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ABSTRACT

Aims. We have compiled one of the largest normal-galaxy samples ever to probe X-ray luminosity function evolution separately for
early and late-type systems.

Methods. We selected 207 normal galaxies up to redshift z ~ 1.4, with data from four major Chandra X-ray surveys, namely the
Chandra deep fields (north, south and extended) and XBootes, and a combination of X-ray and optical criteria. We used template
spectral energy-distribution fitting to obtain separate early- and late-type sub-samples, made up of 101 and 106 systems, respectively.
For the full sample, as well as the two sub-samples, we obtained luminosity functions using both a non-parametric and a parametric,
maximum-likelihood method.

Results. For the full sample, the non-parametric method strongly suggests luminosity evolution with redshift. The maximum-
likelihood estimate shows that this evolution follows ~(1 + z)*wul| ko = 2.2 + 0.3. For the late-type sub-sample, we obtained
Kiae = 2.43:8. We detected no significant evolution in the early-type sub-sample. The distributions of early and late-type systems with
redshift show that late types dominate at z * 0.5 and hence drive the observed evolution for the total sample.

Conclusions. Our results support previous results in X-ray and other wavebands, which suggests luminosity evolution with k = 2-3.
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1. Introduction

Non-AGN dominated (“normal”) galaxies have intrinsically
weak X-ray luminosities and correspondingly faint fluxes. Thus,
it is only with the most recent, new-generation X-ray missions,
Chandra and XMM-Newton, that such galaxies have been de-
tected in cosmologically significant redshifts (z > 0). The first
such X-ray selected sample was obtained with the Chandra Deep
Fields North and South (CDF-N, CDF-S; Alexander et al. 2003;
Giacconi et al. 2002), reaching fluxes of f(0.5-2.0 keV) ~
10777 erg cm~2 s7! (see also Hornschemeier et al. 2003). Based
on these observations, Norman et al. (2004) obtained an X-ray
luminosity function (XLF) of normal galaxies, characterised by
luminosity evolution that follows ~(1 + z)>7.

A population of rapidly evolving, star-forming galaxies has
been detected in recent years in other wavebands (e.g. Hopkins
2004, and references therein). However, observations in the
X-ray band provide unique insight into physical processes, com-
plementing information obtained from other wavelength regions.
In the most massive and luminous early-type galaxies, the X-ray
emission is dominated by the hot interstellar medium (ISM) at
kT ~ 1 keV, with a smaller fraction contributed by low-mass
X-ray binaries (LMXBs) associated with the old stellar popula-
tion. However, for fainter X-ray systems, the evidence suggests
that LMXBs may well be the dominant X-ray emitting compo-
nent (e.g. Sarazin et al. 2000; Kim & Fabbiano 2003, and refer-
ences therein).

On the other hand, the X-ray emission in late-type galaxies
is mainly due to a mixture of low- and high-mass X-ray binaries
(HMXBs) with a contribution from hot gas (k7 ~ 1 keV) (see
Fabbiano 2006, for a comprehensive review).

Understanding how these populations of binary stars and,
consequently, their X-ray luminosity evolve with time is

obviously closely linked to XLF normal-galaxy evolution.
Considering LMXBs and HMXBs as the overall dominant com-
ponent in X-ray emission from normal galaxies, Ghosh & White
(2001) adopt a semi-empirical approach to link X-ray-binary
lifetimes with star-formation rates (SFRs) in a cosmological con-
text. They show that evolving SFRs significantly affect X-ray
binary populations, hence, integrated X-ray galactic emission,
with the possibility of significant evolution in X-ray luminosi-
ties even in relatively low redshifts <1 (see also White & Ghosh
1998). They predict different galaxy evolution rates at X-ray
wavelengths, as compared to other wavelength regions, which
depend on the star-formation history of the Universe, as well as
evolutionary timescales for LMXBs and HMXBs. Conversely, if
the X-ray evolution of normal galaxies is known, one may ob-
tain insight into properties such as the characteristic timescales
of LMXBs and HMXBs. For instance, if HMXBs tracing the in-
stantaneous SFR dominate the integrated X-ray emission, the to-
tal X-ray luminosity is expected to follow the star-formation his-
tory of the Universe as observed in the optical and IR bands. On
the contrary, LMXBs have much longer evolutionary timescales,
and the integrated X-ray luminosity of normal galaxies would
present a time delay of the order of ~1 Gyr compared to optical
and IR observations. Constraining the number density and evo-
lution of LMXBs is also relevant to the LISA gravitational wave
mission, as this will be sensitive to gravitational radiation from
binaries with periods shorter than 4 h. Such sources are primarily
LMXBs. Determining LMXB evolutionary timescales can thus
provide information on the number of expected LISA detections.

As the relative contribution of LMXBs and HMXBs to the
integrated X-ray luminosity of normal galaxies closely depends
on galaxy type, it is imperative to disentangle XLF behaviour
among different galaxy types. Unfortunately, because of the
scarcity of X-ray-detected normal galaxies, it is not surprising
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that very few results have been obtained. Using moderate size
samples, Georgantopoulos et al. (2005) and Georgakakis et al.
(2006b) calculated XLFs separately for early-type/absorption-
line and late-type/emission-line galaxies. By comparing the pre-
dictions of the latter XLF with observed normal-galaxy number
counts, Georgakakis et al. (2006a) detected luminosity evolu-
tion proportional to ~(1 + z)*>7 for late types, driven by sources
with log(fx/fo) > —2. Georgakakis et al. (2007) then compared
the predictions of this XLF with observed counts for galax-
ies selected by exploitation of the tight X-ray-IR correlation
and detected luminosity evolution proportional to ~(1 + z)**
for their sample of star-forming galaxies. Recently, Ptak et al.
(2007) have used the GOODS survey to obtain 40 early-type
and 46 late-type galaxies up to a redshift z ~ 1.2. Their XLFs
suggest luminosity evolution proportional to ~(1 +z)'" for early
types and ~(1 + z)>3 for late types.

In this paper we aim to substantially increase the numbers
of X-ray detected normal galaxies, to be able to investigate XLF
evolution separately for different galaxy types. We compiled one
of the largest normal galaxy samples ever, and, for the first time,
probed redshift evolution directly and independently for early
and late-type systems.

The structure of this paper is as follows: In Sect. 2 we de-
scribe galaxy selection for our sample. In Sect. 3 we present our
XLFs, obtained using two different methods. We present our re-
sults in Sect. 4, and discuss them in Sect. 5. We conclude with
predictions related to future observations and missions in Sect. 6.

2. Sample selection

We compiled our galaxy sample by cross-correlating four major
X-ray surveys with optical surveys overlapping in sky coverage.
We used the Extended Chandra Deep Field South (E-CDF-S),
the Chandra Deep Fields, North and South (CDF-N, CDFE-S), as
well as the XBootes survey. We first identified X-ray and optical
counterparts and then used a number of selection criteria to sift
out normal-galaxy candidates from AGN.

2.1. Galaxy selection criteria

To apply the selection criteria described below, we required
X-ray luminosities in the soft band 0.5-2.0 keV, Lx(0.5-2.0),
as well as hardness ratios, defined by

H-S
H+S

Here, S represents counts in the soft energy band, 0.5-2.0 keV,
and H counts in the hard energy band, 2.0-8.0 keV. We calcu-
lated the former by using the flux information in the X-ray cata-
logues and the redshift information in the optical catalogues. For
E-CDF-S and CDF-N sources, we calculated hardness ratios by
using the soft, 0.5-2.0 keV, and hard, 2.0-8.0 keV, count infor-
mation in the catalogues. For CDF-S and XBootes, we used the
harndess ratios given in the catalogues.

To separate NGs from AGN, we used all of the following
criteria in conjunction:

HR = (1)

— We demanded that X-ray sources be detected in the
0.5-2.0 keV X-ray band, as non-AGN are preferentially soft
X-ray emitters (e.g., Levenson et al. 2001).

— We imposed upper limits to

— the logarithmic X-ray-to-optical flux ratio, so that
log(fx/fr) < —1. The optical flux fr was calculated
separately using the filter function for filters used in
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each survey. This choice was motivated by the fact that
some massive ellipticals will be missed by a choice like
log(fx/fo) < —2 (Tzanavaris et al. 2006), combined with
the observation by Georgakakis et al. (2006a) that it
is the log(fx/fo) > —2 galaxies that drive XLF evolu-
tion. The choice also took the increasing importance of
k-correcting with redshift into account.

— the X-ray luminosity, so that Lx < 10*?> erg s™!;

— the hardness ratio, so that HR < 0 (E-CDF-S and
CDF-N), 0.0055 (CDF-S), or —0.0078 (XBootes). The
last two values are due to the slightly different upper
bounds of the hard band in these catalogues and corre-
spond to HR = 0 for a 2.0-8.0 keV hard band and a
power law ET with T = 1.4;

— Finally, we used galaxy-type classification results from the
optical surveys, and performed individual visual checks to
keep sources that are clearly not stellar-like.

2.2. X-ray and optical counterparts
2.2.1. E-CDF-S

We cross-correlated the E-CDF-S (Lehmer et al. 2005) with the
COMBO-17 survey (Wolf et al. 2004), identifying X-ray/optical
counterpart pairs the members of which are within 3" of each
other. By applying the galaxy selection criteria described above,
we identified 41 sources, with a median redshift z,.q = 0.264.

2.2.2. CDF-N

We used counterparts identified by Barger et al. (2003), who
present optical and infra-red observations (see also Capak et al.
2004) of counterparts to X-ray sources of the Chandra 2 Ms
point-source catalogue (Alexander et al. 2003). We thus selected
82 sources, with a median redshift z,eq = 0.472.

2.2.3. CDF-S

The 1 Ms CDF-S catalogue is presented by Giacconi et al.
(2002). We used spectroscopic and photometric information for
counterparts identified in Szokoly et al. (2004) and Zheng et al.
(2004). We selected 56 sources, with z,eq = 0.52.

2.2.4. XBootes

We cross-correlated the XBootes X-ray point source catalogue
(Kenter et al. 2005) with the Sloan Digital Sky Survey, Data
Release 5 (SDSS, DRY), identifying X-ray/optical counterparts
within 3” of each other. We thus identified 28 sources, with
Zmed = 0.128.

In total, we obtained 207 sources up to z ~ 1.4. The total
area curve for our sample is shown in Fig. 2. Figure 1 shows that
the combination of deep and narrow surveys has the advantage
of providing wide coverage of the L—z plane.

3. The luminosity function
3.1. Non-parametric method

We used the method of Page & Carrera (2000) to derive the
binned normal galaxy XLF. This is a variant of the classical
non-parametric 1/Vp,x method (Schmidt 1968) and has the ad-
vantage of being least affected by systematic errors for sources
close to the flux limit of the survey.
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Fig. 1. Luminosity—redshift plot for the total sample used in this work.
The positions of galaxies selected from the four different sub-samples
are shown with the different symbols and colours indicated.
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Fig. 2. Area covered as a function of flux limit for the total sample.

We estimated the function in a luminosity-redshift interval
using the relation

N
D) = @ ’ 2
max <max dv
‘II‘Amin jz‘min(L) dz dzdL

where N represents the number of sources with luminosities in
the range Lmin t0 Lk, and dV/dz is the volume element for
a redshift increment dz. For a given luminosity L, zyin(L) and
Zmax (L) are the minimum and maximum redshifts for a source of
that luminosity to remain both within the flux limits of the survey
and the redshift interval. Note that the solid angle Q(L, z), avail-
able for a source with luminosity L at redshift z, corresponding
to a given flux in the area curve, also enters the calculation via
the volume element. The logarithmic bin size of the function
varies so that each bin comprises approximately equal numbers
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Table 1. Information on redshift intervals used for the parametric
XLF estimation method.

Sample zrange Zmed

0—02 0.13

Total 02—-06 0.38

06 —>14 0.78

Earl 0—-04 0.17
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Fig.3. Luminosity function for the total sample. Non-parametric
method (Page & Carrera 2000): points with error bars indicate log ¢ val-
ues estimated for galaxies selected in a low (red/medium-grey circles),
intermediate (green/light-grey squares), and high (blue/dark-grey cir-
cles) redshift interval. Horizontal error bars indicate the size of the log-
arithmic luminosity bin used, and vertical error bars the Poisson er-
ror. Parametric method (ML): for the same redshift intervals, the three
curves (solid, dashed, dot-dashed, in increasing redshift order) show the
luminosity function calculated from our ML fit parameters shifted to
the median redshift of each interval (see text for details). Other results:
stars are from the work of Kim et al. (2006). The results of Norman
et al. (2004) are shown with crosses (z > 0.5) and triangles (z < 0.5).

of sources N. From Poisson statistics, the uncertainty of each
luminosity bin is

VN

Linax  (Zmax(L) qy '
Lin fzmm@) & dzdl

0¢(L,2) = 3

We first applied this method to our total sample. To investi-
gate luminosity function evolution, we estimated the luminos-
ity function independently in three different redshift intervals,
given in Table 1 together with their corresponding median red-
shifts. These were chosen empirically to contain roughly equal
numbers of galaxies and to bring out any evolutionary effects as
clearly as possible. The results are shown in Fig. 3 where there
is a clear hint of evolution with redshift. We also note redshift-
dependent incompleteness because less luminous sources are
missed at higher redshift.

As explained, we were interested in investigating XLF be-
haviour as a function of not only redshift, but also of galaxy
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type. We separated our galaxies into early and late-type sys-
tems by using broad-band colour information in several filters,
obtained from the optical catalogues. We used the software hy-
perz (Bolzonella et al. 2000), which performs x? minimisation
to select a template spectral energy-distribution (SED), which
provides the best fit to a source’s photometric SED. Although
the primary goal of hyperz is to obtain redshift information,
the best-fit template SED for a given source is equivalent to an
early/late-type classification. We used 61 template SEDs, which
were smoothly interpolated from four original galaxy SEDs, as
described in Sullivan et al. (2004). These templates have indices
that increase with galaxy type from early to late. We classified
galaxies as early types, if the best-fit SED had index between O
and 25, and as late types otherwise. We thus found that our total
sample was split into two roughly equal sub-samples, compris-
ing 101 early-type and 106 late-type systems. We then proceeded
to estimate the binned non-parametric luminosity function as be-
fore for each sub-sample. As the number of galaxies was smaller
by a factor of ~2, we only used two redshift bins (Table 1).

3.2. Parametric method

We also derived the luminosity function by means of the
parametric maximum-likelihood method (ML; Tammann et al.
1979). The advantage of this method is its independence from a
sample’s homogeneity. It also allows us to quantify the observed
evolution by means of an evolution index, k, as explained below.
Its disadvantage is that the function is assumed to have a certain
form, with no possibility of checking the goodness of fit. We
adopted a Schechter (1976) form for the luminosity function,

L\ L L

outsit =o' () (- )4 ). @
which is known to fit optical luminosity functions well. We
parametrised the characteristic luminosity L* where the func-
tion changes from a power law with slope @ to an exponen-
tial drop at high luminosities as L* = Lj(1 + 2)¥, where the
evolution index k = 0 if L* = Lj at all redshifts. The prob-
ability that a galaxy is detected with luminosity L is given by
P, = ¢(L)/ f: @ ¢(L")dL’'. We constructed the likelihood func-
tion as []; P; and maximised }; In P; in log L space, by varying
@, L and k. Errors (90%) were estimated from the regions about
the ML fit where the likelihood changes by 1.3 (Avni 1976). As
the normalisation ¢* cancels out in this calculation, it was de-
rived via

N

e

¢ = )
Here, N is the number of galaxies in the redshift interval, where
ML estimation had been performed.

To illustrate our ML fit results, we used the best-fit parame-
ters to calculate the luminosity function for the median redshifts
that correspond to the distinct redshift intervals used in the non-
parametric method, as explained in the next section.

4. Results

We plot the results of the non-parametric method in Figs. 3-7. In
the same plots we also show curves illustrating the results of the
ML fits. These curves are produced using the ML results shown
in Table 2 and the median redshifts of each redshift interval used
in the non-parametric method (Table 1). Note that Figs. 4 and 5

P. Tzanavaris and I. Georgantopoulos: Galaxy luminosity function with Chandra

Table 2. ML fit results for a Schechter function with evolution index k.

Sample log L* « s k
(ergs™) In(10) x 10~* Mpc~3 dex™!
Total 4124002 _1.79+006 1.24 22103
Early 41.87°04 —1.81%017 0.295 —0.7+14
Late 41.25%030 —2,02+012 0.379 2410
Early

log ¢(Mpc-3 dex™?)

Coovo v b0 by vy o by vy My ]

38 39 40 41 42 43
log L,(0.5-2 keV) (erg s7?)

Fig. 4. Luminosity function for the sub-sample of early types. Points
with error bars: results from the Page & Carrera (2000) method in a
low- (dark grey/red) and high-redshift (light grey/green) interval, as ex-
plained in the text (see also Table 1). Solid curves: results from our
ML fits shifted to the median redshifts of the same redshift intervals.
Dashed curves: luminosity function from Georgakakis et al. (2006b)
shifted to the median redshifts as explained in the text.

show the same results as Figs. 6 and 7, the difference being that
the first pair is for different galaxy types, whilst the second pair
is for different redshift intervals.

The results of the non-parametric method for the full sample
(Fig. 3) show an indication of evolution with redshift. Although
some incompleteness inevitably sets in at higher redshift, the
trend is unmistakable. ML fitting quantifies this evolution with
an index ki = 2.2 = 0.3. The results for the early sample
(Fig. 4), however, tell a different story. First, taking the errors
into account, the results of the non-parametric method offer no
hint of evolution between the two redshift intervals. This agrees
with the results from ML fitting, according to which the evolu-
tion index keqiy = —0.77]¢ is consistent with zero. The late-type
results (Fig. 5) complete the picture. There is an apparent gap
between dark grey/red and light grey/green points, which are
obtained with the non-parametric method for different redshift
intervals. According to the ML method, this corresponds to an

evolution index Kjye = 2.47)0.

5. Discussion
5.1. Comparison with previous results

To probe XLF evolution for different galaxy types, large
numbers are necessary. Georgantopoulos et al. (2005) used



P. Tzanavaris and I. Georgantopoulos: Galaxy luminosity function with Chandra

Late

log ¢(Mpc-3 dex™?)

38 39 40 41 42 43
log L,(0.5-2 keV) (erg s7?)

Fig. 5. Like Fig. 4 but for the sub-sample of late types.
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Fig. 6. Luminosity function in the redshift interval 0—0.4. Points with
error bars: results from the Page & Carrera (2000) method for early
(green/light grey) and late (red/dark grey) types. Solid curves: results
from ML fits shifted to the median redshift of the redshift interval (same
colour coding as for points).

46 galaxies to construct XLFs for emission- and absorption-line
systems. However, their results were for a single redshift bin
z < 0.22. Georgakakis et al. (2006b) had 67 galaxies, likewise
limited to a single redshift bin z < 0.2. Although Norman et al.
(2004) had a large sample of 210 galaxies, they constructed no
galaxy-type specific sub-samples. It is thus the first time that
XLFs were calculated directly for early and late-type normal
galaxies. The large size of our total sample allows splitting into
three redshift bins that, in turn, strongly suggest evolution with
redshift. After repeating the procedure separately for early and
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early late
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Fig.7. Like Fig. 6, but for the redshift interval 0.4—1.4.

late-type systems, we detected no evolution for early types and
strong evolution for late types.

Our results are mostly in good agreement with related work
in the literature. The results for 36 normal galaxies (z = 0.01 —
0.3) by Kim et al. (2006) are shown by stars in Fig. 3. The re-
sults from Norman et al. (2004) for two redshift bins are also
shown. When compared to our results, these show an appar-
ent systematic shift to higher luminosities, which might suggest
AGN contamination. Note, however, that for the sake of clarity
we do not show errors from Norman et al. (2004), which would
bring their points and, in particular, the apparently markedly dis-
crepant point at (log Lx, log ¢) ~ (40.2, —1.7) into better agree-
ment with ours.

In Figs. 4 and 5 we also show the results for early- and late-
type galaxies by Georgakakis et al. (2006b). We constructed the
XLF curves by using the function parameters quoted by these au-
thors, but also imposed luminosity evolution following the k val-
ues we found in the present paper. For early types we see that our
largest sample cannot be adequately parametrised by their XLF,
which shows too steep an exponential cutoff. The late-type XLF
shows broad agreement with our non-parametric bins, but it is
clearly not a good representation of our data. The discrepancies,
especially for early types, may partly stem from these authors us-
ing a selection criterion log(fx/fo) < —2, thus obtaining fewer
luminous sources.

5.2. Evolution

The fact that late-type galaxies are driving the observed evo-
lution of the total sample can be understood if we look at the
redshift distributions of the two galaxy types. The histograms
in Fig. 8 show the observed distributions: Early-types dominate
in the lowest redshift bins, whilst late-types dominate at inter-
mediate redshifts. A Kolmogorov-Smirnov (KS) test shows that
the two distributions differ significantly. The probability that the
value of the KS statistic D obtained may be due to chance alone
is very small, p = 0.006. The observed trend is also corroborated
by theoretical distributions, shown by curves in the same figure,
which we construct using our ML fit parameters together with



668
early late
40 T T T T I T T T T I T T T T I T T T T
L i
,\
30 ! —
1 \
o \ -
I \
) i
I \
) 7
- 5 | i
z 20 it B \T 7]
_: 3 ]
FirT. — 4
T -
L | : J
L]
10 (= I
H
o J
. N e
0 0.5 1 1.5 2

Fig. 8. Redshift distributions. Histograms: distributions for the sub-
samples of early (green/light grey) and late-type (red/dark grey) galax-
ies. Curves: calculated distributions for early (green/dashed) and late
(dotted/red) types.

the area curve information of our data. Qualitatively, this also
agrees with the results of Bundy et al. (2005). These authors
used a large sample from the Great Observatories Origins Deep
Survey (GOODS) fields to probe mass assembly of morphologi-
cally distinct normal galaxies. They found an increasing propor-
tion of early-type systems with decreasing redshift from z ~ 1
to 0, which is similar to what we see in our redshift distribution.

Furthermore, we found that it is the late types with highest
log(fx/fo) that are mostly responsible for the observed trend.
In Fig. 8 we see that numbers for late-types appear to rise after
z = 0.5. Out of 53 late-type systems at z > 0.5, 39, or 74%,
have log(fx/fr) > —2. This finding agrees with the claim by
Georgakakis et al. (2006b) that their deduced evolution stems
primarily from such sources. It also provides a posteriori justifi-
cation of our upper-limit choice (log(fx/fr) < —1) in the selec-
tion criteria for the present sample. We cannot exclude that this
observation is, at least partially, a consequence of a selection
effect. Given the steep relation Ly o Lllg'5 for spirals (Shapley
et al. 2001), we might expect to preferentially detect intrinsi-
cally brighter galaxies at higher redshift, which would lead to a
selection against low fx/fr values. Even so, that we see bright
late-types may still be significant. As Tzanavaris et al. (2006)
have shown, at lower redshift, bright galaxies with log(fx/fo) >
—2 are mostly early-type.

It is encouraging that our luminosity evolution estimates are
in good agreement with results by other authors. Taken together,
Norman et al. (2004), Hopkins (2004), Ranalli et al. (2005),
Georgakakis et al. (2006a), Georgakakis et al. (2007), Ptak et al.
(2007), as well as the present paper, lead to a broad consensus
that the data are consistent with luminosity evolution with an
index k = 2-3.

In particular, Hopkins (2004) investigates luminosity func-
tion evolution for a sample of radio-selected star-forming galax-
ies by combining constraints from the global SFR density
evolution with those from the 1.4 GHz radio source counts
at submillijansky levels. He finds luminosity evolution ~(1 +
2)>7*06 for star-forming galaxies. Given the tight correlation
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between radio, far infrared, and X-ray luminosity functions
(Ranalli et al. 2003), the agreement of this result with our result
for late-type systems is particularly significant for two reasons.
Firstly, it supports our main result that late-type systems are driv-
ing the overall redshift evolution of normal galaxies in the local
Universe. Secondly, as our normal galaxy selection criteria are
independent of those for 1.4 GHz sources, it suggests that any
AGN contamination is unlikely to have had significant impact
on our XLFs.

Georgakakis et al. (2007) obtained essentially the same evo-
lution index for late-types, ke = 2.4, by employing methods
largely independent of ours. Because they used X-ray-IR corre-
lations which hold for normal galaxies, but not for AGN, their
sample is virtually guaranteed to be free of AGN contamination.
Although their sample is ~4 times smaller than ours, the agree-
ment in the evolution index is, once more, significant. Ranalli
et al. (2005) showed that the blue galaxy luminosity function
for the 25 000-strong spiral galaxy sample of Wolf et al. (2003)
requires a pure luminosity evolution index <3. This is also con-
sistent with our results, under the assumption that blue galaxies
are largely the same population as the late-type systems in our
sample. Ptak et al. (2007) jointly fitted low and high-redshift
XLFs, obtaining pure-luminosity evolution with kegry = 1.6
and ki = 2.3. These authors used Bayesian techniques and a
Monte Carlo Markov chain analysis. The agreement, at least for
late-types, is thus particularly encouraging.

Comparisons with results for red galaxies are less straight-
forward. Assuming that our early-type galaxies are the same
population as red galaxies in optical surveys, with no significant
dust contamination, that, unlike Ptak et al. (2007), we do not
measure significant evolution for early-type galaxies, disagrees
at face value with the observed evolution in optical wavebands
(Brown et al. 2007; Wolf et al. 2003). However, this is consis-
tent with models that predict a fast decline in luminosities at
optical wavelengths, with X-ray luminosities remaining high for
21 Gyr (Eracleous et al. 2006), in systems with a significant con-
tribution from LMXBs. White & Ghosh (1998) predict that the
combined effect of LMXBs and HMXBs may lead to a “twin
peak” in the evolving XLF of normal galaxies; due to HMXBs,
the first peak would be expected to occur close to the SFR peak
at z = 1.5. The second peak would be delayed until z = 0.5-1,
due to delayed turn-on of LMXBs. To first order, our early-type
systems are dominated by LMXBs, which could mean that we
may approximately be witnessing this second peak. However,
this approximation may be inadequate, even to first order, due
to the caveat that the most luminous systems are dominated by
the hot ISM. Similarly, our late-type systems are dominated by
HMXBs, whose X-ray luminosity has peaked at high z, and we
are witnessing their dimming at lower redshifts. Indeed, an evo-
lution index k ~ 2.4 is consistent with ‘“Peak-M” models, which
are characterised by longer evolutionary timescales for LMXBs
(Ghosh & White 2001, Table 2).

5.3. Comparison with AGN

It is not clear whether this scenario is consistent with re-
sults for the XLF evolution of AGN-dominated systems. Ueda
et al. (2003) and La Franca et al. (2005) found that luminosity-
dependent density evolution explains their XLFs best. They
showed that XLFs for luminous AGN peak at higher redshifts
than for less luminous ones. By assuming that SMBH growth is
closely linked to starburst activity, Ueda et al. (2003) linked this
to normal-galaxy evolution in a first-order scenario, where lumi-
nous AGN once lived in what later became early-type galaxies.
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Their AGN activity peaked at high z ~ 2, following strong star-
bursts, and decreased rapidly after z < 2. On the other hand,
galaxies that hosted less luminous AGN at high z have smaller
spheroids, i.e. are of later type. Their star-formation peaks at
lower z, and so does their AGN activity, peaking at z ~ 0.6—0.7.

We did not specifically investigate luminosity-dependent
density evolution in this paper. As explained in the previous sec-
tion, our results supporting pure-luminosity evolution are cor-
roborated by a number of different authors using a variety of
data and techniques. This would then cast doubt on a general,
unified evolutionary scheme, encompassing both AGN and nor-
mal galaxies.

Even so, it is possible to make our results broadly consistent
with these AGN evolutionary models, at least in a qualitative
sense. Thus early types that, presumably, correspond to bright
AGN/high star-formation at high redshift would be expected to
show declining luminosities at the redshifts we probe. That we
detect no such evolution is already explained by the possibility
of delayed LMXB evolution. For late types, we do detect declin-
ing luminosities. As the AGN peak redshift is within the range
probed by our sample, our selection criteria naturally exclude
any AGN, instead picking galaxies whose AGN is either switch-
ing off or makes a very low contribution to the total luminosity.

6. Predictions for deeper Chandra and XEUS
observations

The CDFs have allowed us, for the first time, to obtain a couple
of hundred X-ray-detected normal galaxies at cosmologically in-
teresting redshifts. In turn, we are now starting to detect galaxy-
type dependent evolution. However, compared to results in other
(e.g. optical) wavelength bands, X-ray work still suffers severely
from small numbers. Incompleteness at high redshift is evident,
and uncertainties large. It is thus imperative to obtain larger and
deeper samples for exploring normal galaxy evolution in greater
detail.

In Fig. 9 we present results from various number count distri-
butions as a function of soft X-ray flux including observed CDF
counts, which come both from AGN and normal galaxies, ob-
served galaxy counts, and a theoretical N(S) distribution, which
we calculated using our MLE results. With data from a 4 Ms
CDF-N exposure, ~6 X 10% sources per square degree would be
detected with fluxes 21.2x 1077 erg cm™2 s~!. Galaxies with lu-
minosities log Lx ~ 41 would then be detectable out to z ~ 1.4.
The brightest galaxies, log Lx ~ 42 would extend the redshift
range to 7 < 4.

Such exposure-time requirements may well prove pro-
hibitive in practice. ESA’s planned X-ray Evolving Universe
Spectroscopy (XEUS) mission will be able to offer an im-
pressive increase in detected number within realistic time con-
straints. Using our evolving luminosity function with no evo-
lutionary break at high redshift, we estimate that, just with a
single 1 Ms exposure, counts from normal galaxies (see Fig. 9)
will exceed ~2 x 10* per square degree for sources with fluxes
24 x 1078 erg cm™2 s7!. In this case log Lx ~ 41 galaxies will
be detectable to z ~ 2 and log Lx ~ 42 ones to z ~ 6, thus finally
paving the way for a study of the high-redshift normal-galaxy
XLF. This is consistent with the fluctuation analysis results of
Miyaji & Griffiths (2002), who show that soft-band counts for all
sources (i.e. including AGN) continue growing with decreasing
flux. As our analysis specifically targets normal galaxies, this re-
sult implies that counts from normal galaxies will overtake AGN

at fluxes ~5 x 107"® erg cm=2 57!
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Fig. 9. Number of sources per square degree as a function of flux limit.
Solid black curve: total counts from CDFs (Bauer et al. 2004). Red long-
dash bounded area: 1 Ms fluctuation analysis results (Miyaji & Griffiths
2002). Blue dotted curve: normal galaxies from this work. Green dot-
dashed curve: counts calculated using our estimated values for L;, «
and k for the normal galaxy luminosity function. From left to right, the
vertical dashed lines show flux limits for a 1 Ms exposure with XEUS,
a4 Ms CDF-N, a 3 Ms CDF-N, and the 2 Ms CDF-N.

7. Summary

In this paper we have shown the importance of increasing num-
bers of X-ray-luminous normal galaxies for probing XLF be-
haviour as a function of both redshift and galaxy type. We se-
lected 207 normal galaxies (101 early-type and 106 late-type)
from the three Chandra deep fields and XBootes. Our major re-
sults are:

1. Both methods of XLF estimation, parametric and non-
parametric suggest that the full galaxy sample is consistent
with pure luminosity evolution, which is driven exclusively
by evolution of late-type systems.

2. The evolution index k, where L™ = Lj(1 + 2)F,is 2.2 + 0.3 for

the full sample, 2.4*)0 for the late-type sample, and —0.7*]¢
for the early-type sample

3. Our results agree broadly with results from other work.

4. We estimate that, with a 1 Ms exposure with XEUS, counts
from normal galaxies will overtake AGN at faint fluxes and
will allow probing XLF evolution to high-redshift.
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