MINING XMM-NEWTON AND CHANDRA FIELDS FOR NORMAL GALAXIES

P. Tzanavaris', I. Georgantopoulos', A. Georgakakis’, E. Koulouridis', A. Akylas', M. Plionis', I. Leonidaki', S.
Basilakos', V. Chavmusyan’, and A. Mercado’

'Institute of Astronomy and Astrophysics, National Observatory Athens, 152 36 Penteli, Greece
2Astrophysics Group, Imperial College London, Blackett Laboratory, Prince Consort Road, SW7 2AW, London, United
Kingdom
3Instituto Nacional de Astrofisica, Optica y Electrénica, Apartado Postal 51 y 216, 72000, Puebla, Pue., Mexico

ABSTRACT

We present results from our work on ‘normal’ X-ray se-
lected galaxies (NGs). The log N — log S relation for
46 NG candidates is fitted with a Euclidean power law
(slope —1.46 £ 0.13, cumulative number counts). For
the largest set of NG candidates in the local Universe
(68 galaxies) the best fit Schechter luminosity function
(LF) parameters are L* = 41.027015, o = 1.76 +
0.10. We discuss the discrepancy with a higher redshift
LF at the bright end. We cross-correlated 1XMM and
Chandra-XASSIST with the 2dFGRS and found no lu-
minous (Lx > 10*%) NGs but we found 8 NGs with
log fx/fo > —2. We complemented this sample with
two samples from the literature and concluded that the
log fx/fo < —2criterion for separating NGs from AGN
mainly selects against massive elliptical NGs.
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1. INTRODUCTION

It is a well established fact that galaxies hosting an active
galactic nucleus (AGN) give off copious amounts of X-
ray emission. On the other hand, galaxies which are ‘nor-
mal’ (NGs), in the sense that they may not be AGN dom-
inated, have only recently been studied in detail in the
X-ray band. The likely source of X-ray emission in such
systems is diffuse hot gas and/or X-ray binary stars. In
the most massive early-type galaxies the X-ray emission
is dominated by the hot interstellar medium with temper-
atures kT ~ 1 keV. A smaller fraction of the observed
X-ray luminosity is due to low mass X-ray binaries as-
sociated with the older stellar population. In late-type
galaxies, the X-ray emission originates in hot gas with
temperature k7' ~ 1 keV, which is heated by supernova
remnants, as well as in a mixture of low and high-mass
X-ray binaries (see Fabbiano, 1989, for a review). The
diffuse hot gas contributes significantly in the soft X-ray

band (< 2 keV) while the X-ray binary systems are re-
sponsible for the bulk of the emission at harder energies
(e.g. Stevens et al., 2003). The integrated X-ray emission
of ‘normal’ galaxies is believed to be a good indicator of
the star-formation activity in these systems (e.g. Gilfanov
et al., 2004).

The X-ray luminosity of NGs is usually weak, <
1042 erg s71, i.e. a few orders of magnitude below
that of powerful AGN (Moran et al., 1999; Zezas et al.,
1998). As a result, observed X-ray fluxes are faint and,
until recently, only the very local systems (< 100 Mpc)
were accessible to X-ray missions. With the new gen-
eration of X-ray missions, Chandra and XMM-Newton,
the situation has changed dramatically. The Chandra
Deep Fields North and South (CDF-N, CDF-S; Alexan-
der et al., 2003; Giacconi et al., 2002) have reached fluxes
(0.5 — 2.0 keV) ~ 107'7 erg cm~2 s71, thus pro-
viding the first ever X-ray selected NG sample. Using
the 2 Ms CDF-North, Hornschemeier et al. (2003) pro-
vided a sample of 43 NG candidates for which optical
spectroscopic observations are available. These galax-
ies have X-ray—to—optical flux ratios log fx/fo < —2,
which these authors use as an empirical boundary, sep-
arating NGs from AGN. Norman et al. (2004) extended
this study and identified over 100 NG candidates in the
combined CDF-N and CDF-S, although optical spectro-
scopic data are available only for a fraction of these ob-
jects. However, these authors have identified NGs with
log fx/fo > —2. On the other hand, Georgakakis et al.
(2003) and Georgakakis et al. (2004a) have identified
NGs with log fx /fo = 2. Here, we present some recent
results and address possible selection caveats.

2. THE NEEDLES IN THE HAYSTACK SURVEY

The ‘Needles in the Haystack Survey’ (NHS) was a
long-term project aiming to identify X-ray selected NGs
in the local Universe. Within the framework of the
NHS project (Georgakakis et al., 2004b; Georgantopou-



los et al., 2005), 70 XMM-Newton fields have been used
in total. These cover an area of 11 square degrees and
overlap with the Sloan Digital Sky Survey Data Release-
2 (SDSS DR-2). The SDSS dataset is complete down to
g ~ 23 (imaging) and r =~ 17.7 (spectroscopy). Using
a search radius r < 7" we identified optical counterparts
for X-ray sources, from which NGs were selected accord-
ing to the following selection criteria:

1. Galaxies should be resolved, i.e. have an extended
optical light profile,

2. logfx/fo < =2,

3. hardness ratios (HRs) not indicative of large
amounts of absorption,

4. optical spectrum (where available) consistent with
star-forming galaxies, based on diagnostic emission-
line ratios and lack of broad emission lines.

The NG sample thus compiled comprises 28 galaxies.
For only 5 of these are there no optical spectra. 16 of the
galaxies have either a narrow emission-line optical spec-
trum or a spectral energy distribution (SED) consistent
with a late-type spectrum. 12 of the galaxies have either
exclusively absorption lines or a SED consistent with an
early-type spectrum. The median redshift is 0.05.

A comparison of the luminosity-redshift relation for this
sample with the NG samples from the CDF-N and S (Fig-
ure 1) shows that the NHS and CDF samples are comple-
mentary. After combination with 18 local galaxies from
CDF-N and S, a local NG X-ray luminosity function was
constructed.

3. NORMAL GALAXIES IN 1XMM

The above work has been extended in Georgakakis et al.
(2005) by using the First XMM-Newton Serendipitous
Source Catalogue (1XMM). The sample covers an area of
~ 6 square degrees to a flux limit ~ 104 ergcm =2 s 1.
The galaxy selection criteria were as above with optical
counterparts identified using the U.S. Naval Observatory
Catalog (USNO), version A2.0. Follow-up spectroscopy
was performed at the Guillermo Haro 2-m class telescope
in Cananea, Mexico, and was complemented with the
SDSS and the literature. A sample of 28 NGs was thus
obtained, with optical spectra for 26 of these.

The inlet plot in Figure 2 shows the ‘log N — log S” re-
lation for our NG candidates. For the main plot, we
combined the 1XMM and NHS samples into a new sam-
ple comprising a total of 46 NGs covering ~ 15 square
degrees. This can be fitted with a power law, obtain-
ing a slope of —1.46 &£ 0.13 (cumulative number counts,
Euclidean), in excellent agreement with Hornschemeier
et al. (2003) at faint fluxes and Tajer et al. (2005) at the
very bright end.

P 42 ° o _
o O
Tm L .‘ o i
) [ ] O
2 . ° B oow®
- - ‘. o0 % o _|
= e® o0 @ ©
o [ ]
- - & 0 o .
2 4ol 8580
o B S ]
|8
l())D - 4
- t O @ This study
39 1~ O CDF-N and -8 N
l 1 l 1 l 1 l 1 l 1
0 0.2 0.4 0.6 0.8

redshift

Figure 1. Lx (0.5-8.0 keV) against redshift, from Geor-
gantopoulos et al. (2005). Filled circles are from the NHS
NG candidate sample. Open circles are from the CDF
samples. The two surveys cover complementary regions
of Lx — z space.

5 T T T T
— F 3
F O Horschemeier et al. 2003 3
C ® 1XMM+NHS ]
8 I 1.46 |
8 ? N(>fX)O(fX . é

(@]
Q= —
—E E

— F ]

= C ]

&l

x L i

(=]

z SF =
FoF E
ESL ]
L 2E ]
N i

— =" E —
E E
- F i
—LoE _
SE 3
: 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 ) lll :
10-17 10-18 10-15 10-14 10-13

£,(0.5-2keV) (ergs~'cm™?)

Figure 2. Cumulative normal galaxy counts in the 0.5-2.0
keV spectral band from Georgakakis et al. (2005). Filled
circles are the combined sample of NG candidates from
the NHS and 1XMM studies. Open circles are source
counts from Hornschemeier et al. (2003). The continu-
ous line is the best fit to the log N — log S relation at
bright fluxes from the combined NHS and 1XMM sam-
ples. The inlet plot shows the log N — log S for galaxies
in the IXMM study only, compared with counts from the
NHS.
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Figure 3. The 0.5 — 2.0 keV LF for the combined sample
IXMM, NHS and CDF of z < 0.2 NGs (adapted from
Georgakakis et al., 2005). Filled circles are from the 68
NG sample described in the text. The solid line shows the
maximum likelihood fit. The dashed line shows the IRAS
LF (Ranalli et al., 2005) corrected to the X-ray band. The
crosses are from Norman et al. (2004).

3.1. Luminosity Functions

We combined the 46 1XMM+NHS NGs with 22 lo-
cal (z < 0.2) galaxies from the CDFs to obtain the
largest sample of NGs in the local Universe, compris-
ing 68 galaxies. As described in Georgantopoulos et al.
(2005), we derived both the binned X-ray luminosity
function (LF, Page & Carrera, 2000) and a parametric
Maximum Likelihood fit (Tammann et al., 1979) adopt-
ing a Schechter (1976) form for the LF.

The 0.5 — 2.0 keV LF for the combined sample is shown
in Figure 3. The best fit Schechter parameters are L* =
41.027513, @ = 1.76 £ 0.10. Also shown are the IRAS
LF of Ranalli et al. (2005) and the LF data points from
the higher redshift sample of Norman et al. (2004). We
note the good overall agreement with the IRAS LF. There
is good agreement with the Norman et al. (2004) as well,
except for the bright end. This may suggest (i) contam-
ination of the Norman et al. (2004) sample by AGN, (ii)
bias in our sample against luminous systems (L x > 1042
erg s~ 1) because of the log fx/fo < —2 cut or (iii) evo-
lution of the NG LE.

In Figure 4 we are showing best fit LFs for all sources, as
well as separately for emission line and absorption line
NGs from our sample. The LFs are comparable.
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Figure 4. LF's for early and late type NGs. Solid line:
best fit to all NGs. Dashed line: best fit to absorption line
NGs. Dotted line: best fit to emission line NGs. LFs for
the two categories are comparable. Adapted from Geor-
gakakis et al. (2005).

4. NORMAL GALAXIES IN 2DFGRS

We have searched the Two Degree Field Galaxy Red-
shift Survey (2dFGRS) database for X-ray selected NGs
(Tzanavaris et al., 2006). The b; = 19.45 faint
limit of this survey allows detection of galaxies up to
log fx/fo ~ 1 for X-ray fluxes of a few x10714
ergcm ™2 s~

We cross-correlated the 1XMM catalogue with the 2dF-
GRS and obtained 18 X-ray/optical pairs within a 6”
matching radius. We also cross-correlated the Chandra-
XASSIST catalogue with the 2dFGRS and obtained 20
X-ray/optical pairs within a 3 matching radius. We used
selection criteria similar to those described above to sepa-
rate NGs from AGN. Our aim was to look for NGs which
were (i) ‘luminous’ (Lx > 10%2 erg s—1), and/or (ii) had
log fx/fo > —2. We did not find any luminous NGs in
our sample. However, we found 8 NGs (H 11 nuclei and
absorption-line galaxies) with log fx /fo > —2.

We complemented our results with data from the lit-
erature. Specifically, we used the nearby star-forming
galaxy sample compiled by Zezas (2001). This comprises
44 galaxies detected by ROSAT PSPC, spanning the lu-
minosity range Ly (0.1 —2.4keV) ~ 4 x 10%" — 3 x
10*'erg s~!. Galaxies in this sample have been classi-
fied on the basis of high quality nuclear spectra from Ho
et al. (1997). Further, we used the nearby galaxy sample
of Fabbiano et al. (1992). Galaxies in this sample have
been observed with the Einstein observatory and com-
prise all morphological types. Galaxies flagged as AGN
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Figure 5. Plot of log fx / fo versus log L x. Plotted here are values calculated from our XMM-Newton and Chandra data,
as well as from the literature (see legend in the plot). For all samples only galaxies which are classified as non-AGN are
plotted. The two dashed lines demarcate the regions of log fx | fo—Lx space which may be inhabited mainly either by

NGs (log Lx < 42,log fx/fo < —2) or by AGN.

Table 1. NGs with log fx / fo > —2. Groups of rows separated by horizontal lines correspond to the sample indicated in
the first column. 2dFGRS stands for the combined correlation samples 2dF GRS-XMM-Newton and 2dF GRS—Chandra.
Each row corresponds to the NG type indicated in the second column. H 11 stands for H1I nucleus, A for absorption-line
spectrum, S for spiral, E for elliptical, Irr for irregular. Each of the last three columns gives the fraction of NGs with
log fx/fo > —2inthelog L x region indicated at the top of the column. Galaxies for which only upper limit information
is available have not been taken into account. Empty entries indicate that no NGs of this type have been found.

Sample NGtype logLx <42 4l1<logLlx <42 logLx > 42
2dFGRS Hi 4/26

Hi? 1/26

A 2/26 2/10 1/12
Zezas (2001) any 0 0 0
Fabbiano et al. (1992) S/H11 1/194 1/75 1/40

Irr 1/194 1/75

E 1/194 1/75 13/40




hosts in the original sample have been excluded. We have
also carried out a further literature search to exclude more
AGN from the final sample.

The combined samples are plotted in Figure 5. The
observed correlation follows from the Ly ~ L8
(Fabbiano et al., 1992). Results for galaxies with
log fx/fo > —2 are tabulated in Table 1. Note that
in the Zezas (2001) sample there are no luminous or
log fx/fo > —2 galaxies, unlike the Fabbiano et al.
(1992) sample. The latter sample clearly suggests that
the log fx /fo < —2 criterion selects against massive el-
liptical NGs. This sample and our 2dFGRS sample also
suggest some selection against star-forming NGs. How-
ever, the 2dF GRS results are more tentative, because they
are largely based on diagnostic emission-line ratios, with-
out previous stellar template subtraction. Reliable stellar-
template subtraction is not possible for 2dFGRS fibre
spectra, so the question remains open until better spec-
tra are available.

5. FUTURE PROSPECTS

We are further expanding the 68-galaxy sample described
above by using Chandra-SDSS fields, in order to reach
fainter fluxes and luminosities. We are also in the process
of obtaining higher-quality spectra for further assessing
the effect of the log fx/fo < —2 criterion on galaxy
selection.

REFERENCES
Alexander, D. M., Bauer, F. E., Brandt, W. N, et al.
2003, AJ, 126, 539
Fabbiano, G. 1989, ARA&A, 27, 87

Fabbiano, G., Kim, D.-W., & Trinchieri, G. 1992,
ApJS, 80, 531

Georgakakis, A., Georgantopoulos, I., Stewart, G. C.,
Shanks, T., & Boyle, B. J. 2003, MNRAS, 344, 161

Georgakakis, A., Georgantopoulos, 1., Vallbé, M.,
et al. 2004a, MNRAS, 349, 135

Georgakakis, A. E., Chamvusyan, V., Plionis, M.,
et al. 2005, submitted, MNRAS

Georgakakis, A. E., Georgantopoulos, 1., Basilakos,
S., Plionis, M., & Kolokotronis, V. 2004b, MNRAS,
354,123

Georgantopoulos, I., Georgakakis, A., & Koulouridis,
E. 2005, MNRAS, 360, 782

Giacconi, R., Zirm, A., Wang, J., et al. 2002, ApJS,
139, 369

Gilfanov, M., Grimm, H.-J., & Sunyaev, R. 2004,
MNRAS, 347, L57

Ho, L. C,, Filippenko, A. V., & Sargent, W. L. W.
1997, AplS, 112, 315

Hornschemeier, A. E., Bauer, F. E., Alexander, D. M.,
et al. 2003, AJ, 126, 575

Moran, E. C., Lehnert, M. D., & Helfand, D. J. 1999,
ApJ, 526, 649

Norman, C., Ptak, A., Hornschemeier, A., et al. 2004,
ApJ, 607,721

Page, M. J. & Carrera, F. J. 2000, MNRAS, 311, 433

Ranalli, P., Comastri, A., & Setti, G. 2005, A&A,
440, 23

Schechter, P. 1976, ApJ, 203, 297

Stevens, I. R., Read, A. M., & Bravo-Guerrero, J.
2003, MNRAS, 343,147

Tajer, M., Trinchieri, G., Wolter, A., et al. 2005,
A&A, 435,799

Tammann, G. A., Yahil, A., & Sandage, A. 1979,
ApJ, 234,775

Tzanavaris, P., Georgantopoulos, 1., & Georgakakis,
A. 2006, in preparation, A&A

Zezas, A. L. 2001, PhD thesis, Univ. of Leicester

Zezas, A. L., Georgantopoulos, 1., & Ward, M. J.
1998, MNRAS, 301, 915



