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I.1 The stars 5
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Figure i.} Optical spectra of main-sequence stars with roughly the solar chemical com-
position. From the top in order of increasing surface temperature, the stars have spectral
classes M3, K0, G2, AL, and O5 - G. J acoby et al., spectral library.

The temperatures of O stars exceed 30000 K. Figure 1.1 shows that the
strongest lines are those of Hell (once-ionized helium) and Cin (twice-lonized
carbon); the Balmer lines of hydrogen are relatively weak because hydrogen is
almost totally iomized. The spectra of B stars, which are cooler, have stronger
hydrogen lines, together with lines of neutral helium, Hel, The A stars, with tem-
peratures below 11 000K, are cool enotigh that the hydrogen in their atmospheres
is largely neutral; they have the strongest Balmer lines, and lines of singly ionized
metals such as calcium. Note that the flux decreases sharply at wavelengths less
than 3800 A; this is called the Balmer Jump. A similar Paschen jump appears at
wavelengths that are 3%/22 times longer, at around 8550 A.




6.3 Stellar populations and gas
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Figure 6.19 Spectra for a ‘galaxy’ that makes its stars in a 10® yr burst, al plotted to the
same vertical scale. Emission lines of ionized gas are strong 10 Myr after the burst ends;
after 100 Myr, the galaxy has faded and reddened, and deep hydrogen lines of A stars are
prominent. Beyond 1 Gyr, the light dims and becomes slightly redder, but changes are

ould be bluer: it
in a sudden burst
ery blue; helium
inent. We would

{00 Myt after star - uch siower — B, Poggianti.

s the deep Balmer :

> of spectrum are big: ellipticals are richer in heavy elements than the midsized ones. The center of
tred million ye2ss galaxy is also more metal rich than its periphery: Figure 6.20 shows that the

ober of new stats gnesium: absorption is stronger, the greater the speed required for material to
cape from that region of the galaxy. Smaller galaxies may have lost most of their
&etal-enriched gas, while larger systems were able to trap theirs, incorporating
e heavy elements into new stars. Figure 1.5 showed us that metal poor stars of
::glven mass are bluer, especially while they are burning helium in their cores:

'we are not surprised to find that smaller galaxies with lower metal content are

tel spectrumm starts
tesses, the galaxy
tical-like galaxies
|d as the Universe
minous ellipticals
iterparts are a few ; The most metal-rich parts of galaxies in Figure 6.20 correspond to abundances

. ]2 Zg; stars at the center of luminous ellipticals are at least as metal-rich as
f‘f Sun. But they do not contain heavy elements in the same proportions as the
Ui, Relatively light atoms such as oxygen, sodiurn, and magnesium are a few
nes more abundant relative to iron. We saw the same pattern in old metal-poor

ity that we see it
osition. Metal ab
STiptical galaxies:
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The ESO Nearby Abell Cluster Survey: L
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Fig. 7. Distribution of radial velocities in the directions of the 107 target ACO clusters studied in the ESO Nearby Abell Cluster
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Fig.2. The best LOWESS estimate (heavy ling) of op{R), together
with the 68% confidence levels {dashed lines), for each of the 5 galaxy
classes, from top to bottem: By, Barly, §¢, 51, Subs. The filled circles
with error bars indicate binned biweight estimates of o,(R). The scale
on the y-axis is in units of the global cluster velocity dispersion, cal-
culated for all galaxies irrespective of type.

To our knowledge, this is the first time that the number-
density and velocity-dispersion profiles for these 5 cluster

‘\{ ‘salaxy classes have been derived with such accuracy and in

such detail. Therefore, we briefly comment on the gualitative
nature of the different /(R), ¥(r) and ¢p(R) before proceeding
with the anafysis.

Among galaxies outside substructure, the Ey have the
steepest density profile in the centre, followed by the Early,
the S,., and the §,. This is a clear manifestation of the
morphology-density refation (e.g. Dressler 1980), and of lumi-
nosity segregation {e.g. Rood & Turnrose 1968 and Paper XI).
Interestingly, the density profiles of both S and 5y decrease
towards the cluster centre, a clear indication that these galax-
ies avoid the central cluster regions. On the contrary, Ey are
mostly found in the central clusier regions.

The Subs galaxies have a number-density profile that is
rather steep in the centre, but shows a weak “plateau” at
~0.6 ragg. Note that the number density profile-of this galaxy
class could, in principle, be biased by systematic effects due
to the selection procedure of the members of substructures,
which might result in a radius-dependent detection efficiency.
A comparison of the de-projected number densities of the
Subs-class galaxies and of the bulk of the galaxies outside

A. Biviano and P. Katgert: The ESO Nearby Abelt Cluster Survey. EHIL
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substructures, viz. the Early-class galaxies (right-hand panels
of Fig. 1), shows that, within ~0.6 rag, the two profiles have
essentially identical logarithmic slopes. Beyond ~0.6 rag the
number-clensity profile of the Subs galaxies is quite a bit flaiter
than that of the Early galaxies, until it steepens again beyond
~1,0 ragy. This was already noted in Paper XI. A comparison
of the number-density profile of the Subs galaxies with that ob-
tained by De Lucia et al. (2004) from their numerical models
of substruciures in cold dark matter haloes gives a similar re-
sult. The logarithmic slope between 0.1 1o and 0.8 rap of the
number-density of haloes with masses ~10% Mg is about —1.6,
not very different from that of the Subs galaxies which is --1.5.

The velocity dispersion of the By, strongly decreases to-
wards the centre, with a slower but equally large decrease oui-
wards (remember that all velocity dispersions are normalized
by the same, global velocity dispersion calculated for all galax-
ies irrespective of type). The special formation history and lo-
cation of the Ey, at the bottom of the cluster potential well is re-
flected in their very low central velocity dispersion. In contrast,
galaxies of the Early class have a rather fiat velocity-dispersion
profile, changing by only ~+20% over the virial region. The
velocity-dispersion profiles of §. and §; are rather similar,
starting at high values near the centre with a fairly rapid de-
crease out to r ~ 0.3 rag, and flattening towards larger pro-
jected distances. Yet, the velocity dispersion of the §; is larger
than that of the S, (and, in fact, of any other class) at all radii.
It is perhaps interesting to note that the velocity-dispersion pro-
files of S, and §, are remarkably similar to those of, respec-
tively, the “backsplash” and infalling populations of subhaloes
found inthe numerical simulations of Gill et al. (2004).

Finally, the velocity-dispersion profile of the Subs class is
very “cold” and flat, even flatter and “colder” than that of the
Early class. One might wonder if this is due to the procedure
by which the galaxies of the Subs class were selected, but it
is very unlikely that the velocity dispersion of the Subs class
is biased low by the selection. If anything, the actual velioc-
ity dispersion of the subclusters is overestimated because the
internal velocity dispersion of the subclusters has not been cor-
rected for. In Sect. 6.4 we discuss several estimates for the real
velocity-dispersion profile, i.e. corrected for internal velocity
dispersion and possible bias due to the selection.

4. The mass profile

In addition to the observed /(R)-, v(r)- and o, (R)-profiles pre-
sented in Sect. 3 we also need an estimate of the mass pro-
file M (<r) for a determination of the B(r)-profiles. The mass
profile that we will use here is the one that was derived in
Paper XII, from the number density and velocity-dispersion
profiles of the Early-class galaxies. As discussed in detail in
Paper XII, the Early-class galaxies are likely to be in equilib-
rium with the cluster potential, as the formation of most of them
probably antedates their entry into the cluster, so that they have
had ample time to settle in the potential. In Paper XII we also
showed that galaxies of the Early class have a nearly isotropic
velocity distribution; this follows from an analysis of the
shape of the distribution of their line-of-sight velocities. More
specifically, assuming a constant velocity anisotropy for the
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INFORMATION ON DM FROM CLUSTERS

The amount of DM
Zwicky (1933): large amount of DM in Coma cluster;
baryon fraction My/Mcrrster 2 5%h™3/2
h = Hy/(100km/s Mpc™') (g Whise et al. 1993: White & Fabian
1995; David, Jones, & Forman 1996; Cirimele, Nesci. & Trevese 1997)
if cluster baryon fraction is representative of the Universe
s/ = 0.0573/2 must be compared with
Qp ~ 0.01, < 0.025h~2 predicted by cosmic (standard)
nucleosynthesis = Qg < 1 (e.g. Evrard 1996)
BUT Mcryster =7... disagreement (for a factor of 2-3)
between masses obtained with different methods (e
Miralda et al. 1993; Wu & Fang 1997)

The shape of DM distribution
DM distribution is less extended than gas distribution and
% (maybe?) follows galaxy number distribution with a more
peaked concentration in central cluster regions (e.g. Watt et

al. 1%?2; Mushotzley 1992; Durret et al. 1994; Narayan & Bartelmann 1997)
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“L.32 = constraints for DM nature (e.g. Evles et al. 1991)

Constraints for DM cosmological scenarios derived
from the observational distribution of abundances of
clusters as a function of their mass (or velocity dispersion
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Mass and Light Distribution §

From gravitational lensing: mass distribution and
galaxy light distribution look similar, with roughly

the same orientation and ellipticity.

Two dark matter clumps in sentral regions of A2218

(Kneib, Mellier, Pell6 et al. (1995).

Left panel: crossed circles represent galaxies;
right panel: iso-mass contours derived from the lensing model.
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Mass Comparison: the case of MS 1008-1224 at z~0.3
(Lombardi, Rosati, Nonino, MG, Borgani Squires 2000, A&A 363,401) |
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T : ]
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ICM (ROSAT data); oo| B Koo ,
galaxy kinematics (CNOC data); : Lens profile (V)
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Mass Comparlson

log (M,,./Mg)

= u\Li aLo DIN A M (O

Voot O
Mx vs. Moyt (Girardi et al. 1998; Lewis et al. 1999)
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From Allen (1998) M;;;S vs. Mx (strong lensing):

circles: cooling-flow clusters,

squares: no cooling clusters,

pinched squares: intermediate.
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OPTICAL MASS ESTIMATES OF GALAXY CLUSTERS
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ABSTRACT

We evaluate in a homogeneous way the optical masses of 170 nearby clusters (z < 0.15). The sample
includes both data [rom the Kterature and the new ESO Nearby Abell Clusters Survey (ENACS) data,
On the assumption that mass foliows the galaxy distribution, we compute the mass of each cluster by
applying the virial theorem to the member galaxies. We constrain the masses of very substructured clus-
ters (about 10% of our clusters) between two limiting values. After appropriate rescaling to the X-ray
radii, we compare our optical mass estimates to those derived from X-ray analyses, which we compiled
from the literature (for 66 clusters). We find a good overall agreement, This agreement is expected in the
framework of two common assumptions: that mass follows the galaxy distribution and that clusters are
not far from a situation of dynamical equilibrium, with both gas and galaxies reflecting the same under-
lying mass distribution. We stress that our study strongly supports the reliability of present cluster mass
estimates derived from X-ray analyses and/or (appropriate) opticai analyses.

Subject headings: galaxies: clusters: general — galaxies: fundamental parameters — X-rays: galaxies

I. INTRODUCTION

A knowledge of the properties of galaxy clusters plays an
important role*in the study of large-scale structure forma-
tion. In particular, the observational distribution of the
abundance of galaxy clusters as a {unction of their mass
places a strong constraint on cosmological models (e.g.,
Bahcall & Cen 1993; Borgani et al. 1997; Gross et al. 1998;
White, Efstathiou, & Frenk 1993a). Moreover, recent
studies stress the need for reliable estimates of cluster
masses in order to constrain the ratio of the baryoenic to the
total mass and the consequent value of £y (e.g., White &
Frenk 1991; White et al, 1993b).

Indeed, estimating cluster masses is not an easy task, in
spite of the various methods available. Applying the virial
theorem Lo positions and velocities of cluster member gal-
axies is the oldest method of cluster mass determination
{e.g.,, Zwicky 1933). More recent methods are based on the
dynamical analysis of hot X-ray-emitting gas (e.g., Cowie,
Henriksen, & Mushotzky 1987; Eyles et al. 1991) and on
gravitational lensing of background galaxies f{(e.g,
Grossman & Narayan 1989).

Mass estimates derived from the dynamical analysis of
gas or member galaxies based on the Jeans equation or its
derivations, such as the virial theorem, assume that clusters
are systems in dynamical equilibrium (e.g., Binney & Tre-
maine 1987). This assumption is not strictly valid; in fact,
although clusters are bound galaxy systems, they have col-
lapsed very recently or are just now collapsing, as is sug-
gested by the requent presence of substructures (e.g., West
1994). However, some analyses suggest that the estimate of
optical virial mass ts robust against the presence of small
substructures (Escalera et al. 1994; Girardi et al. 1997a; see
also Bird 1995 for a partially different result), although it is
alfected by strong substructures (e.g., Pinkney et al. 1996).
Similar results are found in studies based on numerical
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simulations {e.g., Schindler 1996a; Evrard, Metzler, &
Navarro 1996; Roettiger, Burns, & Locken 1996) for X-ray
masses estimated with the standard f-model approach
(Cavaliere & Fusco-Femiano 1976), although some aathors
have claimed that there is a systematic mass underesti-
mation {e.g., Bartelmann & Steinmetz 1996).

Dynamical analyses based on galaxies have the addi-
tional drawback that the mass distribution or (alternatively)
the velocity anisotropy of galaxy orbits should be known a
priori. Unfortunately, the two guantities cannot be disen-
tangled in the analysis of the observed velocity dispersion
profile, but only in the analysis of the whole velocity dis-
tribution, which, however, requires a large number of gal-
axies (on the order of several hundreds; e.g., Dejonghe 1987;
Merritt 1988; Merritt & Gebhardt 1994). Without some
information on the relative distribution of dark and galaxy
components, the virial theorem places only order-of-magni-
tude constraints on the total mass (e.g., Merritt 1987). The
usual approach is to apply the virial theorem assuming that
mass is distributed as in the observed galaxies (e.g.,
Giuricin, Mardirossian, & Mezzetti 1982; Biviano et al.
1993). This assumption is supported by several pieces of
evidence from both optical (e.g., Carlberg, Yee, & Ellingson
1997a) and X-ray data (e.g., Watt et al. 1992; Durret et al.
1994; Cirimele, Nesci, & Trevese 1997), as well as from
gravitational lensing data, which, however, suggest a
smaller core radius (e.g., Narayan & Bartelmann 1997).

The mass estimates derived from gravitational lensing
phenomena are completely independent of the cluster
dynamical status, but a good knowledge of cluster geometry
is required in order to go from the projected mass to the
cluster mass {e.g., Fort 1994). Moreover, strong lensing
observations give values for the mass contained within very
small cluster regions (< 100 kpc), and weak lensing obser-
vations are generally more reliable in providing the shape of
the internal mass distribution rather than the amount of
mass {e.g., Squires & Kaiser 1996).

Up to now, few studies have dealt with wide comparisons
between mass estimates obtained by different methods for
the same cluster. Wu & Fang (1996, 1997) found that masses
derived from gravitational lensing analyses are higher than
those derived from X-ray analyses by a factor of 2, but agree
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FIG. 34. The equivalent width (in eV) of the Fe X line at 7 keV
a¢ a function of gas temperature, from Bahcall and Sarazin
(1978). For gas temperatures >2x 107 K, this is the strongest
x-ray line feature.

V.B.2 above. At temperatures T, > 3x 10" K, the main
emission mechanism is thermal bremsstrahlung, for
which the total emissivity is

e/=1.435x 107z Tgl/zn, ZZ,.ZH,» ergscm > sec™!
i

~3.0x107% 3"';”2:1},2 ergsem Jsec! (5.21)

where 7 is the integrated Gaunt factor, and Z; and n, are
the charge and number density of various ions i. The
second equation follows from assunling solar abundances
and g=11 in a fully ionized plasma. For
T, <3x10" K, line cooling becomes very important.
Raymond et al. (1976) give the cooling rate at lower tem-
peratures; a very crude approximation is (McKee and
Cowie, 1977}

€= 6,2x1071 TK“':"ﬁnp2 crgscm‘lscc“' ,

10 <« T, < 4x107.  (522)

In assessing the role of cooling in the intracluster gas, it
is useful to define a cooling time scale as
tool =(dln Tx/er_E. For the temperatures that apply
for the intracluster gas in most clusters, Eq. (5.21) gives a
reasonable approximation to the x-ray emission. If the
gas cools isobarically, the cooling time is

Rev. Mod. Phys,, Vol. 58, No. 1, January 1906

ViEW SH{N 86
REV: X-ray emission from clusters of galaxies PrAeTE GA &SDS A9

FOMA TN T AMMASST

172

10
Leoat = 8.5x 10 yr 10_3 Cm_J

—1
", l

(5.23})

which is longer in most clusters than the Hubble time (age
of the universe). Thus cooling is not very important in
these cases. However, at the centers of some clusters the
cooling time is shorter than the Hubble time, and these
clusters are believed to have cooling flows (Sec. V.G).

2. Infall and compressional heating

The heating of the intracluster gas will now be con-
sidered. The major point of this discussion is that, al-
though the gas is quite hot, no major ongoing heating of
the gas is generally necessary. This is true because the
cooling time in the gas is long [Eq. (5.23)), and the
thermal energy in the gas is comparabie to or less than its
gravitational potential energy. Almost any method of in-
troducing the gas into the cluster, either from outside the
cluster or from within galaxies, will heat it to tempera-
tures on the order of those observed.

Heating of the gas due to infall into the cluster and
compression will be considered here. First, imagine that
the cluster was formed before the intracluster gas fell into
the cluster, and that the intracluster gas makes a negligi-
ble contribution To Tie My of THE Sluster (Sec. 1ILD). If
the gas Was initially cold, and Tocatéd at a large distance
from the cluster, then its initial energy can be ignored, If
the cluster potential remains fixed while the gas falls into

" the cluster and the gas neither loses energy by radiation

nor exchanges its energy with other components of the
cluster, then the total energy of the gas will remain zero.
After falling into the cluster, the gas will collide with oth-
er elements of gas, and its kinetic energy will be converted
to thermal energy. Thus infall and compression can pro-
duce temperatures on the order of

ot (5.24)

where ¢ is the gravitational potential in_the cluster. At
the center of an isothermal cluster,[¢ ~ —9 o’f, hcre?
is the line-of-sight velocity dispersion of fhe dluster. If
this is substituted in Eq. (5.24), the deriv

i ———————f—
8 9
/Tg ~ 5%10 Ii(

T (5.25)
10" kmsec™

W —
which is a factor of 5—10 times larglr than the observed

temperatures [Eq. (3.10)). Of couyse, the gas that falls
into a_clusngmaé\plmumably bound 6 the cluster before
it fell in, so that Eq, q(__S;g?)mq_}{er, stimates the terﬁpc}aturev
A similar calculation for gas bofind to the cluster is given
in Shibazaki et al, (1976).
The temperature may also
during the infall, or becaus:
time that the cluster was fo

lower because of cooling
the gas fell in at the same
ing and thus experienced a
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smaller potential on average. If the gas fell in al the same
time that the cluster collapsed and was heated by the ra-
pid varfation of tHe potential during violent relaxation
(Sec. ILL2), then it might have the same energy per unit
mass as the mattf?i—n_IgaIaxies,

e e

3 kT,

Az (5.26)
2 pm,

which gives Eq. {5.14) for the temperature. This is in
reasonable agreement with the intracluster gas tempera-
tures determined from x-ray spectra [Eq. (3.101.

These crude estimates are meant only to illustrate the
point that the observed gas temperatures are consistent
with heating due to infail into the cluster. More detailed
models for infall are discussed int Sec. V.J.1.

3. Heating by ejection from galaxies

"The presence of a nearly solar abundance of iron in the
intracluster gas (Secs. IIL.C.2 and V.B.3) suggests that a
reasonable fraction of the gas may have come from stars
in galaxies within the clusters. The gas ejected from
galaxies is heated in two ways. First, the gas may have
some energy when it is ejected. Let € be the total energy
per unit mass of gas ejected from a galaxy in the rest
frame of that galaxy, but not including the cluster gravi-
tational potential, and define kT G/2 = sm,€g. Second,
the gas will initially be moving relative to the cluster
center of mass at the galaxy's velocity. The ejected gas
will collide with intracluster gas and thermalize its kinetic
energy. On average this will give a temperature

kTy = pmya; + kT . (5.27)

:. If the ejection energy can be ignored, the temperature is
: given by Eq. (5.14), in reasonable agreement with the ob-
l ; servations [Eq. (3.10)].
_” In a steady-state wind cutflow from a galaxy, one ex-
' pects kT zumpaf,, where o, ~ 200 km/sec is the ve-
. i('[- locity dispersion of stars within the galaxy. If the ejection
, temperature is near the lower limit given by this expres-
: sion, then this form of heating will not be very important
because oi << or,?. However, the gjection temperature
could be considerably higher. For example, supernovas
within galaxies could both produce the heavy elements
| seen in cluster x-ray spectra and heat the gas in galaxies
until it was ejected. Supernovas efect highly enriched gas
at velocities of vgy ~ 10 km/sec. The highly enriched,
rapidly moving supernova gjecta would collide with the
interstellar medium in a galaxy and heat the gas. If M SN
is the mass of ejecta from a supernova and M, is the re-
sulting total gas mass ejected from the galaxy, then
Ty = 2X10° K (vgy/10* km/sec(Mgy/M,,), which
will be significant if the supernova ejecta are diiuted by
[l less than a factor of about 100.
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4. Heating by galaxy motions

Although ongoing heating of the intracl
not be necessary to account for the observe
tures, the estimates given above and the hist
are sufficiently uncertain that one cannot 1
ing heating as an important process. One
intracluster gas could be heated would be th:
between the gas and the galaxies that are oo
ing throughout the cluster (Ruderman ang !
Hunt, 1971; Yahil and Ostriker, 1973; Sc
Livio et al., 1978; Rephaeli and Salpeter, 19
culation of the magnitude of this drag forc
consequent heating of the intracluster Eas is
by the following problems. First, the motio
age cluster galaxy through the intracluste;
likely to be just transonic M ~ 1, where M
Mach number, v is the galaxy  wve¢
¢ = 1480(7, /10* K)'/ km/sec is the sounc
gas. If Eq. (3.10) for the observed gas tempe
sumed, and the average galaxy velocity is
V30,, then the average Mach number is
Thus the galaxy motion cannot be treated as
highly supersonic (strong shocks, etc.) or w
(incompressible, etc.). In some cases sho
formed by the motion, and in some cases no s
Second, the mean free path A; of ions in the
medium due to Coulomb collisions {Eq. (5.34
to the radius of a galaxy R ~ 20 kpc (Nt
Thus it is unclear whether the intraciuster ga
treated as a coilisionless gas or as a fluid, and
transport processes such as viscosity (Sec. V.D
tain. For example, the Reynolds number ¢
about an object of radius R is Rex<3(R/
(5.46) below], and thus is somewhat larger th
R =R, It is therefore uncertain whether th
be laminar or turbulent. The magnetic field
transport processes {Sec. V.D.3), but the coher:

of the field I, estimated from Faraday rotatic
tions is also comparable to the size of a galaxy (
Finally, the nature of the drag force depends ¢
the galaxy contains interstellar gas or not. If
contains no gas, it affects the intracluster mes
through its gravitational field. If the galax;
high-density gas, it can give the galaxy an effe
face. For example, a gasless galaxy in superson
probably will not praduce a bow shock, while &
galaxy may (Ruderman and Spiegel, 1971; Hi
Gisler, 1976).

It is convenient to write the rate of energy Ic
galaxy and the heating rate of the intrachuster me

_d'£ = 'JTRE)PS U3 ?

where p, is the intracluster gas density and Rp
fective radius of the galaxy for producing the dr
First, assume that the intracluster gas is coll
Then the drag is given by the dynamical friction
Eq. (2.34) and



