavily obscured AGN candidates in the extended CDF-S, 3&1M-Newton and Chandra observations. The selection of the
lecting objects withfo4,m/ fr > 1000 andR - K > 4.5. Eighteen sample is described in detail in_Georgantopoulos et al. {p01
sources are detected in X-rays, they have moderate column d&e combined the catalogue iin_Grazian et al. (2006) with the
sities~ 107222 cm 2, and only two of these sources appear t§-ray catalogue of Luo et al. (2008, 2010), which is based on
be CT. The X-ray undetected sources show a hard average sfiee-2 MsChandra catalogue, and selected those sources with
trum that could be interpreted as a mixture of 90% CT objedt®y(fo4.m/fr) > 3 with a lower limit for optical non-detections of
and 10% star-forming galaxies. R = 26.5(AB). There are 56 additional DOGs within the CDF-S

ample of dust obsured galaxies
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footprint with no X-ray counterpart in the 2 Ms Chandra cataf Fig.[2, which shows that the additional 2 Ms provided sgemn
logue, four of these now detected using the 4 Ms Chandra datanstraints for the column density values in most cases.
(Xue et all 201/1). However, the X-ray data quality of these ne  Significant diferences between the fluxes reported in Tables
four X-ray detected DOGs is too poor to perform a reliablecspé2 and 3, and those in Taljle 1, can be attributed to significarit d
tral analysis, which is the purpose of this work, so we reder ttions of the spectral shape from a simple power law, which wa
these sources as X-ray undetected DOGs in this paper. the model assumed to derive the fluxes in[the Luo et al. (2008)
Only Chandra spectral data from the 2 Ms survey was usechtalogue. Variability could also explain the fluxfférences,

in |Georgantopoulos etlal. (2011). Here we combine 6 Ms given the large time span covered by the 6 Ms observations. To
Chandra data with the 3 Ms oKMM-Newton data to better con- further explore this possibility, we attempted to study Haei-
strain the absorption properties of the X-ray detected DAGe ability properties in our sample. Although the CDF-S field ha
X-ray observations of the DOGs in our sample are listed inelabeen observed many times during more than ten years, ther rath
[I. Redshifts were extracted from Hsu et lal. (2014), speoctigis  short exposure time of the individual observations, given o
redshifts being available only for four of the sources. sources average fluxes, does not allow us to derive the thdivi

fluxes for each individual observation. Therefore, we didthe

~ 10 years of observations into 4 epochs: up to 2000, from 2000
4. X_ray Spectroscopy to 2007, from 2007 to 2011, and from 2011 to 2015. We were

able to extract fluxes and errors for our entire sample exXoept
To maximize the spectral quality of our sample, we extractgdurce 170, which was only detected in two epochs, and source
spectral data from all th€handra observations publicly avail- 230, which was only detected in three epochs. To quantify the
able by June 2015. In particular, we reduced allGhandrasur-  variability of our sample, we fitted a constant model to thailav
vey data in a uniform manner, screening for hot pixels and cegble data. The results are listed in TdHle 4. The sourcesisgow
mic afterglows as describedlin Laird et al. (2009) with @40 the most significant diierences in the fluxes reported in Tables
data analysis software version 4.8. We usedSPECEXTRACT [2[3, and L, are also those showing more variability, exaept f

script in theCIAO package to extract spectral information frorgource 95, whose fierences can easily be attributed to the very
the individual CDF-S observations. The extraction radius idifferent models used.

creases with fi-axis angle to enclose 90% of the PSF at 1.5

keV. The same script extracts response and auxiliary filee. T - . . . . . .
background spectrum was estimated from source free regions
of the image for each observation. The spectra from each ob-
servation were then merged to create a single source spgctru
background spectrum, response, and auxiliary matricessioin
source using th&@TOOL tasksMATHPHA, ADDRMF, and ADDARF,
respectively. The addition of the spectra from all obséovetre-
sults in a maximum exposure e6 Ms. However, sources near
the edges of the field may not be present in all individual ob-
servations because the aim points and roll angles vary eetwe
observations. In these cases, the total exposure is seymtifjc
smaller.

We usedXspec v12.8 (Arnaud 1996) to carry out the spec- St §
tral analysis. We selected Cash statistics instead of thst com-
monly used,? statistic to obtain reliable spectral results even for
very low count data. ° : : : '

The initial model was a power law modified by photoelectric z
absorption at the source redshift. We modelled this abisworpt
using theXspec modelplcabs, which properly takes not only
absorption but also Compton scattering into account, andea
applied up to column densities5x10?* cm2. If column densi-
ties were found to be higher than this value, we attempteddéo u  We find that nine sources are highly absorbed with column
the torus absorption model described_in Brightman & Nandensities above 28 cm2, eight of which are at the 90% con-
(2011), which can be applied for higher column densities. Wielence level. However, only three of these can be considered
also added a second power law, when neccessary, to accound$CT AGN: sources 95, 230, and 3@handra ids), although
soft scattered emission. We fixed the photon index to 1.8lin gburce 95 is only marginally CT. In the case of source 95, it
cases|(Tozzi et @l. 2006) to better constrain the intrins&oep- is very surprising to be able to detect a near-CT AGN at red-
tion. shift higher than 5. We examined the probability densityction

The spectral fitting results are listed in Taklés 2 @hd 3. UfRPDF) for the photometric redshift in this case (Hsu &t al 40
per limits correspond to components not statistically Besacy Althoughthe PDF is somewhat flat towards lower redshifes;gh
in the spectral fits. The spectral fits are plotted in the laftgd is a clear peak at z 5.22 (see Fig]l). We also attempted to
of Fig.[2. Given the modest quality of many X-ray spectra in owonstrain the redshift value directly from X-ray spectrtlrfyg.
sample, we did not attempt to fit more complex models, althoughere seems to be an emission feature around 1.8 keV, althoug
some sources actually display signatures of thermal eomissiit is not very significant. Assuming that this feature is raad
see for example the fitting residuals for source 346. To etalucorresponds to the Fedkemission line, we derived a=z2.8 and
the improvement with respect to the 4 Kdbandra spectral data, a resulting column density of a few times?2@m~2. Source 309
we computed the confidence limits on the measured column dess already classified as a CT source_in Ferugliolet al. (2011)
sity for both datasets. The results are plotted in the migdieel Here we also confirm its CT nature usik@/M-Newton data.

0.8
T
1

0.6
T
1

Probability

0.4

0

Fig. 1: Probability density function corresponding to thefmo-
metric redshift determination of source 95 (Hsu et al. 2014)
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Table 1: X-ray observations of the DOGs sample

LID PID RA DEC z fo_i0kev Cts(Chandra) Cts (XMM)
1) (2 ) 3) (4) (5) (6) (7)

95 325 53.0349 -27.6796 5.22 4.3 257 385
117 (225) 53.0491 -27.7745 1.51 2.5 964 -
170 - 53.0720 -27.8189 1.22 0.1 20 -
197 140 53.0916 -27.8532 1.81 0.6 125 126
199 (193) 53.0923 -27.8032 2.45 0.6 213 -
230 - 53.1052 -27.8752 2.61 0.1 48 -
232 283 53.1070 -27.7183 2.291 4.6 1791 2279
293 - 53.1394 -27.8744 3.88 0.2 81 -
307 102 53.1467 -27.8883 1.90 1.6 697 332
309 172 53.1488 -27.8211 2.579 1.2 129 131
321 118 53.1573 -27.8700 1.603 13.0 7661 9253
326 - 53.1597 -27.9313 3.10 0.8 254 -
346 64 53.1703 -27.9297 1.221 5.8 1549 1581
397 (74) 53.2049 -27.9180 2.28 2.1 510 -

The columns are: (1¢handra ID from thelLuo et al.|(2010) catalogue. (2) XMM ID from the Rdlnet al. (2013) catalogue;
numbers in brackets denote sources that are detectedViby-Newton but with a limited nhumber of counts (so no spectral
fit has been carried out). (3) X-ray coordinates (J2000).Rdjishift: two decimal and three decimal digits denote photo
metric and spectroscopic redshifts, respectively. (5PdV Chandra flux in units of 101° erg cnt?s™* from thelLuo et all.
(2010) catalogue. (6) Background subtrac@wndra counts in the total band 0.3-8 keV (7) Background subtraxiidi-
Newton EPIC(MOS+pn) counts in the 0.3-8 keV band.

Although most CT AGN display a very strong Ferkemission Table 4: Variability of X-ray detected DOGS.
line, we were unable to detetect it in the case of source 230.
However, CT AGN with very high column densities and mod-

est Fe kr emission lines are not extremely rare, especially at LID Epochs Reduceg”
high luminosities (I > 10* erg s*; see Fukazawa etlal. 2011; 95 4 0.38
Iwasawa et al. 2012). Finally, although most of the sources a 117 4 3.31

obscured (N > 10?2 cm2, and> 10? cm2 in most cases), we 170 2 -

also found that two sources seem to be unabsorbed (sour@es 17 197 4 1.13
and 326). 199 4 0.99
Variability, and especially the lack of variability, hassal 230 3 0.15
been proposed as a method to pinpoint CT sources. As can be 232 4 9.35
seen in Tablél]4, our CT candidates are among the less vari- 293 4 0.68
able sources, however, our observations span many years and 307 4 0.31
CT AGN have been shown to display variability in such long 309 4 0.64
timescales. 321 4 25.72
326 4 1.09
— . 346 4 3.36
5. Spectral energy distributions 397 4 1.87

To obtain the AGN contribution to the IR emission in our sam-

ple, we took advantage of the multi-wavelength coveragheft ~ Results fromy? fitting assuming a constant model.
CDF-S region to construct and fit the spectral energy distrib
tions (SEDs) of our sources. There are enough multi-waggthen
data for all of our 14 X-ray detected DOGs to obtain reliabl

SED fits, but there are only enough data for 34 of the X-ray uﬁumber of sources, the AGN contribution did not seem to be

detected DOGs to carry out the same analysis estimated properly, so we also included the AGN templates de

We used the SEd Analysis with BAyesian Statistic%cnbed " PolIc_etta_e’FaI.(ZO(_ﬂ). - .
(SEABASE: [Rovilos etal.[ 2014) fitting code that combines The IR luminosities obtained from the SED fitting are listed

SED templates and fit them using a maximum likelihood methaagablemdand Tablels, fof tl'}e X;]ra){dde.tecéefd andhthe X-ray
with the posibility of including priors. We used three sefs ¢/ndetected DOGs, respectively. Thgxlderived from the SED

templates to account for the stellar, starburst, and AGN- cdijting are notalways over the Lo value usually reported for
tributions. The stellar templates are those from the lip@fr O.GS’ butthey are over orvery close to this value in the vastm
synthetic templates of Bruzual & Charlot (2003). For ther-stdl0Mty Of cases. The resulting SEDs for the X-ray detectedd30

burst templates we used two sets of libraries: those predémt SNOWing each contribution separately, are plotted in thétri

Chary & Elbaz|(2001), and Mullaney et al. (2011). For the AGIQanel of Figl_]Z. We d_o not find any significant AGN contribu-
contribution, we used the library of Silva et al. (2004). Israall ion to the mid-IR emission in the twa cases of sources 326 and

397, although the presence of an AGN is confirmed by their X-
! http://astro.dur.ac.uk/~erovilos/SEABASs/ ray properties. Moreover, in four additional cases (sosIfcé),

Article number, page 4 ¢f12


http://astro.dur.ac.uk/~erovilos/SEABASs/

A. Corral et al.: X-ray DOGs in the CDF-S

Table 2:XMM-Newton andChandra joint spectral fits

LID z Nn P1/P2 cstgidof EW Flux log Lx 109 Lxunabs
10?2 cm2 keV 10%ergen?s?  ergs? ergs?
1 @ (3) (4) (5) (6) (7) (8 9)
95 5.22 8170 <0.006 25662427 <04 1923 43604 447
197 1.81 44%8 0.005 2108031 020007 0.74j%’-§f73 42.63‘_“%-% 43.34
232 2.291 15]22 0.001 29173031 0138185 5.3t8-'~ZT 43.97j8155 44.30
307 1.90 195 0.01  201®173 034j§3_i5§ 1.44{63%3 43.20%%2 43.57
309 2579 5860  0.001 15481760  10*92% 1'5:6% 42.75j8:8? 44.18
321 1603 170214 <0.0001 2502365 <0.10 121j8;2§ 44.21j8;8% 44.25
346 1.221 133 0.02 2778667 00702902 6.0'04 4344003 43.69

The columns are: (1¢handra ID from the|lLuo et al.[(2010) catalogue. (2) Redshift. (3)ilmtic column density. (4) Ratio
between the power-law normalizations in case of a doublespéaw model. (5) C-stat value to degrees of freedom ra@ip. (
Fe Ka rest-frame equivalent width. (7) Observed flux in the 2-10 kand. (8) Observed luminosity in the 2-10 keV band. (9)

Unabsorbed luminosity in the 2-10 keV band.

Table 3:Chandra spectral fits

LID pa Nn P1/P2  cstadof EW Flux log Lx 109 Lxunabs
1072 cm2 keV 10%ergen?s?  ergs? ergs?
1 @ (3) 4) ©) (6) (1) (8) 9)
117 151 7%  0.02 392390 Q025020 L4608 432200 43.41
170 1.22 <0.8 <0.2 93117 <12 010" 41.50% 41.50
199 245 28° <002 162205 052943 0.640%8 4299700 4352
230 2.61 909%03 0.001 119135 <0.43 070j8-2§ 42.37j8-8§1 44.82
293 3.88 2@§9 <0.002 193228  <1.0 ozofg;‘é% 42.92%{%1 43.31
326 3.10 <7 <001 213287 <0.3 043 4336 43.45
397 228 1321 <004 309324 <02 10603 4344738 4356

The columns are: (1¢handra ID from thelLuo et al.[(2010) catalogue. (2) Redshift. (3)ilmtic column density. (4) Ratio
between the power-law normalizations in case of a doublesptaw model. (5) C-stat value to degrees of freedom ra@ip. (
Fe Ka rest-frame equivalent width. (7) Observed flux in the 2-10 kand. (8) Observed luminosity in the 2-10 keV band. (9)

Unabsorbed luminosity in the 2-10 keV band.

197, 199, and 293), the AGN emission does not contribute
nificantly to the mid-IR luminosity. In the case of X-ray und

sig- We used the estimated AGN luminosity at A& from the
eSED fitting and the 2-10 keV observed luminosities from the X-

tected DOGs, we do not find any AGN contribution in 16 caseay spectral fits to see whether our sources follow the oleserv

(47% of the X-ray undetected DOGs with reliable SED fits).

is important to note that for 70% of the X-ray detected DO
and 85% of the undetected DOGs with available SED fits,

ttorrelation (see Fid.l3). The shaded region in Eig. 3 comedp
Go the relation presentedlin Gandhi et al. (2009). We alstigalo
thiee intrinsic 2-10 keV luminosity (open circles), i.e. ceeted

derived Lyom for the starburst component is larger than for thiey the measured absorption. Although all our DOGs do not fol-

AGN component.

6. Discussion

6.1. Relation between 12 ym and 2-10 keV luminosities

low the correlation well, the three candidate CT AGN aredjea
located towards the expected CT region, i.e. the regionwbelo
the line that corresponds to a factor of 30 lower X-ray lunsino
ity, as is typical in many CT AGN. It is important to point out
that the relation presented lin_Gandhi et al. (2009) is based o
high-spatial resolution data, whereas ours is derived f&&D

A strong correlation has been found between mid-IR and Xtting, which could explain the deviations from the cortia
ray emission in AGN|(Krabbe etal. 2001, Gandhi et al. 200f,Gandhi et all.[(2009) in our case.

Levenson et al. 2009, Mateos etlal. 2015, Stern 2015). This wa
expected since absorbed AGN emission would be re-processed
and re-emitted in the IR. This correlation has been propased
possible selection technique for CT AGN. CT AGN, because of

the strong supression of the X-ray continuum, should fdthe
this correlation if we plot the observed X-ray luminosityaast
their IR emission. However, it is flicult to isolate the AGN IR
emission due to contamination by the galaxy starlight ard
star formation IR emission.

Nine of the X-ray undetected DOGs lie in the CT region,
however, for three of these (the three less luminous onles), t
textremely low luminosities accompanied by rather high indtis
((z) ~ 1.8) do not strongly support a CT classification.
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Fig. 2: Left: X-ray spectral fits (unfolded model and residuals) for thea}(-detected DOGs in our sample. Filled circles and empty
squares correspond @handra andXMM-Newton data, respectivelyiddle: Comparison between the confidence contours for the
column density values computed for the 4 Ms data (dashepldimé 6 Ms data (solid line). The horizontal dotted line iradés the
90% confidence leveRight: SED fits for our X-ray DOGs sample. Solid line: full model; tamt line: AGN contribution; dash-
dotted line: stellar contribution; and dashed line: stesbaontribution. Our Compton-thick candidates are sauf%® 230, and
309.

6.2. Star formation rates

We took advantage of the SED decomposition we performed
Article number, page 6 ¢F12 to study the star formation properties of our sample. In-star
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Fig. 2: Continued.

forming galaxies, the star formation rate (SFR) and stetlass undergoing intense starbursts episodes that are probabénd
follow a relation called the main sequence (MS) (Daddi et &y major mergers.
2007h;[ Elbaz et al. 2007; Whitaker ef al. 2012; Behrooziktal The stellar mass is an output parameter of our SED fitting.
2013; Speagle et 5l. 2014), which depends on the stellar m@issobtain the SFR, we converted the IR luminosity (8 - 1000
and evolves with redshift. Outliers from this relation, sums um) of the starburst component to SFR using the relation in
local ULIRGs and some submm-selected galaxies (SMGSs), {1998), which assumes Salpeter initial masstfanc
The resulting values are plotted in FIg. 4 along with the MS
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Fig. 2: Continued.

for star-forming galaxies at=A, 3, and 5 from_Speagle et al.6.3. Previous X-ray spectral fits

(2014). Our DOGs occupy a wide region of the plot, as has

also been found for thelerschel detected DOGs presented inThe X-ray spectral fits were carried out in affdrent way
Calanog et al. (2013), but we do not find significarftetiences in |Georgantopoulos etal. (2011), so a direct comparison be-
between the CT candidates and the rest of the sample. Althotgeen the results is not possible. Eight sources from CDR-S i
our sample is too small, the most prominent characteri§ticio |Georgantopoulos et al. (2011) were classified as possighiyi
three CT candidates is to be among the DOGs with the highabsorbed or CT AGN according to their flat photon indexl{
stellar masses. The average stellar mass and standardateviat high energies. All of these sources are highly absorbgd(N
for the X-ray detected DOGs akdlx) = 2.6 x 10'"Mo and 10?% cm?) according to our spectral analysis, including two of
o = 4.9 x 10"'Moe; whereas they aréMx) = 1.8 x 101*Mo our three CT candidates. Source 230, one of our CT candjdates
ando = 1.3 x 10'*Mo for the X-ray undetected DOGs. Considwas not flagged as possible CT in Georgantopoulos et al. [J2011
ering our three CT X-ray detected DOGs, and the six CT capecause of the extremely small number of counts in its X-ray
didates among the X-ray undetected DOGs, the fraction of Gpectrum. For the remaining sources in_Georgantopoulds et a
AGN with (Mx) > 2 x 10'*Mo is ~ 33%, whereas itis only  (2011) not considered as highly absorbed, we obtain column
12% at lower masses. densities of the order of or lower than?@m-2.

We find only three possible CT candidates. The argument in
favour of a big percentage of CT AGN among X-ray undetected
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Table 5: Results from the SED fits for the X-ray detected DOGs.

LID z logLr(8 — 100Qum)  logLigum IogLprm IogL?QG#’r\‘n IogLi‘;j‘rﬁ' log Stellar mass  SFR

Lo ergs? ergs? ergs? ergs? Mo Mo/yr
Q@ 3) 4) (©) (6) ) (8) 9)
95 5.22 13.45 46.28 46.08 45.85 43.93 12.30 4029
117 151 11.47 44.38 44.04 44,12 41.96 9.87 37
170 1.22 11.51 44.09 44.08 42.16 41.96 10.91 56
197 1.81 12.11 44.82 44.82 42.59 42.42 11.11 220
199 2.45 12.38 45.09 45.08 41.97 42.75 11.34 410
230 2.61 12.50 44.96 44.87 44.23 42.82 11.51 525
232 2.291 12.39 45.34 4491 45.13 42.85 10.76 272
293 3.88 13.55 46.26 46.26 42.74 42.30 10.95 6164
307 1.90 11.71 44.50 44.36 43.93 41.87 10.52 79
309 2.579 13.01 45,74 45.71 44.59 42.82 11.33 1722
321 1.603 12.22 45.33 44.34 45.28 42.69 10.93 75
326 3.10 12.66 45.37 45.37 - 42.70 11.35 790
346 1.221 11.87 44.78 44.41 44.54 41.49 9.21 90
397 2.28 11.94 44.65 44.65 - 42.65 11.17 150

The columns are: (1¢handra ID from thelLuo et al.|(2010) catalogue. (2) Redshift. (3)aldR luminosity (8-100Qum). (4)
Total luminosiy at 12um. (5) Luminosity of the starburst component at 8. (6) Luminosity of the AGN component at 12

um. (7) Luminosity of the stellar component at 2. (8) Stellar mass. (9) Star formation rate.
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Fig. 4: Stellar mass vs. SFR for the X-ray detected DOGS
(filled circles), and X-ray undetected DOGs (crosses). id s
dashed, and dotted lines correspond to the MS relation piese
iniSpeagle et all (2014) forz 1, 3, and 5, respectively.

it is possible, as suggested.in Georgantopoulos et al. 201k

the flat photon index in the stackesteraged spectra could be
Fig. 3:vL,12:m for the AGN componentvs.d 1oev. Shaded re- the result of a mixture of a low fraction of CT sources com-
gion corresponds to Gandhi etlal. 2009 relation. Filled gneho bined with highly (but Compton-thin) absorbed sources.€gi t
circles correspond to observed and absorption-correctdd-L  this hypothesis, we simulated a sample of AGN composed, sim-
minosities,for the X-ray detected DOGs, respectively.ods ilarly to the sample studied here of 20% CT AGN, 44% highly
correspond to X-ray luminosity upper limits for the X-ray-unabsorbed AGN, 22% moderately absorbed AGN, and 14% un-
detected DOGs. absorbed AGN. We then jointly fitted these simulated spectra

obtaining a photon index 1.1.

Brightman et all.[(2014) presented X-ray spectral analysis f
DOGs comes mainly from the flat photon index in their stackede 4 MsChandra spectra in the CDF-S. Our spectral fitting re-
spectra. However, for 6 out of our 14 sources, we also findy vesults are in agreement with those presented in Brightmak et a
flat (< 1.4) photon index if left free to vary, but we find only 3(2014) in most cases. In a few cases, there are snfidrences
CT candidates when computing the actual column densiti@s. i6 the obtained column densities because fedént photomet-
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Table 6: Results from the SED fits for X-ray undetected DOGhk BED fitting

RA DEC z  logLr(8—100Qum) logLizm IogLprm IogLfQG#’r\‘n IogLi‘;j‘rﬁ' log Stellar mass  SFR
Lo ergs? ergs? ergs? ergs? Mo Mo/yr
€] (1) 2 (3) 4) (©) (6) () (8) )
53.0022 -27.7390 1.78 12.67 44.77 4457 44.32 42.45 11.04 8 78
53.0050 -27.7768 1.90 12.94 45.01 44.52 44.83 42.94 11.63 12 14
53.0203 -27.7798 1.04 11.52 44.28 44.28 - 42.39 11.35 58
53.0354 -27.6901 1.74 12.46 45.22 45.21 43.26 42.70 11.39 2 50
53.0365 -27.8875 1.95 12.59 44,93 44.13 44.86 42.49 11.18 9 56
53.0501 -27.8331 1.76 12.24 45.00 44.99 42.85 42.36 11.05 3 30
53.0602 -27.8761 2.17 12.15 4491 44.90 - 42.61 11.30 249
53.0733 -27.7642 1.81 11.93 44.69 44.68 43.07 42.43 11.08 9 14
53.0772 -27.8595 2.88 12.92 45.68 45.68 - 43.12 11.77 1473
53.0860 -27.7095 1.97 12.07 44.83 44.82 42.90 42.67 10.58 6 20
53.0898 -27.9399 1.51 12.66 45.42 45.42 - 42.83 11.42 812
53.0965 -27.8518 1.65 11.65 4441 44.40 42.67 42.20 10.89 78
53.0965 -27.6725 3.04 12.60 45.36 45.35 43.58 42.80 11.45 5 69
53.1215 -27.8214 2.70 12.40 45.16 45.15 42.96 42.54 11.23 2 44
53.1385 -27.6719 1.77 12.09 44.85 44.85 - 42.61 11.29 217
53.1552 -27.9485 2.19 12.46 44.47 44.05 44.26 42.26 10.61 3 47
53.1578 -27.7041 2.46 12.75 45.50 45.50 - 43.07 11.72 982
53.1598 -27.8502 2.03 12.14 44.90 44.90 - 42.45 11.11 244
53.1614 -27.6515 1.75 11.91 44.67 44.67 - 42.56 11.25 144
53.1636 -27.8907 2.87 12.81 45.74 45.42 45.46 42.86 11.45 7 81
53.1677 -27.8304 1.57 12.15 4491 4491 - 42.53 11.21 251
53.1736 -27.7227 1.93 11.96 44.72 44.71 - 42.48 11.17 160
53.1790 -27.6836 1.87 12.34 45.10 45.09 43.20 42.64 11.29 0 38
53.1868 -27.8316 2.10 11.99 44.75 44.74 42.86 42.50 11.16 0 17
53.1926 -27.8921 1.44 11.99 44.75 44.75 - 42.24 11.10 174
53.1949 -27.9490 1.72 11.84 44.60 44.59 43.15 42.20 10.11 0 12
53.1983 -27.7479 1.34 11.87 44.64 44.63 - 42.44 10.34 131
53.2131 -27.6718 1.93 11.84 44.60 44.58 43.24 42.50 10.73 9 11
53.2132 -27.6613 1.41 12.05 44.80 44.80 - 42.43 11.20 196
53.2170 -27.7635 1.59 11.98 44.73 44.73 - 42.66 11.34 168
53.2232 -27.7195 1.01 11.77 43.69 43.68 - 42.10 11.06 101
53.2234 -27.7151 1.78 12.50 44.52 44.09 44.32 42.38 10.61 8 51
53.2456 -27.9310 1.72 12.21 44.97 44.97 - 42.54 11.23 291
53.2611 -27.8583 2.14 11.87 44.64 44.62 43.27 42.30 10.95 0 13

The columns are: (1) Optical coordinates (J200). (2) Rét¢B) Total IR luminosity (8-100@m) (4) Total luminosiy at 12m.
(5) Luminosity of the Starburst component afh? (6) Luminosity of the AGN component at 2. (7) Luminosity of the
stellar component at 1i2n. (8) Stellar masss. (9) Star formation rate.

ric redshifts were used or because we used a more compbekx Compton-thick/highly absorbed AGN fraction
spectral model thanks to the availability of better specteda. . 3
As for our three CT candidates, only source 309 is classifigit,0f the 14 DOGs studied here, 9 sources hiiye> 10°

: : C . If we compare the results in_Georgantopoulos et al.

as such in_Brightman etlal. (2014). For the remaining two 5 : " ' X
candidates in our sample (sources 95 and 230) and becaus@%.l'L)'.Wh'Ch uses data from the CDF-N and CDF-S, with the
esults in_Lanzuisi et all (2009), it appears that despicefdat

the limited number of counts, they only fitted the photon id ihat the SWIRE sample is much brighter (its median flux is

for source 230 (obtaining a flat value0.8) and all parameters 1x 10 ergont®s ), the percentage of highly absorbed

were fixed in the case of source 95. In both cases, the colum

3 —2 \ i
density was fixed to 29 cmr2, i.e. they were classified as un-S0Urces % 10%* cm2 ) is not very diferent compared to our

; le. However, when using the deeper data from this work (i
absorbed AGN. In any case, the location of these two souré%_“p ' g P ! :
in the Ly_10kev/L12:m PlOt SUppOTts their CT nature. In the cas@hich we only used data from the CDF-S), we find a higher per-

of source 170, Brightman etlal. (2014) found it to be highly alyentage of hi?k(u:l¥ absorbed Soo/urcesﬁ(4%) and a much higher
sorbed (almost CT), and we only found a low upper limit fopercentage o sources g0%).

; ; In [Fiore et al. [(2009) they suggested that a higher percent-
the amount of absorption. Given the extremely low number Oge of CT sources could be hidden among the X-ray undetected

counts, a flat reflection dominated spectrum cannot be egjec . . .
in this case. Besides, the large uncertainty in its compXtealy EOGS given the Very flat photon index obtained from stacked
images. We also find that the spectra of our sources are flat

luminosity makes it consistent with the CT region. . : .
y ¢ but, after the spectral analysis, we find that the flat photen i
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dex comes from moderate to high absorption instead of from Conclusions

a_hlgh percentage of CT sources. To search for more CT C&Oé have explored the properties of the X-ray detected and

undetected DOGs in the CDF-S. This is an extension of the
work presented in Georgantopoulos etlal. (2011), but welnad t
advantages of not only the availability of deeper (6 [@handra
observations of the sources presented in Georgantopdiddis e
2011), but also the addition of deep (3 MXMM-Newton

detections are concerned. If we take into account the pibgsib observations in the CDF-S. We also present a more accurate
: POBSID ootimate of the AGN contribution to the IR luminosity by

that source 170 is a reflection-dominated CT AGN, as we MeE= b fitting from the UV to the far-IR. Out of the 70 DOGS
tioned in the previous section, our fraction of CT sourcesiagn composing the full sample, 14 are X-ray detected. For the

- 0,
X-ray detected DOGs would reaeh30% as well. remaining 56 DOGs, there were enough multi-wavelength data

Regarding the full DOGs sample, if we only consider thg, aijaple for 34 of these DOGs to perform a similar SED-fitin
most secure CT AGN (the three candidates among the X-figy.

ed analysis as for the X-ray detected sources.
detected and the six candidates among the X-ray undetecteg y y
DOGs), we estimate a fraction of 13% CT AGN among the E.om the X-ray spectral analysis, we find that mogt49 of
whole DOGs population. If we assume that all the undetectgg, x _ray detected DOGs in our sample show high obscuration
DOGs without SED fitting available are CT candidates, tras{r §<

. ; T (N > 107 cm? ). However, only three (maybe four) of our
tion would increase to 44%. However, strong star formation -ray detected DOGs could be CT AGN, so we estimate a CT

also expected to produce a high,n/fr ratio by increasing the ¢acfion of 20-30 % among X-ray detected DOGs. Many of our
_24pmflux. As the AGN contnbutlon_becames stronger, it dompogg (614) show flat photon indiced'(< 1.4), but only three
inates the 24m flux so that the fraction of AGN among DOGsyjgpjay CT ‘absorption. Therefore, caution must be exedcise
increases for higher fluxes (Riguccini etlal. 2015; Donleglet \yhen estimating the fraction of CT AGN from the photon index
2012; Fiore et al. 2009; Dey etlal. 2008). We examined the %stacke;zhveraged spectra.

um fluxes of the X-ray detected and undetected DOGs. Both

samples display very high 24n fluxes, although the X-ray de-  considering the full DOGs sample, the fraction of CT AGN

tected DOGs show marginally higher fluxes (see Hig. 5). BY agiong the whole DOGs population could range from 13 to 44%.
plying a K-S test, we find that the probability that the two san¥_ray detected DOGS seem to have marginally highep@v
ples are drawn from the same population is highQ5). Nev- fjxes and CT X-ray detected DOGs seem be hosted in galaxies

ertheless, we find that 47% of the X-ray undetected DOGS Wil higher stellar masses than X-ray undetected DOGs, but a
SED fits do not need any AGN contribution to their IR emissiofigqer sample is necessary to confirm these results.

Therefore, a significant percentage of the remaining X-rajed _
tected DOGs could be still be powered by star formation rath@Fknowiedgements. We thank the anonymous referee for/her thorough re-
than by an AGN view and suggestions, which significantly contrlbute(_i tpiiave the _quallty _of

: this paper. We acknowledge the useSpitzer data provided by th&pitzer Sci-
ence Center. Th€handra data were taken from the Chandra Data Archive at
the Chandra X-ray Center. Based on observations obtaingddMM-Newton,
an ESA science mission with instruments and contributidrectly funded by
ESA Member States and NASA. AC acknowledges funding fronPROTEAS
project within GSRT’s KRIPIS action, funded by Greece arel Buropean Re-

only the sources with spectroscopic redshifts availabiéy/(fmur
sources), but the resulting best-fit model included only enaté
amounts of absorption.

Our results could be consistent with the CT fraction es
mated in_Georgakakis etlal. (2010) 80%) as far as the X-ray

L 7 , gional Development Fund of the European Union under the@petitiveness
20 i and E_ntrepreneurshlp, NSRF 2007-2013 and the Regionab@meal Program
L i of Attica.
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