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1 INTRODUCTION

1.1 Cooling flows

ABSTRACT

Spectroscopic observations of central dominant cluster galaxies, with and without cool-
ing flows, are presented. Through the analysis of absorption spectral features, namely
the strength of the magnesium absorption at 5175 A and the 4000 A break, both in
the galaxy centres and as a function of radius, we have been able to estimate the on-
going star formation induced by the large amounts of gas accreted onto cooling-flow
galaxies. A correlation between the central spectral indices and the mass accretion rate
is found in the sense that galaxies located in clusters with large cooling flows exhibit
lower Mgs and Dygoo indices. A similar correlation with Dsgop was previously reported
by Johnstone, Fabian & Nulsen (1987). Our work, with the inclusion of the correla-
tion in Mgy, adds further weight to the conclusion that these spectral anomalies are
caused by recent star formation. The application of simple stellar population models
reveals that the measured indices are explained if a relatively small fraction of the total
mass flow (5-17%) is forming new stars with a normal initial mass function. However,
we argue that this is only a lower limit, and conclude that a large fraction of the gas
accreted inside the galaxy could be forming stars. We find that spectral gradients in
some cooling flow galaxies flatten in the internal regions (r Z r.), where emission lines
are usually detected. Gradients measured in the inner galaxy regions are, in the mean,
lower than those of normal ellipticals, and exhibit a hint of a correlation with M. Ap-
plication of the same population models to the observed spectral gradients allows us
to conclude that the ongoing star formation is concentrated towards the inner parts of
the cooling flow galaxies and, therefore, the star formation does not follow the X-ray
derived mass accretion profiles. Simultaneously, the spectral indices in the outer regions
of some galaxies with and without cooling flow attain extremely low values, suggesting
that they could be hosting star formation with an origin not related to the cooling flows.

Key words: cooling flows — galaxies: elliptical, ¢cD — galaxies: clustering — galaxies:
evolution — galaxies: stellar content

their estimated luminous masses. X-ray data with good spa-
tial resolution indicates that the mass deposition profiles are
reasonably fitted by power-laws of the form M(< r) « r™,

X-ray observations indicate that a substantial fraction of the
giant elliptical galaxies found at the centres of galaxy clus-
ters are accreting large amounts of gas (cooling flows) from
the intracluster medium at typical rates of M~ 100M¢ /yr
(Fabian, Nulsen & Canizares 1984). The study of an X-
ray flux-limited sample of galaxy clusters (Edge, Stewart
& Fabian 1992) has shown that central cooling times are
less than the Hubble time in at least 70% and, possibly,
90% of the clusters, suggesting that cooling flows should be
long-lived. If this is the case, the brightest cluster galax-
ies found at the centres of such flows could have accreted
total masses of the order of 10'1-10'? M, comparable with

where n (the drop-out parameter) is typically n ~ 1, im-
plying most of the gas is not flowing to the very centre of
the cluster (Thomas, Fabian & Nulsen 1987). For extensive
reviews on cooling flows, see Sarazin (1986), Fabian, Nulsen
& Canizares (1991), and Fabian (1994).

Although alternative scenarios have also been proposed
to reduce the large amounts of cooled gas flowing to the
cluster centres, they can not successfully explain the X-ray
data (Fabian et al. 1991 and references therein). A chal-
lenging possibility is the existence of heating flows (de Jong
et al. 1990; Sparks 1992). However, Fabian, Canizares &
Bohringer (1994) have shown that the heating flow scenario



2 N. Cardiel, J. Gorgas & A. Aragén-Salamanca

is inconsistent with X-ray imaging observations and requires
implausible stability and boundary conditions.

The fact that cooling flows could be common and long-
lived processes in X-ray clusters of galaxies strongly sug-
gests that the origin and evolution of such flows should be
related to the history and evolution of the clusters. How-
ever, analysing the X-ray emission from bimodal clusters,
Henriksen (1993) has argued that cooling flows do not exist
over the whole lifetime of the clusters, since merger processes
should disrupt the flows.

One of the outstanding questions in the understanding
of the cooling flow phenomenon is what is the final fate of
the accreted gas. Despite the fact that it cannot be com-
pletely ruled out that the accreted gas could stay in an al-
most undetectable gaseous form, it is generally thought that
the more plausible fate for most of the gas is the formation
of new stars (eg. O’Connell & McNamara 1989; Fabian et
al. 1991). However, recent observations have revealed that
many cooling flow galaxies may contain cold gas at some
extent (McNamara, Bregman & O’Connell 1990; White et
al. 1991). This result implies that star formation in cooling
flows may not be as efficient as previously thought.

1.2 Previous work

If star formation is taking place at the rates inferred from
X-ray observations, and with a ‘normal’ (i.e. solar neigh-
bourhood) initial mass function (IMF), the accreting galax-
ies would be remarkably blue, even if M were substantially
overestimated. The first studies devoted to detect this star
formation did not find significant colour anomalies in cool-
ing flow galaxies (Lachit¢ze-Rey, Vigroux & Souviron 1985;
Romanishin 1986), except for NGC 1275 and PKS 0745—191
(Romanishin 1987), two galaxies with prominent accretion
rates. Later photometric work in the near-infrared and opti-
cal ranges (Thuan & Puschell 1989; McNamara & O’Connell
1992) have confirmed that galaxies with large flows exhibit
bluer central colours than non-accreting cD galaxies, finding
a possible correlation between colour and M. Furthermore,
colour anomalies are found to be more spatially extended as
the accretion rate increases. In general, the blue anomalies
imply that only a few percentage (< 10%) of the accreted gas
may be forming stars with a normal IMF. Recently, McNa-
mara & O’Connell (1993) have found that the blue colours
observed in A 1795 and A 2597 are located in patches co-
incident with the radio lobes of the galaxies, suggesting a
connection between the radio sources and the star forma-
tion (or, at least, the source of the blue light).
Spectroscopic work on cooling flow galaxies has led to
similar conclusions as the photometric studies. Although Hu,
Cowie & Wang (1985) did not find evidence for star forma-
tion, work from Wirth, Kenyon & Hunter (1983), Bertola
et al. (1986) and Crawford et al. (1989), employing popu-
lation synthesis methods, have shown that, in order to re-
produce the continuum spectral distribution in the optical
and ultraviolet, star formation with a normal IMF should be
taking place at rates about 5% of the total accretion flow.
An important result is that presented by Johnstone, Fabian
& Nulsen (1987, hereafter JFN), who reported a correla-
tion of the A4000 A break (D4000; see definition in Bruzual
1983) with the mass accretion rate, in the sense that Dsgo0
decreases for large accretion flows. Furthermore, JFN, Mc-

Namara & O’Connell (1989), and Allen et al. (1992) found
a clear correlation between the blue excess and the emission
line luminosities (A discussion of emission lines in cooling
flow galaxies is presented in Section 5). We must highlight
the recent work of Crawford & Fabian (1993), in which it
is noted that the blue spectral anomalies can also be ex-
plained by power-law spectra, thus suggesting that the blue
colours could be caused by a non-thermal source instead of
star formation. These authors also remark that spectral dis-
tributions in cooling flow galaxies are more consistent with
a past starburst than with a constant star formation from
the cooling flow.

Summarising, the main conclusion from the former pho-
tometric and spectroscopic works is that only a small per-
centage (< 10 %) of M may be forming stars with a normal
IMF. The fate of the remaining gas remains unclear. Sev-
eral authors (Sarazin & O’Connell 1983; O’Connell & Mc-
Namara 1989; Fabian et al. 1991) have argued that the most
viable repository is low-mass stars, or even planetoids. Ac-
tually, an IMF biased to low masses could be favoured by
the the lack of dust in the cooled gas and the absence of
large molecular clouds. Ferland, Fabian & Johnstone (1994)
have shown that the Jeans mass in a cooling flow (mainly at
large radii) can be < 0.1 My, thus favouring the formation
of low-mass stars. Recently, Schombert, Barsony & Hanlon
(1993), from optical and near-IR imaging, find some evi-
dence for that low-mass star population. In addition, John-
stone & Fabian (1989) pointed out that the observation of
a giant red envelope galaxy (GREG; Maccagni et al. 1988)
can be interpreted as a population of low-mass stars formed
from a cooling flow.

Although the nuclear colour anomalies of galaxies with
prominent cooling flows have been firmly established, the
observed effects of gas flows in the colour gradients of the
accreting galaxies are quite unclear. Apart from NGC 1275
and PKS 0745—191, which exhibit large positive colour gra-
dients (Romanishin 1987) consistent with the star forma-
tion concentrated towards the nuclear regions, the studies of
colour gradients in cooling flow galaxies have led to contra-
dictory results. Whilst some authors do not find significant
differences in gradients compared to giant elliptical galax-
ies (Hu et al. 1985; Lachiéze-Rey et al. 1985; Peletier 1992),
other work seems to indicate that colour gradients may flat-
ten as mass accretion rate increases (Mackie, Visvanathan
& Carter 1990; McNamara & O’Connell 1992), though the
scatter of that correlation is too large to confirm it. The
red upturns found by McNamara & O’Connell (1992) in the
outer parts of some brightest cluster galaxies, both with and
without cooling flows, are not consistent with other studies
(eg. Peletier 1992).

1.3 Spectral indices in cooling flow galaxies

The study of spectral absorption features in cooling flow
galaxies can shed new light on the understanding of the
possible star formation in these kind of objects (Sarazin
1986). This approach was first followed by Gorgas, Efs-
tathiou & Aragén-Salamanca (1990, hereafter GEA). They
measured Mg, indices in the central regions of a sample of
brightest cluster galaxies which includes some cooling flow
objects. Since line-strength gradients are usually found in
early-type galaxies, the conclusions of that work depended



on the unknown size of the gradients for the cooling flow
objects (needed to perform aperture corrections). Under the
assumption that these gradients were similar to those found
in ellipticals, we concluded that no sign of star formation
were apparent in the optical spectra of cooling flow galax-
ies. This result, in contradiction with the findings of JFN,
can not be confirmed until a systematic study with spatial
resolution of spectral indices in brightest cluster galaxies is
performed. This is one of the aims of this paper. Simulta-
neously, the determination of spectral gradients is also very
important in order to get information about the radial dis-
tribution of the possible ongoing star formation.

In this paper we focus on the study of the Dso00 and
Mg, spectral indices in the centre and along the radii of a
sample of brightest cluster galaxies with and without cooling
flows. These indices have proved to be powerful indicators
of changes in the stellar populations of early-type galaxies.
The break at 24000 A has been widely used as an indicator
of spectral evolution in high-redshift galaxies (eg. Hamilton
1985; Dressler 1988; Charlot & Silk 1994). The index is quite
sensitive to the temperature of the main sequence turnoff
point, although its dependence with metallicity, reported as
negligible by Dressler & Shectman (1987), could be signifi-
cant (Worthey 1994). The behaviour of the Mg, index (see
Faber et al. 1985 for a definition) with stellar atmospheric
parameters has been extensively studied by Gorgas et al.
(1993). Obviously, it is also sensitive to metallicity. In order
to avoid this problem, throughout this work we will assume
that metallicity variations along cooling flow galaxies are
similar to those for ellipticals. Both indices are suitable to
be measured at relatively low signal-to-noise ratios, allow-
ing the determination of spectral indices far from the galaxy
centres.

The galaxy sample, data reduction techniques and error
estimation are described in Section 2. The spectral indices
in the central regions of the galaxies are presented in Sec-
tion 3, together with the implications on the star formation
from cooling flows. In Section 4, the results and interpre-
tation of spectral gradients are given. Section 5 is devoted
to a discussion of the emission lines found in some of the
galaxies in the sample, and their connection to the results
of previous sections. Finally, our conclusions are summarised
in Section 6.

2 OBSERVATIONS AND DATA REDUCTION
2.1 The observations

Long-slit spectroscopic observations of brightest cluster
galaxies were carried out in three runs with two different
telescopes. In the first two runs (February and November,
1991) we observed with the 4.2m WHT at the Roque de los
Muchachos Observatory (La Palma, Spain) employing the
ISIS double spectrograph mounted at the f/11 Cassegrain
focus. Both arms of ISIS were used in the first run, using the
IPCS II detector in the blue arm and a CCD in the red. Due
to linearity problems in the IPCS II (see below) we changed
this detector by a blue coated CCD for the second run. Here
we also observed with the red arm, though weather condi-
tions prevented these exposures from being useful, except
for confirming the existence of some emission lines.
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The observations of the third run (June 1993) were car-
ried out at the 3.5m telescope at the German-Spanish As-
tronomical Observatory at Calar Alto (Almeria, Spain). We
used the Cassegrain Twin Spectrograph with a blue coated
TEK CCD in the red channel. The observations took place
in grey nights.

Details of the observational configurations for each run
are given in Table 1. In general, we obtained intermediate-
resolution spectra from the 4000 A break to the Ha line.

We observed a sample of 10 central dominant galax-
ies, comprising 8 cooling flow galaxies and 2 in which no
cooling flow has been detected. These galaxies were chosen
to spread a range in mass deposition rates and redshifts.
It must be noted that one of the non-cooling flow galaxies
(NGC 7728) is a strong-radio source (see, e.g., Ball, Burns &
Loken 1993). The sample is listed in Table 2 together with
additional information including total exposure times and
position angles of the spectrograph slit. The effective expo-
sure times for PKS 0745—191 and A 644 were not as large as
those required to obtain good signal-to-noise spectra outside
the galaxy central regions. We also took spectra of a sam-
ple of G-K giant stars to be used as templates for velocity
dispersion measurements. These stars will also be used to
confirm that our Mg, indices are in the correct photometric
system, as explained in the next section.

2.2 Data Reduction and Error Analysis

The data reduction process is based in that described by
Gorgas (1987) and GEA. Initial chip’s cosmetic (essentially
bias, dark current subtraction and cosmic ray cleaning) was
performed with the standard routines of the FIGARO pack-
age. Flatfielding, wavelength calibration, C-distortion cor-
rection, sky subtraction, extinction corrections, centering
and binning of the spectra, and spectral indices measure-
ments were achieved with the aid of own reduction programs.

In order to get reliable measurements of the indices,
especially at low surface brightness levels, it is necessary to
follow in detail the error propagation throughout the data
reduction. The use of our reduction package allowed us to
control errors more carefully than with standard software.
We present a summary of some of the reduction steps, the
sources of error and their main effects.

Lamp and dome flat-fields were employed to correct
pixel-to-pixel differential response, whereas twilight flat-
fields were used to compensate for two-dimensional low-
frequency scale sensitivity variations on the chip. Unfortu-
nately, flat-fields of Run 3 revealed that an electronic in-
terference noise pattern was present in all the frames up
to a level of 1% in the number of counts/pixel. The mea-
sured pattern exhibited unpredictable spatial shifts along
the night that prevented us from removing it. Nevertheless
we estimated its effect in the index measurements by intro-
ducing additional noise (with similar frequency ranges and
random spatial shifts) in the final spectra. The derived er-
rors, which turned out to be ~ 0.004 mag for Mg, and ~ 0.02
for D4o00, Were taken into account in the calculation of the
total errors.

In order to check the linearity of the detectors, we car-
ried out a comprehensive analysis of several flat and arc
frames taken, with that purpose, with different slit widths
and exposure times. As it was expected, the IPCS II detec-
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Table 1. Observational configuration.
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Run1 Run 2 Run 3
Dates 16 Feb 1991 1-3 Nov 1991 8-10 Jun 1993
Telescope WHT 4.2m WHT 4.2m CAHA 3.5m
Spectrograph ISIS blue ISIS red ISIS blue CTS
Detector IPCS II CCD EEV2 CCD EEVe CCD TEK 12
Dispersion 1.21 A /pixel 2.72 A /pixel 2.70 A /pixel 3.46 A /pixel
Wavelength Range 3450-6650 A 4600-7700 A 3500-6850 A 3750-7350 A
Spectral Resolution 17 A 17 A 8 A
Slit Width 2.05 arcsec 2.0 arcsec 2.1 arcsec

Spatial Scale 1.20 arcsec/pixel

Table 2. Galaxy sample.

Cluster Galaxy R.A. Decl.
(1950) (1950)
A 262 NGC 708 01 49 50.0 +35 54
2A 0335+096 03 35 57.0 409 48
PKS 0745-191 07 45 18.0 —19 10
A 644 08 14 59.0 —07 21
A 1126 10 51 11.0 417 07
A 1795 13 46 34.2 +26 50
A 2124 15 43 05.7 436 15
A 2199 NGC 6166 16 26 55.7 439 39
A 2319 ... 19 19 36.7 443 51
A 2634 NGC 7728 23 36 00.0 +26 45

tor showed important linearity deviations. For instance, at
a count rate level of 0.2 Hz (counts/pixel/sec) about 9% of
counts are lost. We found that this behaviour depends on the
image structure, being thus quite difficult to correct. Any-
way, the count rates in the galaxies observed with this de-
tector are low enough to assume that the effect is not affect-
ing the index measurements, as can be checked comparing
the results for the galaxy (A 1126) observed with both the
IPCS II and the CCD (Mgi/?°(IPCS II) = 0.291 = 0.015,
MgL/?°(CCD) = 0.283 + 0.007). On the other hand, the
tests showed that the CCD’s used in Runs 2 and 3 showed
negligible non-linearity effects up to 60000 counts. The CCD
employed in Run 3 exhibited small departures from linear-
ity at high number of counts (e.g. at N.;=30000 overcounts
~ 2%). In this case, the observations were corrected from
this effect, although it marginally affects only the giant star
spectra.

Prior to the wavelength calibration, arc frames were em-
ployed to correct from C-distortion in the images. This ro-
tation correction guaranteed alignment errors below 0.1 pix-
els. Spectra were converted to a linear wavelength scale using
typically 50 arc lines fitted by 5— 7't order polynomials, with
rms errors of 0.5 — 1 A. These translate to negligible uncer-
tainties in the indices (AMg, =~ 0.0015, AD4go0 ~ 0.001).
In addition, spectra taken with the IPCS II were corrected
from S-distortion.

Since in the outer parts of some galaxies we are measur-
ing indices in spectra with light levels of only a few percent
of the sky signal, the sky subtraction is a critical step in our
data reduction. For each galaxy observation a sky image was
generated fitting for each channel (pixel in the X direction)
a low order polynomial to regions selected at both sides of
the galaxy. It is impossible to obtain, a priori, a good de-
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z Run Exposure P.A. Comments
(secs)
0.0163 2 9000 40°
0.0346 2 10800 144° clouds
0.1028 1 2000 55° blue arm
0.0704 2 6355 16° clouds
0.0828 1 6750 120°  clouds, blue arm
1 3000 120° red arm

0.0636 3 12570 15°
0.0671 3 12200 160° moon
0.0314 3 9600 30° moon
0.0529 3 12521 0° moon
0.0315 2 3285 10°

termination of the quality of the sky subtraction. However,
an upper limit for this error can be evaluated by subtract-
ing sky images with light levels altered by several factors.
When the introduced factors are excessively large, sky lines,
badly removed, appear in the galaxy spectra. In this way,
we estimate that sky subtraction errors are, in most cases,
well below 1%. In order to visualise the effect of a wrong
sky subtraction, in Figure 1 we have plotted the Dygoo in-
dex along the radius for the galaxy in A 2199 varying the
sky level between +1%, using a constant step of 0.1%. As
it could be expected, the measured indices in the outer re-
gions increase dramatically when the sky is overestimated
whereas the indices are moderately lower when the sky level
is reduced. This figure shows that the low indices attained at
the outer parts of some galaxies of the sample are very un-
likely due to an underestimation of the sky, since this would
imply high systematic errors that should be clearly detected
as unremoved sky lines. A possible systematic overestima-
tion of the sky level could arise if the galaxy contribution
to the regions from where the sky is extracted is not negli-
gible. To explore this effect we have used surface brightness
profiles from the literature (Schombert 1986, 1987; Roman-
ishin & Hintzen 1988) to estimate the relative contribution
of the galaxy. When necessary, the effect has been taken into
account subtracting from the sky spectra a scaled and av-
eraged galaxy spectrum, though the effect on the measured
indices is quite small (compared with the size of the rest of
the errors) even in the outer spectra.

It is interesting to note in Figure 1 that random errors
in the sky subtraction produce an asymmetric distribution
of the Dygoo errors. We have investigated this effect in more
detail by running numerical simulations of the sky subtrac-
tion in synthetic indices. Figure 2 plots a histogram of the
Diooo measured in simulations with a theoretical value of
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Figure 1. Effects of the sky subtraction errors in the Dy4go0 gra-
dient of A 2199. The thick line is the measured gradient, whereas
thin lines represent the gradient we would measure if the sky level
is changed between +1% with a constant step of 0.1%. When
the sky level is overestimated, indices in the outer galaxy regions
grow dramatically, whereas underestimating the sky level leads
to smaller changes in the index.

2.4 (solid line) for a galaxy spectrum at a 10% level of the
sky brightness, when we introduce a 1% Gaussian error in
the sky level. The mean index (dashed line) is above the
true value, whereas the mode of the distribution is below
the actual index. This skewed distribution has been taken
into account to estimate the errors due to photon noise and,
in general, should be considered when measuring indices in
galaxy spectra close to the sky brightness (e.g. high-redshift
galaxies). Similar results were obtained in simulations with
the Mg, index.

Atmospheric extinction was calculated using the extinc-
tion curve of King (1985) for Run 1 and 2, and the extinction
curve of Calar Alto for Run 3. Its effect is negligible in Mg,
measurements, and very small in D400 (less than 1%). To
correct for interstellar extinction we have used the averaged
interstellar extinction curve of Savage and Mathis (1979),
and the reddenings derived by Burstein & Heiles (1982).
Again Mg, does not change and Dygoo is only affected at
a ~ 1% level. The exception is PKS 0745—191, which is
located near the galactic plane. Using the colour excess of
Romanishin (1987) (E(B-V)~ 0.38) the correction for this
galaxy is ADyg00 ~ 0.20).

Flux calibration of the spectra has been achieved us-
ing exposures of Oke (1974) and Massey et al. (1988) stan-
dards (1, 3 and 7 stars for Runs 1, 2 and 3 respectively).
All the calibration curves of each run were averaged and
the flux calibration errors were estimated by the differences
among the indices measured with different curves (typically
AMg, ~ 0.006, ADj4g0 ~ 0.03). To check that our Mg, in-
dices are in the same system as that of the Lick group we
measured line-strengths in a sample of G-K giant stars in
common with Faber et al. (1985). The comparison is pre-
sented in Table 3 and plotted in Figure 3. In average, our
Mg, indices are systematically ~ 0.014 magnitudes below
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Figure 2. Histogram of the D4ggo values obtained in numerical
simulations of the spectral index measured in a galaxy spectrum
that has only 10% of the sky brightness, when introducing a 1%
Gaussian error in the sky level and considering a theoretical value
D4000=2.4 (solid line). The mean index (dashed line) is above the
true value, whereas the mode of the distribution (arrow) is below
the real index.

the Lick values, with a standard deviation around this off-
set of 0.006 mag., in agreement with our internal errors. It
should be noted that the Lick measurements are flux cali-
brated using a tungsten lamp and there is no a priori reason
to expect that our values are on the same system as theirs.
In fact, our offset is similar to those found by other au-
thors [Davies, Sadler & Peletier (1993) and Gonzélez (1993)
reported an offset of 0.017 mag., and Carollo & Danziger
(1994) found 0.010 mag.], being their and our measurements
in a true photometric system. The Mg, values listed in the
tables of the next sections have not been corrected for that
offset (i.e., we have kept them in our system).

The error propagation through the data reduction was
followed by creating, from photon and readout noises, aux-
iliary error images which were reduced in parallel to the
galaxy frames. To estimate the effects of these errors we
measured spectral indices in galaxy spectra in which Gaus-
sian noise, given by the error images, was added. These pho-
ton statistics errors were added quadratically to the error
due to the flux calibration and, in the case of Run 3, to
flatfielding uncertainties. These two last errors usually dom-
inated in the central parts of the galaxies, whereas photon
and readout noise were the principal sources of uncertainty
in the outer regions. Once the errors in each spatial incre-
ment were known, the spectra were binned in the spatial
direction with the aim of maintaining a minimum value of
the signal-to-noise which guaranteed a reasonable maximum
error in the index measurements (typically AMg, =~ 0.030,
AD4000 ~ 020)
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Figure 3. Comparison of our Mg, indices in a sample of G-K
giant stars (Table 3) with those measured by Faber et al. (1985).
The systematic offset (0.014 magnitudes) is shown by the dashed
line. Different symbols have been employed for different observing
runs.

3 CENTRAL AND GLOBAL INDICES
3.1 The data

In this section we present measurements of the central and
global Mg> and D400 indices in the galaxies of the sam-
ple. It must be noted that if a fixed angular aperture were
employed for all the galaxies, the observed values would be
affected, in a different proportion depending on the clus-
ter redshift, by the spectral gradients. Therefore, it is nec-
essary to use distance-independent indices to compare the
measurements for different galaxies. As a first step, we have
measured central spectral indices (Mg?, D?ooo) employing
a standard metric aperture size that corresponds to 4" pro-
jected at the distance of the Coma cluster. This allows us
to compare our Mg, indices with those obtained by Davies
et al. (1987) for a large sample of elliptical galaxies. The
results, together with their errors and some galaxy parame-
ters, are listed in Table 4.

Other distance-independent indices, which account for
the different sizes of the galaxies, have been defined sim-
ulating circular apertures related to the effective radius of
each object. These circular apertures are simulated adding
radius-weighted spectra at different distances from the cen-
tres. In this way we define “central” indices corresponding
to an aperture of r./10 diameter centred at the nucleus
(Mg5, D4oo0) and “global” indices for an aperture of r. di-
ameter (Mg§, D%,,,), where 7. is the effective radius from
Schombert (1986, 1987), and Romanishin & Hintzen (1988).
The 7. for the central galaxy in A 2319 has been estimated
from a comparison with galaxies of similar characteristics.
These central and global indices, listed with their errors in
Table 4, were not measured for PKS 0745—191 and A 644
due to their poor signal-to-noise spectra outside the cen-

Table 3. Mgy measurements in giant stars.

Star Run Mgg‘iCk Mg Mgg‘iCk—Mg2
HR1015 2 0.293 0.279 £ 0.010 0.014
HR3360 3 0.279 0.252 £ 0.005 0.027
HR3427 2 0.168 0.147 £ 0.010 0.021
HR5888 3 0.154 0.137 + 0.004 0.017
HR6817 3 0.200 0.188 + 0.005 0.012
? 3 ? 0.177 £ 0.005 0.023
? 3 ? 0.185 + 0.005 0.015
HR7148 3 0.220 0.205 + 0.005 0.015
HR7317 3 0.353 0.337 £ 0.005 0.016
HR8165 2 0.221 0.217+ 0.010 0.004
? 2 ? 0.208 £+ 0.010 0.013
? 3 ? 0.208 + 0.005 0.013
HD7010 3 0.180 0.170 £ 0.005 0.010
HD11004 3 0.085 0.075 £ 0.005 0.010
HD165195 3 0.060 0.041 £ 0.005 0.019
HD199580 2 0.201 0.194 + 0.010 0.007
? 3 ? 0.194 + 0.005 0.007
? 3 ? 0.197 £ 0.005 0.004

tre and to the lack of photometric data in the literature.
Columns (6) and (9) of the table list the central and global
mean radii, weighted by light and distance, used to mimic
the circular apertures.

3.2 Modelling star formation in cooling flow
galaxies

In order to interpret the observed spectral properties of the
galaxies, we have used an evolutionary stellar population
synthesis technique. The aim is to predict the changes pro-
duced in the spectra of an old stellar populations (elliptical
galaxy) when a continuous star formation, induced by the
cooling-flow gas, is taking place. We have closely followed the
procedure described in GEA (their section 3.3), so the de-
tails will not be discussed here. The only difference is that we
have now used the Bruzual & Charlot (1993) models instead
of the ones mentioned in GEA, although in the wavelength
region considered here both sets of models give very simi-
lar results. For a more detailed discussion of the available
galaxy evolution models, see Cole et al. (1994).

In brief, the Bruzual & Charlot (1993) models were used
to produce synthetic spectra for a stellar population with
a given IMF and star formation history, which we super-
impose on the spectrum of a normal giant elliptical with
Mg, = 0.340 and D4go0 = 2.40. We computed models with
different IMF’s (Salpeter 1955, Miller & Scalo 1979, and
Scalo 1986). In all cases we truncated the IMF below 0.1 M.
Lowering this value has no effect on the modeled spectral
properties, but alters the M/L ratio of the accretion pop-
ulation. Constant SFR’s of different durations (5-10 Gyr)
were considered. The models can be parameterised by the
fraction fv of the V light that comes from the accretion
population. In turn, this can be related to the SFR using
the expression:

fvLv(M/Lv)ap
t

SFR = (1)

where Lv is the V luminosity of the galaxy, (M/Lv)ap is
the luminous mass-to-light ratio of the accretion population,



Table 4. Central and global indices.

Cluster M Te Mg]2D D?OOO
(Mg/yr) (arcsec)
A 262 47 72.8 0.316 2.34
0.009 0.04
2A 03354096 142 39.0 0.279  2.08
0.009 0.04
PKS 0745-191 702 — 0.116 1.31
0.045  0.04
A 644 326 — 0.263  2.44
0.021 0.10
A 1126 222 18.3 0.280  1.82
0.009 0.03
A 1795 478 34.4 0.209 1.61
0.013  0.03
A 2124 0 33.3 0.282 2.14
0.010 0.04
A 2199 150 34.7 0.299  2.09
0.008 0.06
A 2319 66 40.5(°) 0.207  2.02
0.010 0.05
A 2634 0 13.8 0.286 2.21
0.007  0.02
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r° Mg; D000 8 Mgg Diooo
(arcsec) (arcsec)

2.20 0.313 2.33 18.21 0.288 2.24
0.009 0.04 0.011 0.06

1.24 0.276 2.12 9.03 0.155 1.88
0.009 0.04 0.017 0.09

0.61(2) 0.284 1.81 4.99(c) 0.257 1.74
0.008 0.01 0.008 0.02

1.45 0.209 1.61 8.29 0.189 1.60
0.013 0.03 0.011 0.03

1.43 0.275 2.12 8.31 0.221 1.94
0.009 0.04 0.010 0.04

1.49 0.300 2.09 9.16 0.266 1.94
0.008 0.06 0.008 0.06

1.52 0.293 2.03 10.58 0.255 1.84
0.010 0.04 0.010 0.04

0.48 0.295 2.21 3.66 0.270 2.11
0.009 0.03 0.007 0.02

Errors are given underneath the data. Mass accretionrates are from Arnaud (1988), Heckman et al. (1989), and

Edge et al. (1992).

(2)Radii listed for this galaxy correspond to the CCD spectral observations and are only applied to the Mgy

index. Corresponding radii for D4goo (from IPCS observations) are r¢ = 0.89 and 8 = 5.20.
() The effective radius for A 2319 has been estimated from a comparison with galaxies of similar characteristics.

given by the models, and ¢ is the time over which the star
formation has taken place.

The model results will be presented and compared with
the data in the next section. But before that, a word of
caution on the use of this kind of models to interpret the
observations. There are still important uncertainties in the
building of evolutionary models (cf. Cole et al. 1994). In
this work, the main uncertainty comes from the fact that
the stellar population models that we have used have so-
lar metallicity and solar abundance ratios. Since Mg> and,
probably, Dsgoo depend on the metal abundance (see, e.g.,
Worthey 1994), and the cooling IGM has metallicities that
could be below solar (Mushotzky 1992), the absolute values
of the model indices could be affected by systematics, and
have to be taken with a pinch of salt. However, we are confi-
dent that the relative changes and trends that the new stars
produce in the galaxy spectral indices are reasonably well
represented by the models.

3.3 Discussion of central and global indices

Now we discuss the possible effects of the cooling flows in
the indices measured in the galaxies of the sample. As usual,
the importance of the cooling flow is estimated from the
mass accretion rates (in M /year) inferred from X-ray ob-
servations. For the galaxies of our sample, these are listed in
Table 4, where the values from Edge et al. (1992) have been
used when available®. It must be noted that errors associ-
ated with these rates are usually very high (see, e.g., Fabian
et al. 1991). For A 1126 we have used the mass flow rate

* Hy = 50kms—!Mpc—! has been used throughout the paper.

quoted by Heckman et al. (1989). Cooling times of the gas
in A 2124 and A 2634 (from Arnaud 1988) are well above
the Hubble time and therefore a cooling flow can not exist.

In order to investigate the possible effects of the cooling
flows in the measured indices, we plot in Figure 4 the central
and global Mg, and Dagoo indices against the mass accretion
rates. In the case of the central Mg, we have included the
cD’s of the sample of GEA with measured accretion rates.
Note that the brightest normal elliptical galaxies attain Mg,
values around 0.300-0.350 mag, with an intrinsic scatter of
0.025 mag. When the central indices (using the Davies et
al. 1987 aperture) are considered, there is a clear trend in
the sense that both MgD and DZ,o, are smaller when the
mass flow increases. An exception to this trend is A 644 for
which an anomalously high Dysgoo has been measured. No
explanation for this value has been found.

A similar correlation for the 4000 A break was previ-
ously presented by JFN. However, they used a fixed angu-
lar aperture and, since in their sample M and Diooo were
both highly correlated with redshift, the reported correla-
tion could be due to an aperture effect (the correlation of
M with redshift can be explained as a selection effect, since
high mass accretion rate cooling flows are more likely to be
found at high distances, whereas gradients in D400 could ac-
count for the correlation between index and redshift). Since
our indices are distance-independent we can confirm that
the correlation of JFN is real and that galaxies which host
prominent cooling flows tend to exhibit signatures of star
formation in their spectra (see Section 4.2).

It is clear from Figure 4 that the correlation with M
is somewhat weakened when the global indices, correspond-
ing to an important fraction of the galaxy, are considered.
This can be understood since global indices are influenced
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Figure 4. Central (MgD, DD, ) and global (Mg§, D%,,, ) indices versus mass accretion rate.
The central indices refer to those measured in the Davies et al. (1987) aperture. Open circles

in (a) correspond to the galaxies in GEA with measured accretion rates (A 957, Sersic 40/6,
A 754, NGC 4696, A 496 and PKS 2354-35, in order of increasing M). The deviant point in
(c) corresponds to A 644. There is a clear correlation between the measured central indices

and M ((a) and (c)). Global indices ((b) and (d)) are influenced by the intrinsic spectral

gradients and the correlation is poorer.

by the mass deposition profile along the galaxy and by the
intrinsic spectral gradients, and both of them could signifi-
cantly change from galaxy to galaxy (see e.g. McNamara &
O’Connell 1992, and GEA). The combination of these two
effects makes global spectral indices in cooling-flow galax-
ies quite difficult to interpret (Section 4.2). However, we
must stress that the correlations with M , particularly that
of D§,,, are still strong.

The comparison of these results with the models intro-
duced in Section 3.2 allows an interpretation of the spectral
indices in terms of star formation from the accreted gas.
In order to simultaneously study the variations in Mg, and
Dy4ooo we present in Figure 5 an index-index plot. The cen-
tral indices of the sample galaxies are plotted as crosses,
whose length is given by the errors, and open circles, being
their sizes proportional to the mass accretion rates. We also
show the locus of the normal elliptical galaxies, where Dagoo
values are taken from Hamilton (1985) and Munn (1992),
whereas Mg, indices come from Davies et al. (1987). These
Mg, indices have been transformed to our photometric sys-
tem (see Section 2.2). The straight line is a least-square fit
to these data.

It is apparent from this Figure that cooling-flow galaxies
fall outside the normal ellipticals’ region, increasing the de-
viations with the gas flow (as it was expected from Figure 4).

In order to compare these indices with the predictions of the
stellar populations models, we plot the expected indices for
a giant elliptical galaxy in which star formation has taken
place at a constant rate over the last 5 and 10 Gyrs. Small
dots in the model lines correspond to a fixed fraction fv
of the V light of the galaxy that comes from this accretion
population. It is clear that these predictions do not depend
very much on the choice of IMF or the time scale of the star
formation (provided that it is a significant fraction of the
age of the Universe) and, in any case, cooling flow galaxies
do follow the trends of the models. This implies that the
values that these galaxies attain in both indices are roughly
consistent with a constant star formation in these objects.

In order to confirm that the accretion population in-
creases in importance with the mass accretion rates, we have
estimated the luminosity fractions fv interpolating the in-
dices in the models corresponding to a Miller & Scalo (1979)
IMF for a constant SFR during 5 Gyr. Note that the results
are not very sensitive to the choice of IMF. These luminos-
ity fractions can then be converted to actual star formation
rates using equation (1). We have used a constant value
My ~ —24 for the total absolute magnitude of the galaxies
(Schombert 1986, 1987), since the brightest cluster galax-
ies are reasonably good standard candles. For this IMF and
t = 5 Gyr, we can estimate the actual SFR assuming that
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Figure 5. Mgy—Dj4000 diagram in which the spectral indices of the sample galaxies are plotted as open circles and crosses, with lengths
given by the errors. The circle sizes are proportional to the mass accretion rate of the cluster. The rest of the open symbols represent
normal elliptical galaxies from Hamilton (1985) (triangles) and Munn (1992) (squares). The straight line is a least-squares fit to these
data. Curves show the predictions of stellar population models with different IMF’s: Scalo (1986) (full lines), Miller & Scalo (1979) (dashed
lines) and Salpeter (1955) (dotted lines). Models assume that a constant star formation has been taken place over the last 5 (thin line)
and 10 Gyr (thick line). Small dots in the model lines correspond to a fixed fraction fy (indicated by the numbers) of the V light that
comes from the accretion population.

150

the fraction of V light due to the accretion population does
not vary with radius. This is of course an oversimplification, L I ]
but no better approximation can be done until we know H

the radial profile of the mass deposition rate (Section 4.2).
The deduced SFR’s, from the central Mg, and Daiooo indices
(filled and open circles respectively) are plotted against the
estimated mass accretion rates in Figure 6. This confirms
that there is a strong correlation and that the actual SFR’s
deduced from both indices are consistent given the uncer-
tainties inherent to the models.

100
\
\

SFR (M_/yr)
50
TR
0

Interestingly, the ratio between the estimated SFR’s ’l i L 1
and M is quite similar from galaxy to galaxy, with an aver- I I

age value (SFR/M) ~ 17%. If a time of 10 Gyr for the mass \ \ \ \

deposition were assumed we would obtain (SFR/M) ~ 5%. 0 200 400 600 800
In any case, we obtain relatively small fractions of the X- }

ray inferred gas flow. However, the derived fraction is a lower M (Mo/yr)

limit for two reasons: first, the computed SFR includes only
stars with M > 0.1M, and, depending on uncertain ex-
trapolations of the IMF towards lower masses, we could be
underestimating the SFR by a factor of a few. Second, the M
inferred from X-ray observations is the total accretion rate.
If, as the X-ray data suggest (see, e.g., Fabian 1994), a large

Figure 6. Model-derived SFR’s vs mass accretion rates. Filled
and open symbols correspond to fy interpolated in the model of
Figure 5 (Miller & Scalo 1979 IMF and ¢t = 5 Gyr) from measured
Mgs and Dgagoo respectively. For each galaxy, both estimates of
SFR have been joined by a straigth line.
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fraction of the mass is deposited at radii that are large com-
pared with the optical radius of the galaxies, the amount of
accreting gas available for star formation within the galaxy
(i.e., the region contributing to Lv) would be substatially
reduced. In this respect, the fact that SFR/M is quite con-
stant from galaxy to galaxy seems to indicate that the star
formation efficiency of the accreting gas remains fairly con-
stant over almost 3 orders of magnitud in M and very differ-
ent physical conditions. That would be quite puzzling unless
the actual SFR were a substantial fraction (perhaps all) of
the mass accreted within the “optical galaxy”, and the mass
deposition profile is reasonably similar for all the clusters.
Note also that if the cooling flows have persisted for several
Gyr, the accreted population can account, in some cases,
for a very significant fraction of the luminous matter of the

galaxies.

4 INDEX GRADIENTS
4.1 The data

Our long-slit observations allow the extraction of spectra at
different galactocentric distances. Prior to this, the spectra
were shifted, by a fraction of a pixel in the spatial direction,
in order to obtain symmetrical brightness profiles at both
sides of the galaxy centre. Furthermore, several spatial in-
crements in the outer parts were co-added as explained in
Section 2. The variations of Mg, and D4ooo with radius and
their formal errors are listed in Table 5 for the eight galaxies
of the sample with appropriate exposures. The table shows
that the Djso00 index can usually be measured at distances
further out from the centre, due to its wider spectral bands.
For some objects, a secondary nucleus falls into the slit. In
that case, a superscript “b” has been employed to indicate
the radii where the brightness of these nuclei dominates over
the main galaxy profile. Analogously, for A 1126, a compan-
ion galaxy was observed in the slit (denoted by “c”). For
A 1126 the table lists measurements both with the IPCS II
(noted by 1) and the CCD detectors.

The radial gradients in Mgy and Dsgoo are plotted
in Figures 7a—Th in a logarithmic scale. The figures show
that indices measured at both sides of the galaxy usually
agree within the errors. With the exception of A 262 and
2A 03354096, gradients were traced out to r ~ 7. for
both Mg, and Dugoo. Due to its poorly determined gradi-
ents (low signal-to-noise in the outer parts due to clouds),
2A 0335-+096 has been excluded from the subsequent analy-
sis. It is well known that Mg, indices within normal elliptical
galaxies follow a linear relation with log r (e.g. GEA; Davies
et al. 1993; Gonzdlez 1993). However, in some galaxies of
our sample (e.g. A 1795 and A 2124) we find a significant
change in slope at a intermediate radius, with a small gradi-
ent in the inner regions and the indices falling dramatically
in the outer parts. We find that, in general, gradients vary
markedly from galaxy to galaxy (e.g. compare A 1126 and
A 2199). This diversity of behaviours is similar to that re-
ported for elliptical galaxies.

T The SFR/M ratio is almost intependent on the Hubble con-
stant: SFRx H0_2 and M o HO_'Y, where v = 1.7-2, depending on
the mass deposition profile (Edge 1994, private communication).

In order to quantify the gradients and comparing them
with those found in elliptical galaxies, we computed linear
regression fits to the data in the logarithmic representation
of Figures 7. These fits, computed with error-weighting, and
excluding points with either 7 < 1.5” (usually affected by
seeing) or corresponding to secondary nuclei (open symbols),
are plotted as full lines in the figures. The derived gradients
(Gug, = dMg, /dlogio(r), Gpageo = dD1000/d logio(r)) and
their formal errors are listed in Table 6. With the aim of
studying the slope changes observed for some objects, we
have also computed gradients to the inner regions of the
galaxies (1.5" < r < 7./2). The upper limit was chosen vi-
sually as the radius where the slope changes occur. These
internal gradients, denoted as Gi’,}‘gz and Giﬁ‘;uuu, and their
errors are also given in Table 6. They are plotted in Figures 7
as dashed lines. The dashed lines beyond 7/2 correspond
to linear fits using the outer points and forcing them to join
with the internal gradients at » = 7./2. Note that in some
cases (A 2634) these outer gradients are quite uncertain due
to the small number of points in the outer parts. This sep-
aration in inner and outer gradients allows to visualise the
slope changes mentioned above.

4.2 Discussion of spectral gradients

The error-weighted mean of the Mg, gradients for the galax-

ies of the sample is (Gng,) = —0.065 £ 0.027 oo only cool-
ing flow galaxies are considered, we obtain a mean gradient
of —0.055 + 0.019. The mean Mg, gradients found in differ-
ent samples of early-type galaxies are —0.058+0.027 (GEA),
—0.059+0.022 (Davies et al. 1993) and —0.062+0.024 (Car-
ollo, Danziger & Buson 1993). Therefore, we find a mean
Mg, gradient in good agreement with that found in nor-
mal elliptical galaxies. Due to the slope changes at interme-
diate radius, mean internal gradients are lower than those
computed above, being (Gi’,}‘gz> = —0.055 + 0.025 for the
whole sample and —0.045 &+ 0.014 for the galaxies with cool-
ing flows. The main conclusion is that inner Mg, gradients
for cooling flow galaxies are, on average, flatter than those
of normal ellipticals. Applying a two—sample ¢ statistic, the
confidence level of this statement is ~90% (see Figure 8
below). GEA measured internal Mg; gradients in three c¢D
galaxies. Their cooling flow galaxy (PKS 2354—35) also pos-
sessed a shallow gradient, although the results presented
here are of a much better quality.

We have also computed mean Digoo gradients, obtain-
ing {(Gp,g00) = —0.30+0.14 (whole sample) and —0.28+0.14
(cooling flow galaxies). In this case, the mean internal gra-
dients are (G5 ) = —0.19 £ 0.13 and —0.16 £ 0.14 for
the whole sample and the galaxies with cooling flows re-
spectively. The flattening of gradients in the inner regions
is evident for this index. The only studies of Digoo gra-
dients in elliptical galaxies are those of Munn (1992) and
Davidge & Clark (1994). Munn presented gradients for 7
early-type galaxies, two of which are classified as ring galax-
ies. Excluding these two objects, the mean Diooo gradient
is —0.32 £ 0.04 (Note the low dispersion of data around the

! The quoted errors are the r.m.s. dispersions around the mean
values. The statistical error in the mean would be r.m.s./\/n with
n the number of points.



Table 5. Line-strength indices along radius.

r(//)

-27.0
-21.8
-18.8
-16.8
-15.2
-14.1
-13.1
-12.1
-11.1
-10.1
-9.1
-8.0
-7.0
-6.0
-5.0
-4.0
-3.0P
-2.0
-1.0
0.3
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.1
10.1
11.1
12.2
13.7
15.6
18.1
21.8
28.5

-6.5
-4.2
-3.0
-2.0
-1.0
0.3
1.0
2.0
3.0
4.2
5.4
6.4>
7.4
8.7b

Mg2

0.260
0.263
0.235
0.293
0.292
0.353
0.271
0.254
0.277
0.283
0.281
0.313
0.313
0.306
0.316
0.321
0.306
0.319
0.305
0.320
0.311
0.319
0.318
0.273
0.310
0.284
0.294
0.297
0.277
0.251
0.287
0.333
0.352
0.305
0.327
0.296
0.295

0.200
0.261
0.259
0.244
0.281
0.274
0.283
0.277
0.272
0.244
0.286
0.269
0.250
0.212

AMg,

0.032
0.034
0.031
0.034
0.031
0.034
0.030
0.027
0.024
0.022
0.020
0.018
0.016
0.014
0.012
0.011
0.011
0.011
0.011
0.011
0.011
0.012
0.014
0.015
0.016
0.020
0.022
0.023
0.025
0.029
0.031
0.031
0.032
0.034
0.033
0.034
0.034

(")
Abell 262

-28.0
-24.1
-21.6
-19.8
-18.3
-17.1
-16.1
-15.1
-14.1
-13.1
-12.1
-11.1
-10.1
-9.1
-8.0
-7.0
-6.0
-5.0
-4.0

-3.0P
-2.0
-1.0
0.3
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.1
10.1
11.1
12.1
13.1
14.1
15.2
16.6
18.3
20.3
22.8
28.8

2A 03354096

0.029
0.029
0.023
0.018
0.015
0.014
0.015
0.019
0.026
0.027
0.024
0.020
0.021
0.029

-8.0
-5.2
-4.0
-3.0
-2.0
-1.0
0.3
1.0
2.0
3.0
4.2
5.4
6.4>
7.4
8.4b

Dso00

2.10
2.10
2.18
2.21
2.13
2.31
2.15
2.27
2.29
2.22
2.15
2.24
2.25
2.18
2.24
2.22
2.29
2.25
2.31
2.36
2.34
2.31
2.31
2.36
2.38
2.31
2.25
2.17
2.19
2.16
2.37
2.25
2.02
2.13
2.18
1.99
2.18
2.34
2.51
2.43
2.22
2.22
2.33

2.22
1.97
2.03
2.00
2.11
2.07
2.11
2.07
2.17
2.16
2.14
2.14
2.21
2.24
2.32

AD3o00

0.16
0.16
0.17
0.17
0.16
0.19
0.16
0.16
0.15
0.12
0.10
0.10
0.09
0.07
0.07
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.06
0.06
0.06
0.08
0.09
0.11
0.11
0.11
0.13
0.15
0.15
0.16
0.18
0.24
0.21
0.18
0.19
0.22

0.20
0.17
0.14
0.11
0.09
0.06
0.06
0.06
0.09
0.13
0.14
0.13
0.12
0.13
0.21
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r(//)

-11.6
-9.6f
-9.0
-7.8P
-6.8P
-6.0tP
-5.8P
-4.9
-4.8tP
-4.1b
-3.6tP
-3.1
-2.4t
-2.0
-1.2t
-1.0

0.3t
0.3
1.0
1.2t
2.0
2.4t
3.1
4.1
5.1
5.4t
6.3
7.7
9.0
9.6fc
10.2¢
11.2°
12.2¢
13.2te
13.8

-27.8
-22.4
-19.7
-17.9
-16.1
-14.3
-12.5
-10.7
-9.0
-7.2
-5.4
-3.6
-1.8
0.4
1.8
3.6
5.4
7.2
9.0

Mg2

0.201
0.232
0.225
0.199
0.208
0.242
0.263
0.277
0.238
0.238
0.266
0.250
0.263
0.260
0.258
0.280
0.300
0.279
0.275
0.287
0.254
0.224
0.266
0.243
0.243
0.215
0.241
0.271
0.260
0.274
0.316
0.262
0.299
0.201
0.238

0.117
0.162
0.198
0.163
0.166
0.169
0.176
0.198
0.193
0.204
0.198
0.200
0.214
0.209
0.204
0.209
0.186
0.170
0.186

AMg, (")
Abell 1126
0.029
0.026
0.028 -21.0t
0.022 -16.2f
0.015 -14.4t
0.025 -13.2t
0.011 -12.0t
0.012 -10.8t
0.022 -9.6t
0.011 -8.4t
0.023 -7.2tb
0.013 -6.0tP
0.023 -4.8tP
0.012 -3.6tP
0.022 -2.4t
0.011 -1.2t
0.020 0.3t
0.010 1.2t
0.011 2.4t
0.022 3.6f
0.014 4.8t
0.027 6.0f
0.017 7.2t
0.018 8.4t
0.025 9.6tc
0.022 10.8te
0.026 12.0f¢
0.029 13.2te
0.027 14.4f
0.028 15.61
0.024 16.8F
0.019 18.61
0.024 24.0f
0.033
0.029
Abell 1795
-30.4
-28.6
-26.9
-25.1
0.035 -23.3
0.033 -21.5
0.040 -19.7
0.032 -17.9
0.029 -16.1
0.025 -14.3
0.021 -12.5
0.019 -10.7
0.017 -9.0
0.014 -7.2
0.012 -5.4
0.010 -3.6
0.009 -1.8
0.009 0.4
0.010 1.8
0.010 3.6
0.011 5.4
0.013 7.2
0.015 9.0

Dso00

1.59
1.37
1.76
1.85
1.55
1.58
1.67
1.78
1.81
1.83
1.85
1.82
1.80
1.80
1.82
1.80
1.75
1.66
1.69
1.75
1.77
1.80
1.73
1.76
1.87
1.82
1.75
1.91
1.68
1.62
1.75
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= ©

L NN
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B
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R e el el e T e N o T o B e S S S S S R SR
G U D ot
© = © RO 'S

-
[«
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1.66

AD3o00

0.15
0.13
0.21
0.18
0.11
0.09
0.07
0.05
0.04
0.03
0.02
0.02
0.03
0.02
0.02
0.02
0.03
0.03
0.04
0.06
0.06
0.06
0.05
0.04
0.05
0.07
0.10
0.16
0.18
0.17
0.20

0.18
0.13
0.11
0.10
0.09
0.09
0.07
0.07
0.06
0.05
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04

11
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Table 5. — continued

r(//)

10.7
12.5
14.3
16.1
17.9
19.7
22.4
27.8

-23.3
-18.8
-16.1
-14.3
-12.5
-10.7
-9.0
-7.2
-5.4
-3.6
-1.8
0.4
1.8
3.6
5.4
7.2
9.0
10.7
12.5
14.3
17.0
21.5

Mg2

0.186
0.187
0.178
0.153
0.129
0.125
0.125
0.093

0.090
0.157
0.161
0.177
0.198
0.190
0.188
0.233
0.239
0.245
0.268
0.282
0.277
0.258
0.241
0.232
0.214
0.212
0.159
0.197
0.190
0.133

AMg,

r(//)

Dso00

Abell 1795 (contd.)

0.017
0.021
0.024
0.026
0.027
0.032
0.030
0.035

0.030
0.029
0.034
0.028
0.027
0.022
0.018
0.017
0.013
0.011
0.010
0.009
0.010
0.011
0.014
0.017
0.020
0.023
0.027
0.032
0.027
0.031

10.7
12.5
14.3
16.1
17.9
19.7
21.5
23.3
25.1
26.9
28.6
30.4
32.2
34.0
36,7
42.1

Abell 2124

-59.1
-48.3
-43.9
-40.3
-37.6
-35.8
-34.0
-32.2
-30.4
-28.6
-26.9
-25.1
-23.3
-21.5
-19.7
-17.9
-16.1
-14.3
-12.5
-10.7
-9.0
-7.2
-5.4
-3.6
-1.8
0.4
1.8
3.6
5.4
7.2
9.0
10.7
12.5
14.3
16.1
17.9
19.7
22.4
26.9

1.65
1.66
1.65

Jury
ot
-3

W W o
Ao

el e e e e e e
[«

O N T Wby W oUW W
= IR R ) S NP . S

e el el e e el

==
~ o1
INgRS

1.66
1.66
1.86
1.78
1.84
1.94
1.89
1.89
1.96
1.98
2.01
2.11
2.14
2.11
2.05
1.96
1.94
1.89
1.79
1.84
1.98
1.91
1.80
1.83
1.90
1.67

AD3o00

0.04
0.05
0.06
0.05
0.06
0.06
0.07
0.09
0.11
0.11
0.12
0.14
0.11
0.12
0.12
0.12

0.18
0.18
0.22
0.15
0.20
0.16
0.16
0.18
0.18
0.19
0.16
0.14
0.15
0.14
0.12
0.13
0.12
0.11
0.10
0.08
0.07
0.07
0.05
0.05
0.04
0.04
0.04
0.05
0.06
0.07
0.07
0.08
0.10
0.13
0.15
0.16
0.19
0.17
0.14

r(//)

-35.8
-26.9
-22.4
-19.7
-17.9
-16.1
-14.3
-12.5
-10.7
-9.0
-7.2
-5.4
-3.6
-1.8
0.4
1.8
3.6
5.4
7.2
9.0
10.7
12.5
14.3
16.1
17.9
19.7
22.4
26.9
35.8

Mg2

0.149
0.163
0.195
0.210
0.227
0.248
0.262
0.263
0.267
0.283
0.287
0.293
0.284
0.300
0.297
0.303
0.297
0.279
0.269
0.248
0.240
0.231
0.239
0.230
0.229
0.210
0.201
0.219
0.215

AMg, (")
Abell 2199
-68.0
-59.1
-53.7
-49.2
-45.6
-42.1
-38.5
-35.8
-34.0
-32.2
-30.4
-28.6
-26.9
0.031 -25.1
0.026 -23.3
0.025 -21.5
0.029 -19.7
0.024 -17.9
0.021 -16.1
0.019 -14.3
0.016 -12.5
0.014 -10.7
0.012 -9.0
0.010 -7.2
0.009 -5.4
0.008 -3.6
0.008 -1.8
0.007 0.4
0.008 1.8
0.008 3.6
0.009 5.4
0.010 7.2
0.010 9.0
0.012 10.7
0.013 12.5
0.014 14.3
0.018 16.1
0.022 17.9
0.027 19.7
0.024 21.5
0.029 23.3
0.036 25.1
26.9
28.6
30.4
32.2
34.0
35.8
38.5
42.1
49.2
Abell 2319
-42.1
-33.1
-29.5

Dso00

1.51
1.45
1.58
1.60
1.59
1.64
1.55
1.56
1.51
1.53
1.58
1.81
1.68
1.76
1.76
1.75
1.85
1.85
1.76
1.83
1.86
1.96
1.99
1.98
2.00
2.07
2.07
2.09
2.10
2.02
1.98
1.99
1.95
1.88
1.92
1.92
1.84
1.86
1.83
1.68
1.65
1.77
1.56
1.73
1.59
1.69
1.64
1.47
1.56
1.65
1.58

1.35
1.38
1.43

AD3o00

0.29
0.21
0.20
0.18
0.18
0.16
0.13
0.15
0.12
0.13
0.13
0.14
0.12
0.11
0.10
0.10
0.10
0.09
0.08
0.08
0.08
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
0.09
0.10
0.10
0.11
0.13
0.12
0.16
0.15
0.19
0.20
0.18
0.17
0.22
0.19

0.14
0.13
0.12



Table 5. — continued

(") Mg2 AMg, (") Daooo ADgo00
Abell 2319 (contd.)

-26.9 1.35 0.12
-25.1 1.48 0.13
-23.3 1.68 0.17
-21.5 1.80 0.14
-19.7 1.72 0.11
-21.5 0.215 0.028 -17.9 1.76 0.10
-17.0 0.224 0.025 -16.1 1.70 0.09
-14.3 0.269 0.030 -14.3 1.68 0.09
-12.5 0.265 0.025 -12.5 1.85 0.08
-10.7 0.230 0.021 -10.7 1.83 0.07
-9.0 0.218 0.018 -9.0 1.84 0.07
-7.2  0.239 0.017 -7.2 1.96 0.07
-5.4 0.242 0.014 -5.4 1.95 0.06
-3.6 0.266 0.012 -3.6 2.01 0.05
-1.8 0.281 0.011 -1.8 2.04 0.05
0.4 0.297 0.010 0.4 2.02 0.04
1.8 0.303 0.011 1.8 2.01 0.05
3.6 0.295 0.013 3.6 2.05 0.06
5.4 0.285 0.013 5.4 1.98 0.06
7.2 0.280 0.014 7.2 1.98 0.06
9.0 0.284 0.018 9.0 1.89 0.07
10.7 0.296 0.025 10.7 1.78 0.08
12.5 0.284 0.029 12.5 1.72 0.09
15.2 0.241 0.026 14.3 1.75 0.11
19.7 0.182 0.027 16.1 1.78 0.12
17.9 1.70 0.12
19.7 1.81 0.16
21.5 1.67 0.14
31.3 1.34 0.13
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r(”) Mgz AMg, (") Daooo  AD4so00
Abell 2634

-206 211 0.19

-17.4>  1.97 0.15
-16.8* 0.214 0.030 -16.1>  2.24 0.14
-15.1% 0.271  0.027 -15.1% 217 0.10
-14.1* 0.292  0.019 -14.1*  2.05 0.05
-13.1* 0.261  0.014 -13.1>  2.14 0.04
-12.1* 0.278  0.014 -12.1%  2.10 0.04
-11.1* 0.278 0.015 -11.12  2.12 0.04
-10.1* 0.260 0.019 -10.1>  2.08 0.06
-9.1> 0.254 0.025 -9.1> 202 0.08
-8.0°> 0.201 0.031 -8.0> 214 0.10
-7.0  0.272  0.032 7.0 198 0.11
-6.0 0.239  0.030 -6.0 2.10 0.11
-5.0 0.239 0.026 5.0 2.14 0.09
-4.0 0.264 0.022 -4.0 2.05 0.07
-3.0 0.272  0.017 -3.0 212 0.06
-2.0 0.307 0.014 -2.0 211 0.04
-1.0 0.289  0.012 -1.0  2.20 0.03
0.3 0.291 0.011 0.3 2.20 0.03
1.0 0.276 0.012 1.0 2.24 0.04
2.0 0.289 0.014 2.0 217 0.04
3.0 0.272 0.018 3.0 219 0.06
40 0.242 0.023 40 217 0.08
5.0 0.247 0.030 5.0 2.13 0.11
6.4 0.292 0.030 6.0 1.87 0.10
9.4 0.273 0.031 7.0 212 0.17

84 1.80 0.12

10.7  1.88 0.14

159  2.10 0.17

Note: AMg, and ADy4gg¢ are the formal errors in Mgy and Dyggo respectively. When necessary, the superscript “b”
indicates the radii where the brightness of secondary nuclei dominates over the main galaxy profiles. For A 1126, the

superscript “c” denotes a companion galaxy. The symbol t has been employed to denote the measurements obtained in

Run 1 with the IPCS II detector.

Table 6. Line-strength gradients.

Cluster Gy, Gie, G,

GD.ooo Dgogo

A 262 —-0.036 -0.175 -—0.036 —0.175
0.015 0.052 0.015 0.052
A 1126 —-0.035 —0.086 —0.026 —0.012
0.018 0.109 0.024 0.133
A 1795 —-0.052 —-0.115 —0.037 —0.004
0.012 0.045 0.009 0.031
A 2124 -0.109 -0.407 -—0.096 —0.290
0.014 0.050 0.013 0.032
A 2199 —-0.078 —-0.380 —0.063 —0.255
0.012 0.032 0.011 0.031
A 2319 —-0.058 —0.417 -0.056 —0.311
0.020 0.056 0.021 0.044
A 2634 —-0.073 -0.219 -0.106 -0.175
0.032 0.131 0.036 0.170

Note: formal errors are given below data.

mean). A similar mean gradient of —0.29 £ 0.08 is obtained
for Davidge & Clark’s sample, which comprises 5 ellipti-
cal galaxies (we have excluded data for the peculiar galaxy
NGC 4486). The mean gradient in elliptical galaxies is then
comparable to our mean Digoo total gradient but larger,
in absolute value, than that found in the inner regions, es-

pecially for cooling-flow galaxies. In fact, the mean internal
gradient is shallower than those of Munn (1992) and Davidge
et al. (1994) with confidence levels of ~ 97% and ~ 94% re-
spectively (two-sample ¢ statistic test).

In summary, Mg, and Diooo gradients in the central
regions of galaxies with cooling flows seem to be shallower
than those found in normal elliptical galaxies. This result is
shown graphically in Figure 8, where we plot inner and total
gradients against mass accretion rate. In Figure 8a we have
included PKS 2354—35, with Gi’,}‘gz = —0.021 (from GEA)

and M = 320 (from Schwartz et al. 1991). The dotted lines
represent the mean gradients found in elliptical galaxies, be-
ing these larger than the internal gradients for almost all
the cooling flow galaxies. Furthermore, these internal gradi-
ents (Figure 8a—8b) show some trend with accretion rate, in
the sense that gradients flatten as M increases. Using the
Spearman rank correlation test (Siegel 1956), these correla-
tions are significant at the 97% and 90% levels, for Gi’,}‘gz and
Giﬁ‘;uuu respectively. It must be noted, however, that galaxies
with moderate or null accretion rates span a wide range in
index gradients and more high accretion rate galaxies should
be observed to confirm the correlation. In addition it should
not be forgotten that mass accretion rates are uncertain by
about a factor of 2 (Arnaud 1988).
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Figure 7. Mgs and Dygoo gradients for the galaxies of the sample. Filled circles and squares refer to different sides of the galaxies. When
present, the position of the secondary nuclei is indicated by an arrow and open symbols have been employed at those radii where the
brightness of the secondary nuclei dominates over the main galaxy profile. IPCS II Mg, data for the dominant galaxy in A 1126 are
shown with small filled symbols. Full lines represent error-weighted least-squares fits to all the points, excluding either data with » < 1.5
(affected by seeing) and secundary nuclei. Internal (1.5 < r < ro/2) and external (r > 7¢/2) gradients were also fitted (dashed lines) and
forced to join at » = re/2. Due to the low S/N ratio in the outer parts of the dominant galaxy in 2A 03354096, fits were not computed
for this object.
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Figure 7. — continued
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Figure 8. Measured internal (Gi’/}‘gz, Giﬁl;uuu) and global (GMg,, GD g0, ) gradients (Table 6)

against mass accretion rate. In figure (a) we have included PKS 2354-35 from GEA. Dotted
lines represent the mean spectral gradients in elliptical galaxies. The mean Mg, gradient is
taking from GEA, whereas the D400 value is an average from the samples of Munn (1992)

and Davidge & Clark (1994).

It is important to indicate that, if spectral gradients in
the inner regions of cooling flow galaxies are really smaller
than those of normal ellipticals, the aperture corrections ap-
plied in GEA are overestimated. This means that they did
in fact find lower central Mg, indices in cooling flow objects.
Besides, the central D4oo0 indices of JFN would be hardly
affected by aperture effects. The flat gradients found here
confirms that the correlation of JEN is real, in agreement
with our results of Section 3.3.

The interpretation of the measured Mg, and Dagoo gra-
dients in the scenario of recent star formation induced by
cooling flows is not straightforward. The models discussed
in Section 3.2 (plotted in Figure 5), show that both Mg,
and Dj4ooo decrease with the star formation rate. This im-
plies that if stars were preferentially forming in the nuclear
regions of the galaxies, the initial gradient of the underlying
old stellar population (assuming it to be similar to that of
normal ellipticals) would be smeared. This is in fact what
we observed in our sample of cooling flow galaxies and, fur-
thermore, the possible correlation of internal gradient with
M suggests that star formation is concentrated in the inner
regions.

However, in a less naive interpretation, the radial dis-
tribution of the expected changes in the spectral indices de-
pends on the radial profile of the local ratio between the
star formation rate and the luminosity of the underlying
population. Assuming a drop-out parameter n ~ 1 (where

M(< r) o r™) and that gas is immediately converted to stars
at the dropout radius, we would expect the above ratio to
increase roughly linearly with r (O’Connell & McNamara
1989), and, therefore, the line-strength gradients in cooling
flow galaxies would get strengthened, and they would in-
crease with mass accretion rate, contrary to our findings.

Note however that there is no a prior: reason to think
that the star formation profile must coincide with the gas
deposition profile. Obviously, the effectiveness of star for-
mation rate, and even the shape of the IMF, may be radius
dependent. Our results imply that, despite the fact that M
can increase with r, the star formation rate, with a nor-
mal IMF, is much more efficient in the inner galaxy regions,
probably due to the particular physical conditions of the
cooled gas in the centres. Thus, since the amount of gas
accreted by these central regions is a small fraction of the
total gas flow, the derived star formation rate, when aver-
aging over the whole galaxy, would only constitute a small
fraction of the total X-ray derived M. We do not find then
a repository for the bulk of the accreted gas (i.e., the gas
accreted at large radii compared with the optical size of the
galaxy). The fate of this mass is still unknown, although
some alternatives, like low-mass stars, have been proposed
(Section 1.2 and references therein). Gorgas (1987) studied
the expected variations of the Mg> index in a cooling flow
galaxy as a function of the upper mass cutoff (My) of the



IMF, finding, not surprisingly, that the star formation would
be undetectable if My < 0.6 M.

Note that to obtain the SFR values of Section 3.3, we
have implicitly used the hypothesis that fy (fraction of V
luminosity that comes from the accretion population) is con-
stant along the radius. In Figure 9 we investigate in more
detail this assumption by plotting the expected variations
in the mean Mgs and Dsooo gradients of a normal elliptical
galaxy which is hosting a continuous star formation (¢ = 5
Gyr and Miller—Scalo IMF). For the underlying old pop-
ulation we have assumed the same central values used in
Figure 5, whereas the mean gradients of the elliptical are
taken from GEA and Munn (1992). Note that our models
are still valid outside the galaxy centres since the intrinsic
radial variations in metallicity (or even age) of the under-
lying population is taken into account by using the ellipti-
cal observed gradients. It is shown that gradients flatten as
fv increases. Overimposed to these model predictions, we
plot the observed gradient for A 1795, the galaxy with the
highest accretion rate in our sample. When possible, indices
have been averaged at both sides of the galaxy in order to
obtain a smooth trend. The observations are consistent with
a roughly constant fy (between 0.5 and 0.7 depending on
the index considered) from the centre out to r ~ r./2.

Beyond that point fv, as read from the graph, seems to
grow dramatically and, in the outer regions, the Dygoo in-
dices can not be explained as the result of a continuous SFR
superimposed on an old (i.e. elliptical galaxy type) popula-
tion. This apparent increase of fv is probably not real, and
produced by other effects, since in the brightest galaxy of
A 2124 (M = 0) the indices in the outer parts attain quite
similar values to those found for A 1795 (see below). Inter-
estingly, the fact that fv seems to remain fairly constant in
the inner regions of the galaxies suggests that the ongoing
star formation does not follow the mass deposition profile in-
ferred from X-ray data, in which case fv would grow roughly
linearly with r, as argued above. The star formation is more
concentrated towards the centre of the galaxy.

The low spectral indices measured in the outer regions
of some galaxies (A 1795, A 2124, A 2319) deserve further
attention. Whether this is a general property of the bright-
est cluster galaxies should be checked with further observa-
tions. Anyway, the fact that A 2124 is not a cooling-flow
cluster suggests that a process not related to the cooling
flows could be affecting the outer regions of central dominant
galaxies. The interpretation of this result is not straight-
forward. The Mg, index by itself is not able to break the
degeneracy between age and metallicity (Worthey 1994). If
the Dj4o00 index were not sensitive to metallicity, the appli-
cation of the Bruzual & Charlot (1993) models (restricted
to solar metallicity) would imply an age of ~ 1 Gyr for
the bulk of the stellar population in these regions. On the
other hand, it is still possible that these indices are due
to an extremely low metallicity population, since Worthey’s
models suggest that Dsgoo does have a strong metallicity de-
pendency. Note, however, that Worthey’s D400 calculations
are based in model atmospheres (unlike for other spectral in-
dices, where he uses observed data), and are, therefore, more
uncertain. A firm conclusion can not be extracted until the
dependence of Dggoo with the parameters of a composite
population is investigated using observational stellar data.
Anyway, it is important to note that normal elliptical galax-

Spectral Indices in Cooling Flow Galazies 17

[ ool i
[ 01 T il
o R ]
© 02
| 03 . T T
a |-
ap
= |
o
—
o
oL
i
a L
o &
o
o
s |
a
oL
—
- ‘ ! L !
—-1.5 -1 —-0.5 0

log(r/r,)

Figure 9. Dashed lines represent the expected variations of the
mean Mgz and D4ooo gradients (from GEA and Munn 1992, re-
spectively), as a function of fy (indicated by the numbers). Over-
imposed to these predictions, we have plotted the measured gra-
dient for the dominant galaxy in A 1795 (where possible, indices
have been averaged at both sides of the galaxy).

ies do not usually attain these low indices at large radii (Two
important exceptions are NGC 5813, Efstathiou & Gorgas
1985, and NGC 7144, Saglia et al. 1993, with Mg, gradients
remarkably similar to A 2124). Although one could think of
mechanisms that would lead to extremely low metallicities
(when compared to ellipticals) in the outer parts of central
dominant galaxies, our results suggest that a young stellar
population may be present in the outer regions of brightest
cluster galaxies. The above conclusion would not be surpris-
ing since central dominant galaxies could well be the sites of
frequent merger/cannibalism processes and encounters with
other cluster galaxies, which can easily trigger some kind of
star formation phenomena. In this case, a mechanism able
to produce star formation preferably in the outer galaxy re-
gions, rather than in the centres, should be found.
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5 EMISSION LINES

Cooling flow galaxies usually exhibit prominent low-
ionisation emission lines in their optical spectra and ex-
tended emission-line structures (Heckman 1981; Cowie et
al. 1983; Hu et al. 1985; JFN; Heckman et al. 1989; Sparks,
Macchetto & Golombek 1989; Shields & Filippenko 1990;
Crawford & Fabian 1992; Allen et al. 1992). Employing line-
ratio diagrams, Heckman et al. (1989) classified the mea-
sured emission into Types I and II, corresponding to differ-
ent ionisation states of the gas, and found that this classi-
fication correlates with the X-ray and Ho luminosities. In
addition, Crawford & Fabian (1992) and Allen et al. (1992)
showed that some objects exhibit both types of ionisation.

While some amounts (~ 10°-10° Mg) of warm gas
(T~ 10* K) have been detected in a large number of cooling
flow cluster galaxies, many problems arise when trying to
connect emission lines with cooling flows. The main difficul-
ties, reviewed by Baum (1992) and Fabian (1994), can be
summarised as follows: (1) optical emission lines are found
in cooling flow galaxies, but they are not present in all such
objects; (2) emission appears concentrated to the inner 10
kpc, although, if M(< r) 7, most of the cooled gas should
not be flowing into the cluster centre; (3) the ICM does not
seem able to originate the observed optical emission fila-
ments, with extents of ~ 10 kpc; (4) Ho luminosity is too
high (by several orders of magnitude) to be explained as
simple recombination of gas cooling at the mass accretion
rate determined by X-ray measurements. Through the anal-
ysis of medium-resolution red spectra of the emission-line
nebulae at the centres of four cooling flows, Donahue and
Voit (1993) found that line-emitting filaments are not strong
[Ca II] emission-line sources. These authors argued that this
lack of [Ca II] emission indicates that the filaments may be
dusty and, therefore, the nebular gas has never (their ital-
ics) been part of the hot ICM (dust immersed in the hot gas
will be destroyed on a timescale of ~ 10° years). This im-
plies that, though it seems clear that emission-line nebulae
are linked to the existence of cooling flows, they would not
be a direct product of them. However, Fabian, Johnstone &
Daines (1994) note that dust may form in cooled gas clouds
from cooling flows, so the argument of Donahue and Voit
(1993) may not be correct.

The blue continuum detected in some massive cooling
flow galaxies appears to be correlated with the Balmer emis-
sion line luminosities (JFN; Allen et al. 1992). However, pho-
toionisation by young stars can not reproduce the measured
line ratios, being necessary a much harder UV spectrum
than that generated by hot stars. Voit & Donahue (1990)
and Donahue & Voit (1991) proposed that soft X-ray ra-
diation could be the ionisation mechanism but Crawford &
Fabian (1992) could not reproduce, under this assumption,
the transition from class I to class I nebulae. These last au-
thors argued that Type I and Type II emission are produced
by self-absorbed mixing layers and cloud-cloud collisions, re-
spectively. Both mechanisms are related to the existence of
cold clouds embedded in turbulent hot gas.

In this work we have not carried out a comprehensive
study of the emission lines present in the galaxy spectra.
We detect emission lines in 6 out of the 8 galaxies with
cooling flows, being A 644 (M = 326M;/yr) and A 2319
(M = 66M/yr) the objects without emission. These fea-

tures are also seen in the spectra of the galaxy in A 2634,
a non-cooling flow cluster. Note, however that this object is
a strong radio source (3C 465) and its emission line system
has already been studied by De Robertis & Yee (1990), con-
cluding that the galaxy contains a weak AGN-like nucleus.

Since our spectra were not calibrated in absolute fluxes,
we are not able to quantify the luminosity contained in the
emission lines. However, we have measured the radial vari-
ation of the equivalent width of the Ha+[NII] system, and
its flux (in arbitrary units). Both measures are plotted in
Figure 10 for the galaxies with detected emission lines, ex-
ception made for PKS 0745—191 with too low S/N ratios.
In addition, multi-component Gaussian profiles were fitted
in the central spectra in order to obtain an estimate of the
nuclear log([NII]A6583/Ha) ratio. These values are given in
the upper right corner of each plot in Figure 10 (except for
A 2634, where the red spectral region does not have good
enough S/N to obtain reliable Gaussian fits). Comparing
our [NII]/Ha ratios with those of Heckman et al. (1989), we
obtain a very good agreement for the two galaxies in com-
mon. According to these ratios, we confirm that A 1795 (the
cluster with the largest accretion rate) contains a Type II
emission nebulae whereas the emission in the rest of the
galaxies correspond to Type I, in the classification scheme
of Heckman et al.

It is apparent from Figure 10 that the emission is con-
centrated in the inner galaxy regions, although in the case
of 2A 03354096 the emission is more extended. Simultane-
ously, some objects exhibit symmetric profiles (e.g. A 1126,
A 1795), whereas other galaxies show different emission at
both sides of the galaxy centre (e.g. 2A 03354096, A 262).
These asymmetries are not surprising since, in the case
of 2A 03354096, the Ho images taken by Romanishin &
Hintzen (1988) revealed a complex distribution of ionised
hydrogen centred on the dominant cluster galaxy.

The main goal of our study of the emission lines is to
determine the spatial coverage of the emission nebulae, es-
pecially in the case of A 1795. The data plotted in Fig-
ure 10 reveal that, for this object, emission is detected out
to log(r/re) ~ 0.5, roughly the same radius where the dom-
inant galaxy in A 1795 exhibits a significant change of slope
in the gradients of Mg, and Dyooo (Figure 7d). If the flatten-
ing of the gradients in the inner regions of this galaxy is due
to the formation of new stars, we may question whether this
star formation is related to the existence of emitting gas. A
similar behaviour can be guessed for the dominant galaxy
in A 2199, although, in this case the emission nebulae is not
as extended as in A 1795. This trend cannot be confirmed
for the rest of the cooling flow galaxies with emission, since
the index gradients are not so well determined.

If the relationship between star formation and emission
nebulae does actually exist, two questions must be asked.
First, assuming that, as it has been noted by different au-
thors (eg. Crawford & Fabian 1992), photoionisation by
young stars can not be the fundamental mechanism for the
excitation of the gas, what is the relative importance of that
photoionisation in the line formation? The second question
is why the bulk of the star formation is taken place in the
same galaxy regions where emission lines are detected? It
would be possible that, though a direct link between emis-
sion and star formation may not exist, physical conditions
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Figure 10. Equivalent width and flux (in relative units relative to the central emission) of the Ha+N[II] system as a function of galactocen-
tric distance. Multi-component gaussian profiles were fitted in the central spectrum of each galaxy, and an estimate of log(N[II]A6583/Ha)

is given on the upper right corner of each plot (exception made for A 2634, with a central spectrum with too low S/N ratio in the Ha
region). Squares and circles represent both sides of the galaxies (with the same criterion as in Figures 7).

in the cooling flows that produce one effect also favour the
other.

We must also recall that the only object that clearly
shows a Type II emission is the dominant galaxy of A 1795,
which exhibits the strongest change in the slope of the gradi-
ents. In fact, the N[II]/He ratios seem to be correlated with
the internal gradients, although we only have good data for
four galaxies. Additional spectral gradients need to be mea-
sured in more galaxies in order to confirm this result. A re-
lation of this type would imply that, since Type II emission
is associated with large flows and therefore a larger central
star formation could be expected, the nature of the emission
lines, and its classification into different types, may also be
related with young stars.

6 CONCLUSIONS

In this paper, the analysis of spectral indices in a sample of
brightest cluster galaxies with and without cooling flows has
led to the following conclusions:

i) We find that central Mg, and D400 indices are well

correlated with the mass accretion rates derived from X-ray
data, in the sense that indices decrease with M. This sup-
ports the idea that cooling flow galaxies are hosting ongoing
star formation from the accreted gas.

ii) Through the application of stellar population models
we derive the Star Formation Rate implied by the observed
spectral indices, which is also strongly correlated with the
mass accretion rate. The fraction of the total accreted gas
that is transformed into stars with a normal IMF is 5 —17%
(depending on the duration of the star-formation phase) and
almost the same for all galaxies. This small fraction is in
agreement with previous studies. However, this is only a
lower limit because only stars with M > 0.1M; are con-
sidered. Moreover, since most of the mass deposition occurs
at very large radii compared with the optical size of the
galaxy, a large fraction (perhaps all) of the gas accreted in-
side the galaxy could be forming stars. We argue that this
could provide a natural explanation for the very tight corre-
lation between the derived SFR and M or, in other words,
the almost constant SFR/M ratio. This fact, together with
the lack of evidence for star formation at larger radii could
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be taken as an indication that only the gas that is being ac-
creted inside the galaxy is converted into stars, perhaps due
to the existence of very different physical conditions from

those outside it§. We note here that our spectral indices do
not place strong constraints to the shape of the IMF. Our
measurements are consistent with a “normal” IMF and our
estimated SFRs are valid for that case.

iii) For some cooling flow galaxies we find a clear slope
change in the spectral gradients at intermediate radii. The
derived gradients in the inner regions (r < r.) of cooling
flow galaxies are, in the mean, shallower than those found in
normal ellipticals. Furthermore, the data suggest a possible
correlation of spectral gradients with mass accretion rate.

iv) The fraction of the V light that comes from the
accretion population (fv) is found to remain roughly con-
stant with radius except, perhaps, for the outer parts of the
galaxies. This suggests that the ongoing star formation does
not follow the mass deposition profile inferred from X-ray
data, being more concentrated towards the galaxy centre.
This conclusion, however, depends on the assumption of a
drop-out parameter n ~ 1, where M(< r) o r™ describes
the gas deposition profile. Values of n are generally poorly
known and could vary considerably from cluster to cluster.

v) The indices reached in the outer regions of galax-
ies both with and without cooling flows are, in some cases,
significantly lower than those usually found in normal ellip-
ticals. We make the suggestion that recent star formation
processes, not related with the cooling flows, could also be
taking place in the outer parts of brightest cluster galaxies.
We note however that further observations are needed to
confirm this result.

vi) Emission lines, detected in 6 out of the 8 galaxies
with cooling flows, appear to be concentrated in the inner
galaxy regions. Furthermore, the emission region in A 1795
(and probably in A 2199) coincides approximately with the
region where the flattening of spectral gradient is observed.
If the flattening of the spectral gradients is related to the
star formation induced by the cooling flows, perhaps this is
not a coincidence. Evidently, a larger sample is needed.

Although we have shown that cooling flow galaxies ex-
hibit spectral anomalies when compared with other brightest
cluster galaxies, and that these anomalies correlate well with
the size of the mass accretion rate. some words of caution
are necessary. First, the sample should be enlarged to con-
firm some of the trends observed in this work, especially the
low spectral indices measured in the outer regions of some
galaxies. It should also be noticed that a cooling flow cD
galaxy could be hosting star formation from the accreted
cooled gas and, at the same time, be the site of additional
star formation processes due to the cluster environment and
evolution. Both processes would give rise to star formation
that is both a function of time and galaxy radius, and thus
the interpretation of spectral gradients in these galaxies is
far from being straightforward.

§ In fact, Daines, Fabian & Thomas (1994), and Fabian (1994)
note that cold clouds will weight the inner parts of a flow to the
extent that they dominate the dynamics. In these regions (inside
~10 kpc) coagulation of clouds, shocks, mixing and massive star
formation are possible (Fabian, private communication)
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