Hence the predicted versus observed
Y-parameter are for the 2-mm channel:

(V) xoray = =2.73 107 g2
(Y) gy = -2.53 107 )

giving a formal result of the Hubble con-
stant of Hy = 583 km s~ Mpc-1.

As the reader is aware, the error bars
are quite large. They take into account
many uncertainties still involved in this
kind of measurements: the pointing po-
sition of the SEST and ROSAT Tele-
scopes, the X-ray modelling and the un-
certainties of the mm observations.
These latter consider also the fact that
the 1.2-mm channel is very likely affect-
ed by secondary cluster emission, may-
be due to intracluster dust and/or sourc-
es.

The only way to get rid of these sys-
tematics is the observation of many
clusters. Every source in fact contributes
in a different way to the various model-
ling steps so that it is reasonable to as-
sume that the average value of the

Hubble constant is a fair estimate of the
real one.

This project would never have be-
come a reality without the work of many
people, among them | would like to thank
my collaborators (H. Béhringer, R. Booth,
G. Dall'Oglio, R. Lemke, L. Martinis, L.-A.
Nyman, A. Otarola, L. Pizzo, P. Shaver,
N. Whyborn), the SEST team and the In-
frared group at La Silla and in particular
Glenn Persson, Roland Lemke, Angel
Otarola, Peter de Bruin, Cathy Horellou,
Peter Sinclair and Nicolas Haddad for
their fundamental help and assistance
during the observations and during the
photometer set-up. This work has been
partially supported by the P.N.R.A. (Pro-
gramma Nazionale di Ricerche in Antar-
tide). P.A. warmly thanks ESO for their
hospitality during 1995, when part of this
work was carried out.
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Abstract

The activity of galaxies reaches from
the enhanced star-formation rate to the
outburst of quasars. These different as-
pects of converting cold gas into lumi-
nosity can be well described by the ratio
of infrared luminosity versus gas mass.
The process of star formation is charac-
terised by Lg/My,s Values of 5 [Lo/Mg] in
normal spirals and 100 in active Mkn gal-
axies while quasars attain values above
500 due to additional non-thermal proc-
esses. Moreover, the coldest dust com-
ponent in extragalactic objects also
seems to be correlated with the stage of
activity: Tyincreases from 15 K in normal
spirals to more than 40 K in quasars.
New ISOPHOT data between 60 and
200 um and SEST data at 1300 pm cor-
roborate these results for active galaxies
but indicate the presence of very cold
dust =~ 10 K) in normal spirals. The impli-
cations on the total gas content of galax-
ies are discussed. It turns out that high-
resolution submm measurements of the
dust emission with high spatial and spec-
tral resolution play a key role for our un-
derstanding of the interstellar medium in
external galaxies. In this context, plans
for SIMBA, a new 37-channel bolometer
array at 1300 um for the SEST and the
need for the LSA are briefly discussed.

1. Activity in Galaxies

In a previous Messenger article (Chi-
ni and Krigel, 1996, hereafter Paper I)
we have described our long-term project
on the global star- formation efficiency in
various classes of galaxies. Our ap-
proach to this problem was the follow-
ing: The energy of most galaxies origi-
nates from the formation of stars; only a
few exotic objects like radio galaxies
and quasars contain additional sources
of energy which probably originate from
the accretion of interstellar matter onto a
circumnuclear disk. However, both
sources of energy have in common that
cold interstellar gas is transformed into
luminosity. Therefore, the amount of lu-
minosity obtained per unit gas mass, i.e.
the ratio L/Mgas, should be an appropri-
ate description for the activity in gal-
axies.

In order to obtain this ratio, we deter-
mined the two fundamental quantities L
and My,s for three samples of normal
spirals, active galaxies and radio-quiet
quasars. The total luminosity was ap-
proximated by the IR luminosity be-
tween 12 and 1300 pm. This interval is
nicely covered by the infrared satellite
IRAS at the wavebands 12, 25, 60 and
100 pm; beyond that we managed to ob-
tain the 1300-pm continuum flux from
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the 15-m SEST or the 30-m IRAM tele-
scope. The luminosity Lr derived in this
way is typically a factor of 10 higher than
the blue luminosity Lg, indicating that it is
a good approximation for the total lumi-
nosity of these objects.

The gas content My,s of the galaxies
was determined from the optically thin
emission of dust at 1300 pm observed at
the SEST and at IRAM. To convert the
observed dust emission into a gas mass
we used the fact that in the Milky Way,
the amount of gas is about 150 times
larger than that of dust. An independent
check of the gas mass was derived from
CO measurements: the intensity of the
lower rotational levels J(1-0) and J(2-1)
at wavelengths of 2.6 mm and 1.3 mm,
respectively, has been verified empiri-
cally to be proportional to the mass of
molecular hydrogen. The corresponding
observations have also been performed
at the SEST and the IRAM 30-m tele-
scope. The major results of these stud-
ies as outlined in Paper | can be summa-
rised as follows:

1. In normal spirals the spectral ener-
gy distribution from 100 to 1300 um is
dominated by cold dust of T4=15 + 5 K.
Their gas mass is 2 + 10° = Myas < 6 -
1010 Mg and their IR luminosity is 6 - 10°
= Lgr = 3101 L yielding a ratio Lir/
Myas =5 £ 2 in solar units.

37



:llll| T LR _:||||| LR UBRELRRLLY 20 . . i .
- U3490 a) | U3490 b) ! ! ]
102 = — - i a) | .
g S E 15 - | .
C T 1 - i ! 1
ol T 3 1 o I : ]
10" & E KA N =" LV | .
F T ! ] & I [ |
. T e | 1% | :
15 =+ / - 5t | ]
E50K ¥ 32K 1 9K 3 I : ]
C T ! v\ - | _
[1’7] ;::::{ i ——HHHHH :::::} } ;::u::}" : ::a::ﬁ{ . 0 —t i —f
- N660 c) 1+ N660 d) . 1 b) | |
10% | € 4 i ! )
E gé ; E 10’ = : E
. I ] ;{, r ! ]
1L -+ - I ! standard ]
10 = =+ = ~ |
F ¥ o ] —_ - | _
[ e T o 1 & !
i 1 ] \E{, 1t e :
1 50K F 34K E i luffy + icy
:||||| £ |l'|||n| L 1.;'-||u] ::||n| T |||l,|||| L 1|||}u| : L L : L ! L L L L L L 4 1 ]
100 10° 10 10! 10®  10° 0 5 10 15
A [um] Trin [X]

Figure 1: Observed energy distributions of UGC 3490 and NGC 660.
Measurements at 450 and 800 um are from Chini & Krtigel (1993) and
1300 um data come from Chini et al. (1995). Possible decompositions
into a cold (dashed) and a warm (dotted) component are shown as-
suming m = 2. The temperatures of the individual components are (a)

18 Kand 50 K, (b) 9 Kand 32 K, (c) 19 Kand 50 K, (d) 14 K and 34 K.

2. In active galaxies the spectral en-
ergy distribution from 60 to 1300 um can
be described by a coldest dust compo-
nent of 33 + 5 K. We find a range of gas
masses of 5 - 107 = Mgas = 8 - 1010 Mg
and a range of IR luminosities of to
5.109 = Lr=3- 1012 Lo. The ratio L|R/
Mgas = 92 + 53, i.e. about a factor of 20
higher than in normal spirals.

3. In radio-quiet quasars, finally, the
coldest dust component was found to be
about 40K. Their gas content is compa-
rable to that in active galaxies but their
ratio Lir/Mgas =~ 550.

Thus, there is a correlation between
the stage of activity and the Lir/Mgss ratio
as shown in Figure 2 of Paper |. Obvious-
ly, the luminosity is no unique indicator
for activity because extragalactic objects
within the luminosity interval from 101 to
1012 occur as normal spirals, active gal-
axies or quasars. Likewise, objects of a
given gas mass produce quite different
amounts of luminosity, depending on
their activity. Thus only the efficiency of
converting mass into luminosity, i.e. the
quantity Lir/Mgas determines the actual
stage of activity. Non-active galaxies are
characterised by rather low ratios of the
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order of 5 whereas active galaxies pro-
duce 20 times more luminosity out of the
same reservoir of gas. Obviously, the
range 5 < Lir/Myas = 100 is typical for
star formation, whereas larger values, as
they occur with quasars, require addi-
tional non-thermal processes. In this pa-
per we wantto address the importance of
the dust temperature and its implication
for the activity in galaxies.

2. The Dust Content of Galaxies

The stage of activity as measured by
the ratio Lir/Myas S€€MS also to be cor-
related with the temperature of the
coldest dust component in galaxies. Ac-
cording to our previous measurements,
dust in normal galaxies attains temper-
atures as low as 15 K and increases to
about 40 K in quasars. As discussed
above, the origin of this effect cannot
entirely be attributed to the amount of
luminosity (because there are normal
and active galaxies with identical lumi-
nosity), but rather must be dominated
by some geometrical effects. Vice ver-
sa, the temperature of the coldest dust

Figure 2: (a) Minimum dust temperature T, as a function of galacto-
centric radius Ry for Lig =5+ 109, 5- 1019 and 5- 101 L, respectively.
(b) The relative change of dust mass compared to a 15 K component
for normal (solid) and fluffy + icy grains (dashed) where Kizgo is en-
hanced by a factor of 5.

component determines the total amount
of dust and gas and thus scales with
the ratio Lir/Mgas directly. In this sense,
T4 becomes an extremely important
quantity which, however, is difficult to
determine accurately because of the
large gap in the data between 100 and
1300 pm.

2.1 The decomposition of spectral
energy distributions

To overcome the problem of insuffi-
cient spectral coverage and to improve
the temperature estimates we have
started to fill the gap between 100 and
1300 pm by submm continuum meas-
urements from the JCMT at 450 and
800 um (Chini et al. 1995). Figure 1
shows as an example the spectral ener-
gy distribution (SED) of two galaxies,
UGC 3490 and NGC 660, where we
have included some of the missing
spectral points. In order to derive the
temperature Ty of the coldest dust com-
ponent we applied fits of the form A-2
B)\(Ty) where B, denotes the Planck
function and the factor A-2 accounts for
the emissivity of the dust grains. Inter-



estingly, despite the additional submm
data, the SEDs still cannot be interpret-
ed in a unique way: The emission from
UGC 3490 within the range 60 to
1300 pm may be described by two com-
ponents of 9 K and 32 K (case a) but
also by a superposition of two tempera-
tures at 18 K and 50 K (case b). For
NGC 660 the differences are not that
extreme but possible solutions still vary
between combinations of 19 K and 50 K
(case ¢) or 14 K and 34 K (case d). This
means that even additional submm data
at 450 and 800 um are not sufficient to
clarify the problem of spectral decompo-
sition. On the contrary, the new data rise
the important question whether a very
cold dust component exists in galaxies.

2.2 Is there very cold dust in
galaxies?

In Paper | we derived an average tem-
perature for the coldest dust component
of 15 £ 5Kin normal spiralsand 33 + 3K
in active Mkn galaxies. It is clear that a
whole range of warmer dust is required to
explain the entire emission at wave-
lengths shorter than 60 pm; the amount
of material at higher temperatures, how-
ever, is negligible in the context of the
total mass of interstellar matter in galax-
ies. On the other hand, observational un-
certainties and ambiguities in decom-
posing the SEDs, leave sufficient free-
dom for the existence of still colder dust
in substantial quantities. The importance
of the temperature of the coldest dust
component in galaxies is twofold:

1. The optically thin emission of dust
at submm wavelengths S, is directly
proportional to the amount of dust My
and depends on the temperature Ty:

_ S D
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where B, denotes the Planck function,
K) the mass absorption coefficient and D
the distance. Using the Rayleigh-Jeans
approximation By(Ty) = 2hc2/A2 « k Ty the
dust mass becomes inversely propor-
tional to the dust temperature (Ty)
S, A p?

47T, 2hcPk K, @)

If the 1300 um flux observed at SEST
originates from very cold dust, the total
amount of interstellar matter increases
and thus our numerical results concern-
ing the activity tracer Lir/Mgas have to be
revised.

2. Because the emitted energy is pro-
portional T8y, a slight decrease in dust
temperature causes a large change in
the energy balance of a galaxy. It may
imply that (i) the average stellar luminos-
ity per unit volume is lower or (ii) the dust
is farther away from the stars or (iii) the
dust is better shielded from stellar pho-
tons.

In order to estimate the minimum
possible temperature T, of dust, we

neglect both, the possible interstellar
matter outside the optical radius of a gal-
axy and the existence of very small tran-
siently heated particles, which are most
of the time at very low temperatures, but
do not contribute significantly to the total
dust mass.

Very cold dust can only be found
deep in the interior of clouds; it must be
protected from stellar light and shielded
by an optical depth well above 10 mag.
Nevertheless, at least for wavelengths
beyond 25 pm, clouds are heated by the
FIR emission of the galaxy itself. There
the optical depth is probably more than a
factor of 50 smaller than in the visual.
The heating by FIR radiation is not very
efficient because of reduced cross sec-
tions for absorption, but it is much more
important than the heating by the micro-
wave background. To further minimise
the heating, we assume that the source
of FIR radiation resides in the galactic
nucleus. A spatially spread-out energy
source, like stars in the disk or heating
by radiation of shorter wavelengths,
would only increase Tmin-

The results for Tmin are shown in
Figure 2a, which is reproduced from
Chini & Krugel (1996). The calculations
are based on two heating components
of equal luminosity with a A—2B)(Ty)
spectral shape and temperatures of 15
K and 50 K. Obviously, in a galaxy with
an FIR luminosity of 5 - 1010 Ly and an
optical size of 15 kpc, like e.g. the Milky
Way, the dust in the disk cannot become
colder than ~ 6 K; two additional curves
in Figure 2 show how Tpj, depends on
the luminosity of the galaxy.

To estimate how much dust mass can
escape detection, we make the extreme
assumption that the observed 1300 pm
flux originates entirely from very cold
dust without any contribution from a 15 K
component. From the solid curve in
Figure 2b, which holds for normal dust in
the diffuse interstellar medium, we can
infer by how much we would underrate
the mass of dust at a certain temperature

assuming that Tyq were 15 K; for exam-
ple, dust of 6 K would yield a factor of 5.
The optical properties of very cold dust,
however, are inevitably modified by the
deposit of ice mantles and, most likely,
coagulation into fluffy agglomerates.
This modification leads to an increase in
the absorption coefficient k by a factor of
5 to 10. Consequently, the mass of very
cold dust may even be slightly smaller or
comparable to the dust at 15K (see
Figure 2b dashed curve); dust of 6 K,
e.g., would leave the mass unchanged.
As the two effects, lower temperature
and enhanced grain emissivity, neutral-
ise each other we conclude that 1300 pm
continuum observations yield fair results
for the total dust mass.

2.3 Latest answers from I1SO

Recently we have combined new
ISOPHOT data between 60 and 200 pm
with 1300 um observations for six galax-
ies (Krugel et al., 1998). Eight ISOPHOT
wavebands have been selected to cover
the peak of the dust emission and thus
to derive a very accurate determination
of the dust temperature Ty4. Three of the
objects come from our sample of active
Mkn galaxies (see Fig. 3, reproduced
from Krigel et al., 1998). Their SEDs
can be fitted uniquely by a single dust
component of 31 K which is in perfect
agreement with our previous estimates.

Forthe three normal spirals the picture
changes considerably: As shown in Fig-
ure 4 (adapted from Krtugel et al., 1998),
least square fits to the data from 60 to
1300 um require a combination of two
dust components — one of about 29 K
which dominates the ISOPHOT observa-
tions and another one of about 10 Kwhich
is necessary to explain the 1300 pum
emission observed at SEST. Depending
on the mass absorption coefficient k this
very cold component may imply an in-
crease of the mass of interstellar matter
by a factor of three. As a consequence,
the ratio L,./M,, could be reduced by the
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Figure 3: Dust emission spectra of three active galaxies from the Markarian catalogue. The
solid lines are one-component fits between 60 and 1300 um of the form A\=2B)(Tq); the resulting

fit temperatures are indicated.
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Figure 4: Dust emission spectra of three inactive spiral galaxies. The dotted and dashed-dotted lines are two-component least square fits be-
tween 60 and 1300 um of the form A\=2B,, (Tq); the solid curves give their sum. The resulting fit temperatures are indicated.

same amount. Certainly, the number of
galaxies is still Insufficient to draw gener-
al conclusions, but evidence grows that
large amounts of cold dust may be
present in normal spiral galaxies.

3. Future Developments

Despite the interesting results ob-
tained so far there is obviously heavy de-
mand for an improvement in the decom-
position of the SEDs by data of better
spectral and spatial resolution and for a
complete coverage of extended objects
at several submm wavelengths. In order
to meet some of these requirements,
there are two instrumental developments
in the southern hemisphere that will
hopefully enrich the observational possi-
bilities in the future:

SIMBA. Measurements of the total
dust emission from extended sources
like galactic molecular clouds or external
galaxies require time consuming map-
ping procedures: The present 1300 um
continuum detector at SEST consists of
a single bolometer element that provides
afield of view of only 24 arcseconds. Due
to the generally faint extended millimetre
emission, continuous mapping is restrict-
ed to the brightest objects. Fainter sourc-
es have to be observed with ON-OFF
procedures that take at least 5 hours to
perform e.g. a crude 5-point raster map.
As aresult, the spatial distribution of dust
is so far unknown and/or incomplete for
most galaxies and has to be extrapolat-
ed. Therefore, the “Astronomisches In-
stitut der Ruhr-Universitat Bochum” and
the “Max-Planck-Institut fur Radioastro-
nomie” in Bonn have agreed upon de-
signing a new 3He-cooled 37-channel
bolometer array as a facility device for
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SEST (SIMBA = SEST IMaging Bolom-
eter Array) with support from Onsala
Space Observatory. The new system will
operate at a wavelength of 1300 um and
at a spatial resolution of 24 arcsec. With
atotal field of view of about 300 arcsec in
diameter, SIMBA will allow to cover large
regions like southern molecular clouds
and galaxies and in particular the Magel-
lanic Clouds with unprecedented sensi-
tivity and efficiency. Apart from a factor of
37 in integration time such a multi-chan-
nel system has a number of further ad-
vantages compared to the existing single
channel device: Performing e.g. 37 indi-
vidual maps of an area implies huge
overheads due to repeated pointing and
calibration actions between the single
coverages whereas a 37-channel map
can be run with one pointing and calibra-
tion only. Another gain comes when co-
adding the 37 channels: Individual cover-
ages from a single-channel observation
suffer from unavoidable positional uncer-
tainties and thus smear out faint extend-
ed structures in the final superimposed
image. In contrast, the final map from the
new array detector will always produce
“sharp” images because the offset be-
tween the 37 individual channels is me-
chanically fixed and well known. Even
point-source measurements will benefit
from the new device tremendously when
using the outer channels of the array to
monitor sky fluctuations. Depending on
the weather conditions, improvements of
factors 2-3 in sky-noise suppression
have been achieved with a similar sys-
tem at the IRAM 30-m telescope. SIMBA
will be manufactured throughout 1998
and it is planned to install the system in
April 1999 after the new wobbling sec-
ondary for SEST has been implemented.

LSA. Apart from measuring the total
flux of an object, one is also interested in
the detailed spatial distribution of the
emission. There is strong evidence, that
e.g. most of the interstellar gas in active
galaxies is concentrated within an inner
region of a few kpc — possibly in form of
disks, rings or bars. Likewise, the config-
uration of interstellar matter in the host
galaxies of quasars is entirely unknown,
due to insufficient spatial resolution. In
order to disentangle fine structures in the
mass distribution, spatial resolution of the
order of one arcsec or better is required.
This can only be managed by future sub-
mm interferometers such as the LSA. Lo-
cated at an appropriate high altitude site,
this instrument will eventually be able to
fill up the spectral gap between 200 and
1300 pum as set by current air- and space-
borne missions and ground-based ob-
servations from SEST and IRAM. Only
the simultaneous increase of spatial and
spectral resolution will improve our un-
derstanding of the origin of global star for-
mation, starbursts and quasars.

References

Chini R., Kriigel E.: 1993, A&A 279, 385.

Chini R., Kruigel E., Lemke, R., Ward-Thomp-
son, D.: 1995, A&A 295, 317.

Chini R., Krugel E.: 1996, The Messenger 82,
25 (Paper ).

Chini R., Krigel E.: 1996 New Extragalactic
Perspectives in the New South Africa.

Proceedings of the International Conference
on “Cold Dust and Galaxy Morphology”,
held in Johannesburg, South Africa, Janu-
ary 22-26, 1996, p. 329, D.L. Block and
J.M. Greenberg (eds.), Kluwer Academic
Publishers (1996).

Krigel E., Siebenmorgen R., Zota V., Chini
R.: 1998, A&A 331, L1.

chini@ceres.astro.ruhr-uni-bochum.de



