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Abstract

In these lectures | review observations of star-forming macular clouds
in our Galaxy and nearby galaxies to develop a physical intuion for
understanding star formation in the local and high-redshit Universe. A
lot of this material is drawn from early work in the eld since much of
the work was done two decades ago and this background is not gerally
available in the present literature. | also attempt to synthesise our well-
developed understanding of star formation in low-redshift galaxies with
constraints from theory and observations at high redshift to develop an
intuitive model for the evolution of galaxy mass and luminosty functions in
the early Universe.

The overall goal of this contribution is to provide students with
background helpful for analysis of far-infrared (FIR) obsevations from
Herschel and millimetre/submillimetre (mm/submm) imaging with ALM A
(the Atacama Large Millimetre/submillimetre Array). Thes e two
instruments will revolutionise our understanding of the interstellar medium
(ISM) and associated star formation and galaxy evolution, oth locally and
in the distant Universe. To facilitate interpreting the FIR spectra of Galactic
star-forming regions and high-redshift sources, | develop model for the dust
heating and radiative transfer in order to elucidate the obsrved infrared (IR)
emissions. | do this because | am not aware of a similar coharediscussion
in the literature.

8.1 Star-forming molecular clouds

Here, | provide an overview of the observations and physicsfastar-forming
molecular clouds in the Galaxy and nearby normal galaxies. ie motivation
is to develop the intuitive background for analysis of obsevations at high
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redshift, hopefully avoiding naive and simplistic assumptons. The physics
of the molecular ISM is not at all what one would have guessed &fore the
advent of mm-line astronomy and the understanding developeé over the last
30 years is vital to galactic evolution studies.

8.1.1 Background

All known star formation in low-redshift galaxies occurs in molecular gas
clouds and inclusion of atomic H clouds in discussions of star formation
is a ‘red herring', except in as much as the atomic gas may feethe
buildup of molecular clouds. In fact, there is no instance ofstar formation
demonstrably observed to occur in atomic gas in nearby galars (as distinct
from atomic gas dissociated by recently formed stars). Evelin the extended
ultraviolet (UV) disks of nearby galaxies, the young stars poducing the
UV could have been formed from molecular clouds simply too M in mass
or surface density to be detected in present observations. fie dominant
process for formation of hydrogen molecules (k) at low redshift is believed
to be on the surface of dust grains where two H atoms remain in fximity
long enough for a radiative decay to a bound state. The hydrogn molecule
is dissociated from the ground state by a two-step process wolving UV
photon absorption in the Lyman and Werner bands longward of he Hi
Lyman limit, followed by radiative decay to unbound vibrati onal states in
the ground electronic state (Hollenbachet al. 1971). Thus, the destruction
rate for H, depends sensitively on the ambient UV radiation eld and herce
on the amount of dust extinction and H, column density to the cloud surface
{ the latter since the foreground H, may absorb all the incoming UV when
the H, Lyman and Werner bands become optically thick (i.e., self-kielding).
Thus, whether a gas parcel is atomic or molecular will depen@omplexly on
a number of factors: the volume density (since the formatiorrate depends on
the densities of dust and atoms), the clumping of the ISM and he column
density to the cloud surface and velocity dispersion which dtermine the
dust continuum and H, line opacities. For typical cloud densities of a few
hundred per cm 3, the phase transition from Hi- to H,-dominated will occur
ata column densityNp.24, 2 10?2 cm 2, corresponding to an extinction
Ay =1mag for a standard dust to gas abundance ratio (Hollenbachet al.
1971).

The H, molecule is homonuclear and therefore has no permanent dijm
moment { its pure rotational transitions are weak quadrupole transitions
with low emissivity. In addition, H » has a small moment of inertia and its
rst rotational transition ( J =2{0) at 28.2 m is therefore at relatively high
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CO Rotational Levels CO (J=1-0) in Orion KL Nebula
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Fig. 8.1. The low-lying rotational levels of CO are shown on the left; the
spontaneous decay rate for thel = 1{0 transition is 7 10 8sec ! and the critical
density for pure collisional excitation by H, is 3000cm 3. With line photon
trapping and a typical optical depth of 10, the critical density for thermalisation
is reduced to 300cm 3. Thus, the CO line brightness temperature provides a
measure of the gas kinetic temperature. On the right, the CO and*CO J =1{0
emission lines are shown in the direction of the Orion Kleinmann-Low (KL nebula.

energy (h =k ' 508 K), requiring a minimum gas temperature of T, 150K
for appreciable collisional excitation. Thus trace molecles such as CO and
HCN have become the standard surrogate probes of moleculaiouds. CO
and HCN have dipole moments of 0.1 and 2.3 Debye, respectiyeland their
larger moments of inertia (due to having heavier atoms than H yield lowest
rotational transitions at 115.2 and 88.6 GHz (2.6 and 3 mm waelength),
corresponding to h=k ' 5.5 and 42K (see Fig.[81). These molecules
also have rare isotopic forms (e.g.}3CO and C'80) with slightly di erent
moments of inertia, and hence shifted rotational lines whit can be used to
probe regions of high column density where the abundant isatpe lines are
very optically thick.

8.1.2 Molecular excitation

Excitation for the rotational levels of molecules like CO olserved at mm and
submm wavelengths is provided by collisions with H. If these collisions are
su ciently frequent (compared to the spontaneous decay rate) the levels will



4 Nick Z. Scoville

come into thermal equilibrium with the H » and their excitation temperature
will approach the gas kinetic temperature. For optically thin transitions,
this occurs at the critical density Np,.crit = Ay 1=h y 1i where Ay | is
the Einstein spontaneous decay rate (7 10 2sec ! for CO, J =1{0), and
h i is the collisional de-excitation rate averaged over the Mawellian
distribution of H , thermal velocities. For CO (J = 1{0) this critical density

is  3000cm 2 and for HCN (and most other molecules) it is 10* cm 3
due to their higher dipole moments and therefore higherA coe cients.

Hence, the non-CO molecules are generally taken as probes lufjh-density
molecular gas as compared with that traced by CO.

Measurements of the rare'3C isotopes of both CO and HCN indicate
that the 2CO emission is optically thick. The rare isotopes are typicéy
seen at an intensity approximately 0.1{0.5 of the abundant pecies whereas
the ISM abundance ratio is C/*3C =1/89{1/40, implying that the emission
from the abundant species is optically thick and therefore aturated (see
Fig. B, right). For optically thick transitions, the uppe r-level population
can be enhanced due to absorption of line photons, leading texcitation
temperatures higher than those expected simply due to Hl collisions, since
the line photons emitted upon spontaneous decay cannot edgiescape the
cloud. This so-called radiative trapping of the line photons builds up the
radiation eld at the frequency of the line, leading to enhanced excitation
of the upper state via photon absorption.

The escape probability formalism used to treat this opticaly thick
situation was rst applied to molecular clouds by Scoville & Solomon
(1974) and Goldreich & Kwan (1974) and is now routinely used b analyse
interstellar molecule excitation (often called large velaity gradient [LVG],
non-thermal equilibrium [non-LTE] analysis; see, e.g., va der Tak et al.
(2007) and their publicly available RADEX code)ﬂ. One of the biggest
advantages of the LVG formalism is that it permits treatmentof the coupled
radiative transfer and molecular excitation as a local prokem { a fact
probably not fully appreciated by current routine users of these codes. This
formalism is applicable to situations in which systematic \elocity gradients
are large compared to the small-scale thermal motions. Theihe photons
from one region of the cloud are then incoherent with other rgions due to
the Doppler shift; they can then only interact with molecules in the local
region near where they were emitted.

In the photon trapping regime, the spontaneous decay rates A) used
in analysing the equilibrium molecular excitation are reduced by a factor

Y |http://www.strw.leidenuniv.nl/ moldata/radex.html
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equal to the e ective probability for escape of line photons fom the emission
region (Scoville & Solomon 1974; Goldreich & Kwan 1974). Ths, the
critical density for thermalisation of the levels is reducel by the same factor

. For a spherically symmetric cloud with radial velocity el d ( / r), the
escape probability is given by

= E(1 e ); (8.1)
where
_ Au | 39u _ _ .
=g gogr MFY Nu=Q); (8.2)
for 1, =1landfor 1, =1=. Thusthe critical density is reduced

by a factor of in the optically thick regime. For most giant molecular clouds
(GMCs { see below), co & 10 (based on the relative strength of'3CO), so
the critical density of CO (1{0) is reduced from 3000 to 300cm 3. Thus,

the CO excitation temperature will be approximately thermated at the gas
kinetic temperature (Ty) in most clouds. And since the CO line is optically
thick, the brightness temperature at the emission line pealill indicate the

H, kinetic temperature.

Similar considerations apply for the optically thick lines of molecules such
as HCN and CS which have higher dipole moments { i.e., their dtical
densities are reduced by a factor 2 but since those critical densities are
higher than that of CO, their excitation temperatures and line brightness
temperatures will be subthermal (except in the densest clod core regions).
In fact, since the critical density for optically thick tran sitions is Ny, :crit =
(Ay =)= i, the radiative line strength (appearing in the A-coe cient
in the numerator and in  in the denominator) cancels out { i.e., the critical
density then just depends inversely on the molecular abundee.

In the regime of photon trapping, one shouldnot assume that the emission
of a rare isotope like13CO is optically thin simply because it is observed to
have lower intensity than the abundant isotope emission. Tle rare isotope
may simply have a lower excitation temperature since it has ¢éss photon
trapping. This fact is under-appreciated by “casual' obsevers. Typically,
the 3CO emission is 1/5 to 1/10 of CO { does this mean the optical deph
is always in the small range 1/5 to 1/10? { of course not!

Molecular excitation can also be provided by absorption of ontinuum
photons { either the IR continuum of dust or the cosmic microwave
background radiation (CMB). In the escape probability formalism it is easy
to include such continuum excitation. If is the probability of a line photon
escaping from the local region, then is also the probability of an externally



6 Nick Z. Scoville

produced background photon making it into the local volume. The low-lying
molecular levels will maintain a base excitation temperatue at the cosmic
background level, 27 (1+redshift) K (even in the absence of H, collisions).
However, since the line observations measure only the excesmission above
the local continuum background, this CMB excitation does nd result in
detectable emission. The continuum from dust emission is rtogenerally
important for exciting low-lying molecular levels at mm wavelengths (since
the continuum is optically thin and weak); but for higher-energy transitions
at  rest < 500 m the IR continuum should be included.

8.1.2.1 Summary
In summary, we can expect that:

(&) The low CO levels will be thermalised and the brightness temperatues
(as observed in spatially resolved clouds) will approximate the gas kietic
temperature, i.e., Tg (CO) ' Ty (H2).

(b) Photon trapping in optically thick lines can greatly enhance the molecular
excitation above the excitation due to collisions with H, molecules.

(c) The CO emission will trace the overall distribution of H, for densities ny,
10? 3cm 2 { this turns out to be well tuned to characteristic densities of the
majority of the molecular gas mass.

(d) The emissions from higher dipole moment molecules (HCN, CS, etc.vill trace
higher density regions withny, 10* Scm 3.

8.1.3 Observed properties of molecular gas

Extensive surveys of the CO and'*CO (J=1{0 at =2.6mm and J=2{1 at
=1.3mm) emissions in the Galaxy have been used to determinehie overall
distribution of star-forming H o gas and its properties (Scoville & Solomon
1975; Sanderset al. 1985; Dame & Thaddeus 1985; Scovillet al. 1987;
Clemenset al. 1988; Matsunagaet al. 2001; Dameet al. 2001; Jackson
et al. 2006). CO emission is ubiquitous at all Galactic longitudesin the
inner Galaxy (jlj < 90) and within 1 latitude of the Galactic plane. The
CO emission is particularly strong in the central 1 around the Galactic
centre and within an annulus/ring from jlj =20{50 degrees { the so-called
molecular cloud ring at 3{7 kpc radius. This concentration do the H; to
the interior of the Galaxy is remarkably dierent from that of Hi; the
21-cm H distribution is much smoother and the overall Hi distribution is
fairly constant with Galactic radius outto R 12{15kpc with mean column

density perpendicular to the plane of iNyi' 107l cm 2 (see Fig.[82).
Within the Galaxy the overall mass contents of the molecular and
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Fig. 8.2. The gas surface densities in the Milky Way disk are shown for K (Clemens
et al. 1988), H (Burton & Gordon 1978) and giant Hii regions ( M42). Both the
H, and Hi values include a 1.36 correction factor for He.

atomic gas are approximately equal ( 2 10°M in each) but most
of the molecular gas is inside the Solar-circle whereas mosbf the
Hi is outside 8.5kpc. Since the total Galactic star formation mate is

3M  per yr, the characteristic cycling time for H, into new stars is

2 10°M /3M /yr 1@°yr. Thus, the H, clouds are forming stars at
a rate much slower than their free-fall collapse time within the clouds
(G ) 2 3{5Myr) but on a timescale much shorter than the Galactic
lifetime. Star formation is ine cient but a resupply of gas is required if star
formation is not to die out in the next Gyr (which seems unlikely).

The smaller-scale distribution of CO emission indicates tlat the Hj
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Fig. 8.3. The star-forming complex in Orion provides a close view of theecomplexity
of both the ISM and the star formation activity. The left panel shows a very large-
scale image of the FIR emission as imaged by the IR astronomical sdliée (IRAS)
(Courtesy NASA/JPL-Caltech). The upper-right panel shows th e integrated CO
(2{0) line emission from the two Orion GMCs (Ripple et al. 2012). A Hubble
Heritage image of the visible Hi region M42 is shown at the lower right { the
visible Hii region occupies a very small area of the Orion complex, as outlined in
the IRAS image.

gas resides in discrete clouds, rather than a diuse, continaus medium.
Along a typical line of sight in the Galactic plane there will be three
to six kinematically discrete CO emission features, occupyg a small
fraction of the overall permitted velocity range. Spatial mapping of the
individual emission features indicates extends perpendidar to the line
of sight typically 10 to 80 pc { hence the name, Giant Molecula Clouds
(GMCs).

The Orion GMC (actually two clouds) is the nearest GMC with an overall
extent of 40 pc (see Fig[8.B) { in striking contrast to the optically visible
Orion Nebula (M 42) for which the extent is . 1pc! In the vicinity of M42,
the CO brightness temperature increases to a peak of 60K (see Fig.[8.1,
right), compared to 5{20 K in most of the rest of the cloud. These elevated
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Fig. 8.4. The internal velocity dispersions of GMCs are shown as a fution
of diameter for clouds with and without giant Hii regions, i.e., Hi regions
more luminous than M42 (Scoville et al. 1987). This illustrates the empirical
correlation found between cloud size and linewidth (the so-called sizBnewidth
correlation). The Hii region clouds depart from this size-linewidth at low
masses/sizes presumably due to feedback e ects from massiveastformation.

temperatures are largely due to heating by the dust-embedd# cluster of
young stars in the Kleinmann-Low (KL) IR source, located behind the visible
Trapezium/M 42 OB star cluster.

The gas heating associated with the KL nebula (and other IR sarces
associated with active star formation) occurs in two steps: heating of the
embedding dust by absorption of photons emitted by the youngstars,
followed by H, heating through collisions with the heated dust grains.
Thermal equilibrium between the dust and the H, is theoretically expected
to occur at gas densitiesny, > 10°cm 3 (Goldreich & Kwan 1974). Indeed,
the dust colour temperature in KL is 60K, i.e., similar to the gas kinetic
temperature determined from the CO line brightness temperéure.

8.1.3.1 Self-gravitating GMCs

One of the most perplexing and still not understood featuresof the
GMCs is their large velocity dispersions, as determined frm the
width of the molecular emission lines. At gas temperatures D 10{
80K, the thermal velocity dispersion (sound speed) should b 0.1
0.3km/s, yet the observed velocity dispersions are typicdy 1{4 km/s.
The linewidths are correlated with cloud diameter, D. The observed
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relation is v = 0:31DJ°km/s (see Fig. 8.4). Thus the kinetic
energy in large-scale supersonic motions is 100 times the expected
thermal energy. The containment of these supersonic turbwnt motions
is provided by the self-gravity of the molecular gas within each cloud.
Independent estimates of the cloud masses using both dust gmction
measurements and non-LTE analysis of the molecular lines, nidicate
approximately enough gas mass for the GMCs to be self-gravting and
in virial equilibrium with the observed internal motions. N evertheless, it
should be pointed out that although the kinetic energy and gravitational
potential energy approximately balance, the GMCs do not hae the expected
spherical shapes; they are often elongated and have interhdamentary or
sheet-like structures.

In any case, it is clear that the GMCs are not in pressure equibrium
with the external di use H i and Hii phases of the ISM. Their pressures are
generally taken to benT =3000cm 2K, i.e., a factor of 100 lower than the
turbulence pressures within the GMCs as re ected in their irnternal velocity
dispersions.

Given that the GMCs are self-gravitating, one can obtain thar mean
densities as a function of cloud diameter using the above eniical relation
between the velocity dispersion and cloud diameters (i.e.the observed size-
linewidth relation):

' D 0:9 3
hny,i =180 Wpc cm 7 (8.3)
where the scaling is to 40 pc { the size at which half of the oveall Galactic
H, mass is in clouds larger and half is in clouds smaller. The ci@ mass
distribution function is N(M)/ M 6. For a cloud of diameter 40pc,
the above relation implies a mass of 4 10°M (including the 36% mass
contribution of He).

8.1.3.2 Molecular masses from 1 CO emission

How is it that the emission in optically thick CO lines can be used to estimate
the total mass of H, in galaxies? Observers of extragalactic CO commonly
make use of a so-calleX -factor or o to translate measurements of CO
emission into estimates of molecular gas masses { let us seevh this is
physically justi able.
R For a resolved cloud the integrated line brightness tempertaure, Lco =
Tgdv, can be integrﬁted over the projected area of the cloud to yiel a
“luminosity' Lco = d? Icod where dis the distance to the cloud. Thus,

Lco = Tg(CO) V R2 K kms=s pc&; (8.4)
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Fig. 8.5. The CO luminosities of GMCs are shown as a function of their viial
masses for clouds with and without giant Hi regions (Scovilleet al. 1987).

where R is the radius of an assumed spherical cloud. For clouds in vial
equilibrium, V = (GM=R)**2 and therefore,

Lco = (3 G=4 )T (CO)Mawmc; (8.5)

where is the mass density. Equation 8.5 predicts a linear scaling &tween
cloud mass and the CO luminosity provided the clouds have apmximately
similar mean density and temperature. Equation 8.5 indicaes that
the constant of proportionality between lco and M will vary as TP~
Physically, what is going on here? Although the CO line is opically thick
(and often thermalised), the increased mass of larger clowglgets re ected in
an increased surface area emitting CO photons and an incread linewidth
over which they are emitted.

Figure 8.5 illustrates the extremely good empirical correhtion between
measured CO luminosities and their virial masses (determiad from resolved
measurements of the size and linewidth). In fact, if the temperatures are
determined by radiative heating of dust within the cloud (plus a low-level
background heating by cosmic rays heating the gas to 10{15 K), the overall
range of mean temperatures is expected to be rather small. Tén dust
radiatively cools as/ TS’ 6 and it is hard to get the dust much above
40K except in very localised regions of active star formatia. Typical FIR
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colour temperatures of GMCs are in the range 20{40 K and only dew ultra-
luminous IR galaxy (ULIRG) nuclei get up to 60 K. Regions with elevated
gas temperatures and hence higig (CO) are also likely to be denser (since
their high temperatures probably re ect more concentrated star formation
due to higher gas density). The e ects of increased temperatre and density
will therefore partially compensate each other (see Equatin 8.5).

For extragalactic observations where individual GMCs are rot resolved,
Equation 8.5 can still be used since the total CO luminosity & just the sum
of that of the individual clouds, provided the GMCs do not overlap both on
the sky and in velocity (unlikely given their small-volume lling factor in
normal galaxies). In the extragalactic observations, the toud diameters are
not usually measurable but the unresolved apparent brightress temperatures
vary as distanced 2 so that the distance to the galaxy may replaceR in
Equation 8.4. For the external galaxies, Equation 8.5 is translated to

Mu,(M )= colco Kkm=spc; (8.6)

where co ' 49 (Solomon & Barrett 1991).

We should also note that for modest changes in metallicity (aecting the
CO abundance relative to H), co will change slowly (untii CO becomes
optically thin in large areas) { this is dramatically demonstrated by the
fact that 3CO luminosities of clouds are typically only a factor of 4{10
times lower than those of CO despite the much lower abundanceatio of
13C/C (1740 ! 1/90). For the optically thick regime where photon trapping
is important for the CO excitation, one can show analytically that the o
should scale as CO abundance or metallicityZ % (see Scoville & Solomon
1974).

One instance where the above analysis must be modi ed is in aajactic
nucleus if the gas is smoothly distributed in the central gahctic potential.
Here, the CO linewidth will be determined not by the self-gravity of indi-
vidual clouds but instead by that of the stars plus the gas, ie., the linewidth
will be larger than that associated with just the gas mass. Ttere will then
be more CO photons emitted per unit gas mass. For parameterssaociated
with the most extreme cases in ULIRGs, the CO conversion faair may be
reduced by factors of 2{5 (see Downes & Solomon 1998 and Brya& Scov-
ille 1999). In the photon trapping regime, the CO excitation temperature
(and hence the brightness temperature) of the line will varyas the molecular
abundance to the 0.4 power (Scoville & Solomon 1974). Thus, one expects
that the CO line emissivity to mass conversion factor will vary with metal-
licity as Z %4 at high redshift where the metallicities are generally lowe.
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8.1.3.3 Lifetimes of GMCs

Although much current theoretical analysis of star formation adopts the
point of view that GMCs are relatively short-lived (10{30 My r), | would like
to provide several arguments why this can't be the case. Thesarguments
were well known in the early days of molecular line astronomybut seem to
have been overlooked in current discussions.

The rst argument is simply based on the required conservaton or con-
tinuity of ISM mass between the various ISM phasegHi, Hii and Hy). If
the GMCs, or more speci cally the H, molecules, are short-lived then there
must be cycling of gas between these phases. The mass ux froome phase
to another and back must then be in equality (see Scoville & Hesh 1979;
Koda et al. 2009). This mass ux equality is given simply by

My, vl ( M= H,) = Myisin 0 Hy ( Musan = misln ); - (8.7)

where we assume relatively little cycling to young stars (gice that timescale
was found to be 1Gyr above). In the interior of our Galaxy and most
nearby spirals, the H, dominates in mass compared to I and Hii by a
substantial factor (e.g., more than a factor of ve in the Galactic molecular
cloud ring). Thus if cycling between the phases is to be plauble at all (with-
out disobeying mass conservation!) at these interior radii the timescale for
a molecule to remain a molecule must be correspondingly lomy than the
timescale for a particle in the di use phases (H or Hii) to remain atomic or
ionic. The latter might be expected to be given by the dynamial time at
density a few H cm 3 ( 10®yr) or by the time needed to pass between the
compressive spiral arms (also 2 10°yr). Inverting the mass continuity
equation (Equation 8.7), one nds:
M,

He = hemn 50 (20 10°)  10yr: (8.8)
HI+H]

Thus, for cycling between the phases to work, the charactesiic lifetime of
a H, molecule should be at least several times £§r. And if there is no
such cycling, then the timescale is even longer. Although tis calculation
was done for the interior of the Galaxy where i dominates Hi, the estimate
can be expected to hold elsewhere since it is in the interiorfahe Galaxy
where there is the most disruptive feedback from star formabn and other
processes. In addition, the internal structure of the GMCs n the outer
Galaxy is probably similar to that in the inner Galaxy (i.e., they are equally
di cult to disrupt).

One must note that this is the timescale for a molecule to rema a
molecule and not necessarily the timescale for a given GMC taetain its
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Fig. 8.6. The scaleheights of the GMC distribution perpendicular to the Galactic
disk are shown as a function of cloud virial mass (Scovillet al. 1987). The nearly
square-root dependence on cloud mass suggests an equipartitiohthe cloud kinetic
energy distribution, requiring that the GMCs last longer than several 18 yr.

physical structure. Clouds may and probably do grow within the spiral arms
and fragment into smaller clouds outside the arms { but the mdecules cannot
cycle all the way back to the di use Hi or Hii phases on a short timescale.

Another line of reasoning suggesting long GMC lifetimes ishe fact that, in
general,feedback processes from star formation within the GMCs are m-
cient at disrupting the massive clouds (Scoville & Hersh 1979; Saille 2003;
Murray et al. 2010). Most of the stellar feedback will be radiated and disis
pated in shock fronts or leak out the cloud boundaries (as isiwgely the case
in M42). The total momentum needed to unbind the clouds is enomous,
typically 5{10 10°M km/s. Lastly, | point out that the scaleheights
(perpendicular to the Galactic disk) of the GMCs as a function of their mass
suggest that they have achievedapproximate equipartition. In Fig. 8.6, the
z-scaleheights of clouds indicate that , / MvirO:“, i.e., approximately the
1/2 power expected for equipartition. Equipartition requi res that the clouds
survive at least several cloud-cloud scattering times. Thdatter varies with

the local Galactic space density of clouds but is almost alwgs 10 yr.
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8.1.3.4 GMC supersonic internal motions

| mentioned earlier that the GMCs have highly supersonic iniernal motions
as determined from the molecular line Doppler widths and thd to date there

is no satisfactory explanation. The long cloud lifetimes hghlight this prob-

lem. The maps of molecular emission within individual cloud show that
the molecular emissions and their large velocity spread aréairly smooth

across the projected area of the clouds, implying that the aga covering fac-
tor is & 1. If this is the case then the supersonic turbulent gas parde will

necessarily collide and dissipate their energy with the tine it takes to cross
the cloud diameter. This timescale is 40 pc/3km/s 10’ yr. Thus the tur-

bulent energy required to support the GMCs against gravitaional collapse
needs to be replenished within a similar timescale. (Redudbn of the dissi-
pation by postulating that magnetic elds are driving these motions requires
very strong elds and does not change this estimate signi catly since the
collisional dissipation can still occur along the eld direction.)

Although the feedback energy released from embedded youndass is of
the right order of magnitude to replenish the turbulent energy, most of
the energy released from the protostellar out ows is radiaed away in high-
velocity shock fronts and is also deposited on small lengthcales rather than
scales comparable to the cloud size needed for the large seaupport. Tur-
bulent cascades generally transport energy from large saalto small scale
(except in 2D turbulence, see Robertson & Goldreich 2012) sit is di cult
to see how the stellar feedback can maintain the turbulent eergy.

A possible source of the turbulent energy might be large-sda “corruga-
tions' in the galactic plane mass distribution. It should be pointed out
that despite the apparent virial equilibrium of the GMCs (in the sense that
their gravitational potential energy is approximately twi ce their internal ki-
netic energy), the morphologies of the clouds do not appearisialised and
spherical { this provides a strong argument that they are corstantly being
distorted by the external force gradients. Those associatwith normal den-
sity wave spiral structure pass by only every 2 1 yr and are therefore
not su cient. Jog & Ostriker (1988) propose that GMC-GMC sca ttering is
viable to maintain the internal motions but such scattering occurs also on a
typical timescale of only every 10 yr, which seems too long compared to
the dissipation timescale.

D'Onghia et al. (2011) have recently suggested that many observed spiral
structures may be stochastic in nature, where mass seeds cesponding to
GMC masses (very likely the GMCs themselves) will induce a mss overden-
sity in the stellar disk via the swing-ampli cation process. Is it viable that
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these associated stellar disk mass enhancements actuallgefd back gravita-
tional perturbation energy into the internal supersonic mations of the GMC
gas?

8.1.3.5 Summary

In summary, the observations of Galactic GMCs and local galaies indicate
that :

(&) The CO emission arises from discrete, self-gravitating clouds (GICs).

(b) These GMCs have high internal supersonic motions such that tleir overall ki-
netic energy content is dominated by turbulence with e ective pressure 100
times the gas thermal pressure and 100 times the pressure of thexternal
di use ISM.

(c) The GMCs have a mass spectrumN (M) / M %6 with the midpoint in the
mass contributions at cloud diameter 40pc and mass 4 10°M . For this
size cloud, the mean density isny, 180cm 2 { larger clouds have lower
density and smaller clouds higher mean density.

(d) For such self-gravitating clouds with optically thick CO lines, the emitted CO
luminosity is approximately proportional to the cloud mass with a constant of
proportionality scaling as T=( )2 (i.e., co varying as '72=T) and having
much lower than linear dependence on metallicity.

(e) The lifetimes of the H, and probably the GMCs are apparently larger than
10 yr and possibly 1¢ yr based on simple mass-conservation arguments in the
ISM between the diuse and dense phases. This is consistent with wdt one
might expect based on the great inertia of the GMCs (i.e., resistancéo disrup-
tion/dissociation) and the fact that their extraordinarily high e ec tive internal
pressures (compared to the external di use phases) makes it vg di cult for
pressure disturbances in the external medium to signi cantly in uence their
internal structure.

(f) The maintenance of the supersonic motions within GMCs, providing support
against collapse, remains unsolved since this energy must be replehéd on the
timescale of a few 10yr, yet the clouds last > 10°yr. Internal feedback from
star formation deposits energy on length scales which are too smallThe non-
spherical shapes of the GMCs suggest large-scale external fergradients may
be responsible, such as those associated with GMC-GMC scatteringlouds
motions perpendicular to the galactic disk potential or the recently proposed
stochastic spiral structure.

8.2 Star formation

Here | describe the various probes of star formation in galakes and their
correlation with the molecular gas contents. | devote conglerable e ort to
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developing an interpretive framework for the FIR emission fom optically
thick dust clouds.

8.2.1 Probes of star formation

There are a number of observational tracers which have beeneveloped to
measure the star formation rates (SFRS) in galaxies (see Cadtti, this vol-
ume). The Hi recombination lines in the visible and near-IR (e.g., H and
P ) have the uxes proportional to the Hii region emission measures, hence
the OB star formation rate over the last 10’ yr. The restframe (far-)UV
continuum ([FJUV), at < 2000A, arising from hot, early-type stars has
been used to infer the SFRs for large samples of galaxies. Bothe emission
lines and the UV continuum can be severely attenuated by dustextinction
in star-forming regions. Even for the galaxies with detectel UV continuum,
the extinction corrections are often factors of 5{10! For the dust-obscured
star formation, the FIR luminosity ( et =8 1000 m) provides a much
more reliable measure of the SFR. These FIR SFRs can now be ddihed for
large samples of galaxies using observations from th8pitzer and Herschel
space telescopes, albeit with relatively low angular resation and sensitivity
to SFR (compared to the UV). A summary of all these techniques including
relevant SFR equations, appears in the recent paper by Murpy et al. (2011)
so | will not detail all of them here { instead | will focus on developing a
physical understanding of the IR emission.

8.2.2 Infrared emission

The FIR emission from both star-forming and active galactic nucleus (AGN)
sources arises from dust surrounding these sources which $ideen radia-
tively heated by absorption of the out owing photons. Here | develop the
logical steps for interpreting the IR emission since | have ot seen this done
systematically elsewhere.

The dust temperatures are determined by radiative equilibium at dis-
tance R from a central source of luminosity L, with

4aih iT§= a3h iL=4R?); (8.9)

where ag and Ty are the dust grain radius and temperature, andh i and
h i are the dust emission and absorption e ciencies (shown in Fg. 8.7, left
panel), weighted, respectively, by the Planck spectrum at he local dust tem-
perature and that of the luminosity source heating the dust. If the emission
e ciency varies as 1= , i.e., [ Ty, then
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Fig. 8.7. Left panel: the dust absorption opacity as a function of waelength (Isella
et al. 2010) for standard interstellar grain composition (12% silicates, 2% organics,
and 61% water ice; Pollacket al. 1994), and size distribution n(a) / a 3%
from 0.01 to 1 m radius. The absorption coe cient is normalised relative to
that at visual wavelength (6060A, y = 2:3 10%gr ) { for a standard gas-
to-dust abundance ( 100 in mass) wWithNy.24 , =2 107 cm 2 per mag of visual
extinction (Ay). An important feature of the extinction curve is the relatively

at broadband absorption coe cient over the range =2{50 m. In the right

panel, | show the Planck integrated absorption/emission coe cient as a function
of blackbody temperature. Due to the " at' absorption coe cient in the near-
and mid-IR (NIR/MIR), the Planck-integrated absorption and emis sion e ciency

is quite independent of temperature from 1000 K down to 100 K. Thedust opacity
curve was calculated by Andrea Isella and is available from him or myself

Ll=5
(Goldreich & Kwan 1974). More generally,
Ll=4 h T H 1=4
o/ (e (8.11)

R1=2  h (Ty)i

whereh (T)i and h (T)i are shown in the right panel of Fig. 8.7. Due
to the atness of the broadband absorption coe cient from 2t o 50 m, the
grain absorption and emission e ciencies integrated over lback-body spectra
are decreasing only modestly fromTgg =1000{100 K (Fig. 8.7, right).

For an optically thin dust distribution surrounding a lumin ous source, the
dust heating is mainly due to the central short-wavelength urce, but for
an optically thick dust envelope, the interior dust does not see the central
source and is instead heated by secondary radiation. This sendary radia-
tion, having longer wavelength than the central stellar or AGN source, is less
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e ciently absorbed and the dust in the optically thick case will therefore
be colder (than it would be if exposed to the shorter-wavelegth primary
photons of the central source). In very optically-thick cases, theh (T.)i in
Equation 8.8 can be evaluated approximately withT_ (R)  Tg4(R), appro-
priately weighted over nearby radii.

Figure 8.8 shows the computed dust temperatures for the optally thin
and optically thick cases, evaluated from Equation 8.11. Inthe optically-
thick regime, the fall-o in dust temperature is / r 2 { an extremely
simple form due to the fact that the photons heating the grains and those
emitted by the grains have similar wavelength distributions. One will there-
fore haveh i h i in the very optically-thick dust clouds.

The radial scale in Fig. 8.8 is for a central source luminosit of 102 L
appropriate to ULIRGs and submm galaxies (SMGs), but the radal dis-
tances can be scaled a$ '™ for other luminosities (see Equation 8.11).
Thus, these temperature pro les can be equally well appliedo a dust cloud
surrounding a luminous protostellar cluster of luminosity 103{106L . The
temperature pro les in Fig. 8.8 start at 1000 K which is a little below the
dust sublimation temperatures (1500 K). Inside this radius, the dust will
not survive. For a less luminous source, this inner radius Wi scale inwards;
but the physical scales will all change by the samd.1? and the modelling
remains homologous.

8.2.3 Dust optical depth: <lor > 1?

It is quite trivial to observationally distinguish the opti cally thick and thin
sources since the latter will have a power-law ux distribution on the short-
wavelength side of the peak whereas the former will appear nie exponential
(see Scoville & Kwan 1976). (If the dust distribution is clumpy, photons can
emerge from the inner regions with hot dust { thus, in optically-thick dust
clouds, a non-exponential spectral energy distribution [£D] at short wave-
lengths might also occur; see Fig. 8.17.)

Virtually all IR sources associated with active star-forming regions (Galac-
tic GMCs and starburst nuclei) are optically thick into the M IR (based on
their sharp short wavelength fall-o ). Since the dust opacity is fairly at
across the wavelength range (2{50 m), one then expects that the source
will become optically thin only at > 50 m, as long as it is optically thick
at 3{10 m. Thus, it is most appropriate to employ the optically thick dust
temperature distribution shown as a solid line in Fig. 8.8 ard t numerically
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Fig. 8.8. The temperature of dust heated by a central luminosity sairce is shown
as a function of radius for optically thin dust (with all the heating pro vided by a

10*K blackbody) and for very optically thick dust (where after the inne rmost
radius, the heating is due to dust at the same radius and temperatte). This
resembles closely the very optically-thick case since the temperata gradients are
generally quite shallow. It is important to appreciate that the radial physical
scalelengths will simply stretch homologously with changing source lumosity.
Thus the same curves can be used for sources with very much higher lower
luminosity. For optically-thick FIR dust emission the dust temperatu re varies
asTq / r 2. In real emission sources, the dust is optically thin right at the
inner boundary, optically thick at intermediate radii and then thin at the outer
radii so the temperature pro les must be pieced together at the gpropriate radii.
(These equilibrium dust temperatures were calculated using the grim absorption
coe cients shown in Fig. 8.7 and the inner boundary is taken to be whee the
grain temperature is  1000K, i.e., somewhat below the expected dust sublimation
temperatures.)
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by

L=10t2L
Tg=630———p— Kt (8.12)
Rpc
One can invert Equation 8.12 to nd the characteristic size d the emitting
region:

Rk = 100(63=Ty)2 L=10"L ' pc; (8.13)
if the total IR luminosity and dust temperature are known. Th e latter might
be derived by tting the MIR SED, or more crudely, from the wav elength of
the peak. If the dust is opaque, then the standard Planck expession yields
Tqg =100 (51 m= peax) K but if the dust is optically thin, then the peak
wavelength is reduced by a factor (3=(3 + )) where is the power-law
index for the opacity, / , hear the IR peak.

In practice, the opacity can never be much greater than unityat the peak.
This is due to the simple fact that the luminosity cannot escge from the
inner regions which have high opacity to the cloud surface. Ad once the
outward luminosity ux has shifted to wavelengths where the opacity be-
comes less than unity, it escapes. This can be seen analytibausing the fact
that the emergent emission for a given grain is proportionalto B & ).
At > 70 m, [/ Y6 If =(= ) (e, unityat = y), then the
emission of the grain will peak at ' (3+1:6) ¢=(1:6 + h ¢=kTy), where

=( m= o)¥®. Thus, for example, with T4 =100K, the blackbody peak at
51 mis shifted to 78 and 395 m for (=102 and 787 m, respectively. At
the peaks the optical depths are peak =1.5 and 3:0 in the two cases. This
illustration was for an isothermal dust distribution with  simplistically rep-
resenting the foreground optical depth. This also providesa strong note of
caution { if one is deriving the dust temperature from the wavelength of
peak emission, the peak will usually be shifted to a longer waelength where
the dust starts to become transparent.

8.2.4 Dust temperature of the emergent luminosity

So how can the characteristic dust temperatures be derivedProbably the
best approach, if the dust is believed to be optically thick o the short wave-
length side of the peak (based on an “exponential' rise), isotsimply assume
that 1 at the peak and estimate the temperature of the dust emitting
the bulk of the emergent luminosity from Tq & 100 (80 M= peak) K. TO
improve on this ad hoccorrection requires an assumption of the dust density
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Fig. 8.9. The conversion of observed IR luminosities into estimates othe SFR
depends on the duration time of the dust absorption. Here | have ged Starburst99
models with a Kroupa IMF and assumed that all stellar and nebular phdons
longward of the Lyman limit are absorbed for the dust duration time (in Myr) and

then none are absorbed after that. For normal star-forming reions this timescale
is 10 Myr and for ULIRGs 50{100 Myr. If the dust envelope lasts less han 10 Myr
and or is only partially covering, then the conversion factor is signi cantly higher
{ both are certainly true for an exposed Hii region like the Orion nebula.

distribution with radius and modelling the emergent SED (as is done below
in Section 8.2.9).

For an optically-thick source, the emergent radiation at each wavelength
will be from a depth where ' 1. Since the dust opacity falls o at longer
wavelengths and the temperature is falling at larger radii, this implies,
somewhat counter-intuitively, that at wavelengths short of the peak wave-
length, one will sample dust at increasingly larger radii, ie., lower and lower
temperatures!

8.2.5 Star formation rate from Lir

Derivation of SFRs from the IR luminosities is fairly straig htforward and ro-
bust. This was rst done by Scoville & Young (1983) using the fact that the
bulk of the luminosity from a stellar population at early tim es is generated
largely by the OBA stars. For those stars an approximately xed percentage
(13%) of their initial mass gets processed through the CNO cgle and one
knows the energy produced per CNO process. This derivationsianalogous
to the “fuel consumption theorem' of Renzini & Buzzoni (1986.

A more precise, modern approach is to run starburst models (g., Star-
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burst99; Leitherer et al. 1999) and integrate up the luminosity as a function
of time. One must assume a stellar initial mass function (IMF), and its

mass range, and decide which photons will be absorbed by dustnd for
how long the dust absorption persists. In Fig. 8.9 | show resits obtained

using Starburst99 with a Kroupa IMF (0.1 to 100 M , Kroupa 2001) as a
function of the duration of the dust absorption. The latter q uantity is prob-

ably 107 yr for Galactic star-forming regions but could be closer to D8 yr

for merging starburst galaxies where the dust is more widelylistributed. For

this calculation, | assume all stellar and nebular photons éngward of the
Lyman limit (912 A) are absorbed by the surrounding dust. From Fig. 8.9,
one could reasonably compute a SFR given by

SFRR =2 1.2 10 9(Lg=L ) M =yr; (8.14)

with the lower value being appropriate to the ULIRGs which have longer
duration for the dust shrouding. The standard relation given by Murphy
et al. (2011) correspondsto 5 10 M yr 1 (Lgr=L ). The simpler
derivation outlined above (based on the CNO cycle energy prduction) is
quite similar to Equation 8.14 after one corrects for the mas going into
non-OBA stars for a Kroupa IMF.

8.2.6 Dust and ISM mass estimates

On the long-wavelength Rayleigh-Jeans (R-J) tail of the FIR emission, the
dust will be optically thin and the observed continuum uxes provide an
excellent means of determining the overall mass of dust. Ifie dust-to-gas
abundance is normal, this dust mass can then be scaled to estate the
overall mass of ISM within a star-forming region or a distant galaxy.

On the optically-thin R-J tail of the IR emission, the observed ux density
is given by

F = Taust “Maust =(4d |2)1 (8.15)

or in terms of the dust opacity per unit gas mass, (ISM)=
M gust=Mism ,

F = (ISM) Taust “Mism=(4d7); (8.16)

where d, is the source luminosity distance. In normal star-forming @lax-

ies, the majority of the dust is at 20{25K, and even in the most vigorous
starbursts like Arp 220 the FIR/submm emission is dominated by dust at

temperatures 45K. Thus the expected variations in Tqust have less than a
factor two e ect on the observed ux.
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Fig. 8.10. Left panel shows the dust-to-gas mass ratios derivedybDraine et al.
(2007) for galaxies from the SINGS nearby galaxy survey, selectq only those
galaxies with both SCUBA 850 m uxes and complete maps of the H and
Hi gas; right panel shows the mass-metallicity relation for lowz galaxies (grey
points) and binned values forz 2 galaxies (red dots) from Erb et al. (2006).
Over a range of 0.5dex in metallicity below that of the Milky Way there is little
variation in the dust-to-gas ratios. Since the galaxies selected herare massive, their
metallicities even at z=2 are expected to be within this range based on emission
line ratios. Lower-metallicity irregular galaxies probably do show a decease in the
dust abundance (see Draineet al. 2007).

The dust opacity per unit mass of total ISM gas, (ISM) in Equa-
tion 8.16, can be calibrated from the extensive submm obseations of nearby
galaxies. Seventeen of the nearby SINGS surveySpitzer Infrared Nearby
Galaxies Survey; Kennicutt et al. 2003) galaxies have good total submm ux
measurements obtained with the SCUBA instrument, mounted d the James
Clerk Maxwell Telescope, at 850 m (see Draineet al. 2007), as well as good
measurements of the total molecular (H) and atomic (Hi) gas masses.

In Fig. 8.10, the derived dust-to-gas (H + H i) mass ratios from Draineet
al. (2007) are shown for the galaxies having SCUBA 850m measurements,
for a range of spiral type (Sa to Sd) and as a function of mean mallicity.
(Equivalent data for low-redshift elliptical galaxies are not available from
Draine et al. 2007 due to lack of gas mass measurements in the early type
galaxies.)

Figure 8.10 shows that over a range of 0.5 dex in metallicity, there is lit-
tle empirical evidence of variation in the dust-to-gas masgatios and hence
the submm ux. If one includes even lower-metallicity galaxies that do not
have SCUBA 850 m uxes (hence the submm uxes must be extrapolated
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Table 8.1. Low-z galaxies with submm & ISM data

Galaxy Distance S (450 ) S (850 ) logMy logMy,

(Mpc) (y) Ay) (M) (M)
NGC 4631 9.0 30.7 5.73 9.2 9.5
NGC 7331 15.7 18.5 2.98 9.4 9.7
NGC 7552 22.3 20.6 2.11 9.7 10.0
NGC598 76.0 2.3 0.26 9.8 101
NGC 1614 62.0 1.0 0.14 9.7 10.0
NGC 1667 59.0 1.2 0.16 9.3 9.6
Arp 148 143.0 0.6 0.09 9.9 10.2
1ZwW107 170.0 0.4 0.06 10.0 10.3
Arp 220 79.0 6.3 0.83 10.0 10.3
12112+0305 293.0 0.5 0.05 10.3 10.6
Mrk 231 174.0 0.5 0.10 9.8 10.1
Mrk 273 153.0 0.7 0.08 9.9 10.2

from an overall SED t using shorter-wavelength observations), there is evi-
dence for a metallicity dependence in the dust-to-gas ratio Lastly, it should
be emphasised that although some variations in the ratio of sdbmm ux
to ISM mass may be expected, ISM mass estimates at 30% accuracy (see
Fig. 8.10) are still likely to be at least as accurate as thosédrom CO line
measures and much quicker, enabling large samples to be agaéd.

In view of the large uncertainty in the submm absorption coe cient and
its scaling with frequency, we adopt an empirical approach hsed on submm
observations of local galaxies where Hand H, masses have been estimated.
For the local galaxies on which to base this empirical approeh, it is vital
that both the submm uxes and ISM masses are global values. Iraddition
as a check on the reliability of the submm measurements we reire two
long wavelength ux measurements so one can check if there iseasonable
consistency with expected values of the spectral index .

For the spectral index of the R-J tail (S varying as ), the observed
ux ratios of submm galaxies can vary between 3 and 4. For mostust mod-
els the spectral index of the opacity is typically 1.5 to 2, inplying =3.5t0 4.
Empirical tsto the observed long wavelength SEDs give =3.5to0 4 (Dunne
& Eales 2001; Clementset al. 2010) for local galaxies. For highz submm
galaxies, the spectral index can be between 3.2 and 3.8, buh imost cases
the shorter-wavelength point is getting close the IR peak inthe restframe
and therefore not strictly on the R-J tail. In the following, we adopt =3.8.

Table 8.1 lists local spiral or star-forming galaxies for wtich both 450 and
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Fig. 8.11. The ratio of L at 850 m to Mgy is shown for a sample of lowz spiral

and starburst galaxies from Daleet al. (2005) and Clementset al. (2010). The
average and median values for the sample are shown by horizontal &s.

850 m measurements exist with good signal-to-noise and for whit global
uxes were estimated.

The 850 m uxes were then converted to speci ¢ luminosity L (gsq), Using
L =10 24d2 S @Qy)=1:19 10*" S (Jy) d?(Mpc): (8.17)

Figure 8.11 shows the ratioL ,,=Mism as a function of L ., where
Mism = My + My,. Based on this plot, we then adopt as a working value

L
— 8% -1 10 erges=Hz=M : (8.18)
Mism

De ne this mean value as

gso=1 10° erg=s=Hz=M : (8.19)
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For high-redshift observations,
L

observed : (ops S ,,.) = restframe: rest40'|"‘52‘ ; (8.20)
L
with
rest = obs (1+ 2): (8.21)
Therefore,
L
S — rest rest
obs obs 4 d E
L
— (1+2) ops .
= 1+ z2) —5—; 8.22
t+ 2 =753 (8.22)
with
L e = 850 ((1+ 2) obs) Mism: (8.23)
Then,
1+z o
S = 1+2z) M X 8.24
o= 3dz * 3ocHz Gt2) Miu (8.24)

where the 350 GHz is the frequency corresponding to 850m.
Normalising to Mgy =2 10°°M with =3:8,

Mism 48 obs38 1
S = gso —ISM_ (g4 54 : 8.25
we = 850 590 (127 350 77 (8.25)
Mism 48 obs38 1
S (Mmly)=1:67 —ISM_ (14 )& : 8.26
o (MJY) 2 100 797 350 @Gpo) (8.26)

at z=0:3;1;2 and 3,d_(Gpc) = 1:5;6:6; 155 and 25.4 Gpc.

Figure 8.12 shows the new predicted uxes as a function of reshift for
both Band 6 (240 GHz) and Band 7 (347 GHz).

For reference, looking at the ALMA exposure time calculator with
7.5 GHz bandwidth in each polarisation and 10.2 min of integation at Cy-
cle 1 yields 1 =0.075mJy at 345GHz, 1 =0.042mJy at 240 GHz and
0.029 mJy at 100 GHz. The expected uxes on Fig. 8.12 for=2 are 1.7
and 0.3 mJy respectively for 2 101°M . Thus Band 7 is optimal since the
expected ux ratio is 5:1. Band 3 (100 GHz) is not plotted in the gure
since its expected ux density is 28 times below that of Band 6

To compare with the ability to detect CO, we might use the source
BX 691 from Tacconi et al. (2010) which has aM =7.6 10°M and
Mu,=3.5 10°°M atz=2.19 and CO(3{2)=0.15Jy kms 1. For a width
of 300 kms 1, this has an average line ux of 0.5 mJy. If the mass is scaleda
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Fig. 8.12. The expected ALMA Band 6 (240GHz) and Band 7 (345GHz) ux
densities are shown foM gy =2 1019M

2 10'°M , then the average line ux is 0.28 mJy. To get 5 or 0.056 mJy
sensitivity in a single 300 kms 1, requires 5 hours!

In summary, measurement of the R-J tail of the emission (and using Equa-
tion 8.26) thus provides an excellent and fast means of deteining dust and
ISM masses in high-redshift galaxies using ALMA(The coe cient in Equa-
tion 8.26 was derived empirically from submm observations ad therefore
may be slightly di erent than that obtained from the dust opac ity shown in
Fig. 8.7.)
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8.2.7 E ective source size

For optically thick IR sources, one can estimate the e ective size of the
emitting region from

L 1=2

R= —— (8.27)

4
4T dust

and scaling to ULIRG luminosities, we obtain

1=2

L=(107L ) kpc: (8.28)

(Tdust =35 K)4

This e ective radius is the overall size of the optically-thick region emitting
the FIR luminosity. In the event that the emission is optical ly thin, then the
estimates from Equation 8.28 are of course lower limits. (InSection 8.2.9
optically-thick, radiative transfer modelling of the dust emission for ar
dust density distribution is presented. Figure 8.15 shows lhe e ective radius
and dust temperature for the emitting region producing the majority of the
emergent ux { for comparison with Equation 8.28.)

For local ULIRGs the typical FIR colour temperatures are 50K so the IR
emission radius is 500 pc for 1G?L . This estimate is similar to the overall
size of the central concentration in Arp 220 (see below), initating that the
optically thick assumption is not unreasonable. The most luminous SMGs
observed at high redshift can havelL g > 10" L : for these sources, the
emission must come from galactic-scale regions, not just aompact nucleus.

For the Milky Way the FIR luminosity is  10'°L and the mean dust
temperature 30{35K; the e ective emitting radius from Equation 8.28 is

100 pc. However, this emission clearly originates from a lge number of
separate clouds, and the mean size of each must h)élfid times smaller. For
example, if the Galactic emission is assumed to be contribed by 400 IR-
luminous GMCs, then the e ective size of the IR-dominant region in each
would be 5pc.

8.2.8 Luminosity and SFR estimates from submm continuum

Estimating the FIR luminosity (and hence the SFR) from measurements on
the submm R-J tail is an extremely questionable procedure { his hasn't
stopped observers from routinely doing it! As noted above tle R-J ux

provides a measure of the dust mass weighed linearly byy, but inferring

a total bolometric luminosity requires knowing where the FIR peaks, and
the uxes near the peak. Observations near the SED peak can o be done
using Herschel PACS (Photodetector Array Camera and Spectrometer) and
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SPIRE (Spectral and Photometric Imaging REceiver) but many of the SMGs
are subject to source confusion at the SPIRE resolution. In lhe absence of
direct observations at the SED peak, one must assume a dust teperature
(30{50 K) and optical depth, perhaps based on the submm ux. For many
of the SMGs, FIR luminosities in the range 132 *L have been estimated,
implying SFRs of several 10°M per yr (typically assuming Tq  30{50 K)
but such estimates must be extremely uncertain since the déred luminos-
ity will vary approximately as T# . Typical ISM masses of the SMGs de-
rived from CO measurements or the submm continuum are 1{3 1000M
implying that the ISM will be used up in star formation in an im plausibly
short time of 107 yr.

Blain et al. (2003) attempted to derive empirically a scaling between tte
850 m ux and L based on the apparentTy from tting the SEDs of
local galaxies. Unfortunately, there is large scatter in tre correlation. In
fact, as we saw earlier, the notion of a singlély is extremely shaky { both
because there clearly is a range of temperatures and more irogantly, the
apparent T4 (derived from tting near the FIR peak) is somewhat degen-
erate with the dust opacity (which also can cause an exponeiul fall-o to
short wavelengths).

To summarise { it should be clear that one cannot constrainTq without
observations near the SED peak; and if one has such observatis, it would
be best to simply use them directly to estimate the luminosit. (Of course, if
the observed source is at redshifz > 5, then the submm ux measurements
are in fact probing near the restframe SED peak; they can therprovide a
decent luminosity estimate.) In the next section, we model he optically-
thick dust sources in order to appreciate some of the systentas and the
range of uncertainty.

8.2.9 Modelling optically-thick dust clouds

For internally-heated FIR sources, it is vital to appreciate that the sources
have essentially two totally independent parameters:the luminosity L of the
central heating source and the total mass of dust in the surtnding envelope
{ not much else matters! The character of the spectrum of the surce (be it
young stars or an AGN) makes little di erence since the primary photons at
short wavelength are absorbed in the innermost boundary lagr of the dust
envelope. The radius of this inner boundary is set by the radis at which
the dust is heated to sublimation (see Section 8.2.2). The @rall mass of
dust of course determines the opacity and therefore the radis at which the
IR radiation can escape, and thus the “e ective dust temperatire' which is
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Fig. 8.13. The IR SEDs of dust cloud models with 18? L  are shown for increasing
masses of overlying dust and arr ! density distribution. The dust heating is
provided by both the central source and secondary photons fnm warm dust (see
text). The peak shifts to longer wavelength as the dust opacity inceases and the
R-J tail rises linearly with dust mass.

observed. We will see below that the model SEDs of the FIR sowes can be
characterised by a single parameter { the luminosity-to-mass ratio, L=M ,

and thus the problem has, in essence, really just one indepédent variable

as long as the source structure is simple (e.g., a single sa with radial

fall-o in density and no clumping). The compactness of the dust cloud is
parametrised by a radial power law density distribution which can be varied
but for the discussion below | adoptR 1.

Using the temperature pro les derived above, | have computd emer-
gent spectra for a source of central luminosity 1& L  with overlying dust
masses ranging from 10 °M (i.e., total ISM masses 100 times greater or
10° 1M ). These parameters are directed towards ULIRGs and SMGs but
the results can easily be scaled to lower- or higher-lumindty objects. As
mentioned above, the critical model characteristic is the Uiminosity-to-mass
ratio. For this modelling, the dust distribution is taken to vary asR ! but
similar results are found with other reasonable power lawsThe inner radius
is taken at T4 =1000 K, but this is, of course, not critical since the hot dug
is covered by the overlying colder dust unless the cloud is djzally thin at
short wavelengths. The outer radius was taken at 2kpc { this dso is not
critical since the dust is cold and optically thin to the secandary radiation
at the largest radii.
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Fig. 8.14. The variation in the peak wavelength for L and the optical depth
through the cloud at the peak wavelength are shown for varyingL=M gy values
with a density distribution of dust / R . (Models run for power laws of 0, 1
and 2 exhibit similar behaviour as long as the clouds are optically thick.)

Figure 8.13 shows the emergent speci ¢ luminosities L ) for the models
with di erent enveloping dust masses but constant overall luminosity. Here
one clearly sees the e ect of varying dust mass and opacity. Té clouds
of lower dust mass have non-exponential short-wavelength EDs due to the
lack of high dust extinction on the short-wavelength side ofthe SED peak,
and hence the hotter dust in the interior is exposed to our viev. This con-
trasts with the higher-mass clouds which show a peak shiftedo relatively
longer wavelength { due to the fact that dust extinction short of the peak
precludes photons escaping from the hotter interior radii. Figure 8.13 also
clearly demonstrates the anticipated correlation (see Sdion 8.2.6) between
the ux on the long-wavelength R-J tail and the dust mass.

To quantify some of the spectral characteristics, Fig. 8.14shows the shift
in the wavelength of peak emission (peak, left panel) and the optical depth
at peak to the cloud surface (right panel) for the radial shell contributing
most to the emergent luminosity. The right panel illustrate s what was said
earlier based on analytics { typically the opacity at the peak will be 1 for
a large range of overlying dust masses. Also, since the opfcimust be 1
at the peak, the wavelength of peak emission will be determied by both
opacity and dust temperature in realistic models.

Figure 8.15 shows the radius and dust temperature at which tle largest
fraction of the overall luminosity escapes as a function oftie luminosity-to-
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Fig. 8.15. Left and middle panels show the dust temperature and rauis of the shell
in the model producing the largest fraction of the overall luminosity for varying
L=M sm values. The right panel shows the optical depth at the peak wavelegth
from this shell to the outer cloud surface { illustrating the fact tha t the emergent
luminosity is produced at . 1. In most cases, the output luminosity is in fact
spread over a fairly broad range of radii.

mass ratio. The total luminosity is of course spread over a boad range of
radii except in the most optically thick models (low L=M gy values).

Figure 8.16 shows the ratio of total IR luminosity (at =8{1000 m) to
the speci c luminosity at =850 m (i.e., a point on the power-law R-J tail).
It should be obvious from this gure that there is really no good single value
for the conversion factor from submm ux density ( rest & 150 m) to total
IR luminosity { these models all had the same total luminosity but varying
dust masses. Thus it is impossible to reliably estimate the atal FIR lumi-
nosity from R-J ux measurements unless there are addition& constraints,
for example on the luminosity-to-mass ratio or the ISM mass €.g., from CO,
or dynamical mass estimates). One simply must have measuregnts close
to the IR SED peak.

There are also some limitations or lessons from this modeiig. Most note-
worthy is the polycyclic aromatic hydrocarbon (PAH) emission which arises
from transiently heated small dust grains. This small grain component was
included by calculating the UV{visual radiation energy density at each ra-
dius and inserting the PAH emission following Draine & Li (2001). These
short-wavelength features require the emergence of ux frm regions where
the grains are hot. In sources showing such features, the dusbscuration
must be clumpy, or multiple optically-thin and -thick sourc es must be con-
tributing. To illustrate this possibility, Fig. 8.17 shows the e ect of reducing
the dust column in 5% of the surface area to a value 10% of the mmal col-
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Fig. 8.16. The variation in the total IR luminosity to restframe 850 m ux is shown

for a range ofL=M gy values, illustrating the impossibility of estimating the total
IR luminosity from a single long-wavelength ux measurement.

1000

umn density { the NIR/MIR becomes much stronger and the silicate feature
appears in absorption.

The presence or absence of detectable PAH or silicates feaks depends
on the covering fraction of the overlying optically-thick dust { their detec-
tion should not be taken as a reliable indicator of one mode o$tar formation
(as done by Elbazet al. 2011) or alteration of the grain abundances since
their presence can depend simply on geometry and source namiformity.

8.2.10 Summary

We have developed a very simple model for the FIR emission wbl can
be implemented for fast radiative transfer computations rdevant to dust-
embedded luminosity sources. There are several importantanclusions:

() For a central luminosity source, the dust temperature pro le with radius can
be modelled with very simply power laws: Tqust / 1 %42 for optically thin
dust and Tqust / r 95 for optically thick dust. In a realistic source, it will
be optically thin at the very innermost radius, optically thick at interm ediate
radii and optically thin at the outer radii; the temperature prole ist hen a
piecewise tting together of these two power laws.
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8.17. Models with complete covering (dashed line) and with 5% of te area

having extinction reduced to 10% and 1% of the complete covering nael (solid
line) are shown to illustrate that a slightly clumpy dust distribution is re quired
to model the observed short-wavelength hot dust emission. Trasient small grain
heating is included by calculating the UV{visual radiation energy densty at each
radius and inserting the PAH emission following Draine & Li (2001).
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To model the FIR sources, it is vital to recognise that there are two entirely
independent parameters: the total luminosity and the mass of dus(and to a
much lesser extent the radial pro le of the dust distribution). Since the tem-
perature pro le scales with L, then most sources may be uniquely characterised
by the ratio L=M qyst -

Using these temperature pro les, it is then straightforward and quick to cal-
culate the emergent SED in the IR as a function of the ratioL=M st -

At the FIR peak, the emission is often optically thick (based on the steep
fall-o in the SED to shorter wavelengths) but the optical depth will not be
very large (i.e., peax 2{4) since otherwise the radiant luminosity would not
be able to escape.

The e ective dust temperature for the emergent luminosity can be determined
approximately from the wavelength of the peak and then used to eimate an
e ective radius for the source.

Flux measurements on the R-J tail of the SED are uniquely capale for deter-
mination of the total dust mass (with a factor of two reliability) since the dust
is optically thin. And if one can assume a dust-to-gas abundance réb, such
measures lead to quick and reliable estimates of a distant galaxy's tael ISM
content.



36 Nick Z. Scoville

(g) Determination of the total luminosity and hence the SFR requires observations
near the peak at st 100 m; it can not be reliably estimated using a single
long wavelength R-J ux measurement (as is often done for SMGs).

(h) In optically-thick sources (as judged by the steep fall-o on the short side of
the SED peak), the MIR emission at < 20 m requires that the dust be
somewhat clumped with incomplete covering in order to see the hot dst and
the silicate and PAH features.

8.3 Star formation in galaxies { two modes
8.3.1 Quiescent or normal mode of star formation

As discussed in Section 8.1, the star-forming GMCs are seffravitating with
internal velocity dispersions implying an e ective internal turbulent pressure
typically 100 times the external di use ISM pressures. One'sphysical intu-
ition should then suggest that disturbances in the external di use ISM will
have little in uence in general on the rate of formation of stars within GMCs.
With this in mind, one might expect that normally SFRs will si mply depend
linearly on the overall mass of H and/or the internal density of the cloud
and this logic should hold in other galaxies as long as the GMroperties
are roughly similar. Galaxy type or the location within a galaxy should have
little in uence on what happens within the self-gravitatin g clouds.

Observations of CO emission (tracing the mass of GMCs) and sir forma-
tion tracers (FIR luminosity or H ) have generally shown a linear propor-
tionality between SFR and H, mass distributions. For example, the overall
Galactic Hii region radial distribution shown in Fig. 8.2 is similar to th at
of H, as traced by CO. On the scale of individual star-forming clows, one
might expect sizable uctuations in the SFR per unit mass since the overall
Galactic star formation e ciency (SFE) is low with a charact eristic star for-
mation timescale 10%yr, i.e., much longer than the GMC internal dynam-
ical timescale 10’ yr. In addition, the GMCs may have somewhat variable
mean densities which of course alters their internal dynandal timescale. For
a sample of individual Galactic GMCs (including ones with ard without as-
sociated Hi regions), Fig. 8.18 (left panel) shows an approximately “hear'
correlation between molecular gas masM i and L g or the SFR (Scoville
& Good 1989) for GMCs with masses 16 to over 1° M . The scatter o
this relation is a factor 4. There is also a clear trend for the most massive
clouds which all have Hi regions, presumably in the spiral arms, to have
elevated ratios.

Given the tendency of the spiral arm GMCs to have somewhat elated
luminosity-to-mass ratios, it is probably wisest to use the mean Galactic
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Fig. 8.18. Left panel: the relation between IR luminosity and H, mass is shown
for a large sample of Galactic GMCs with (dots) and without Hii regions (crosses),
compared with the overall Galactic average obtained from dividing the total Milky
Way IR luminosity by the total H , mass (Scoville & Good 1989). M51 and many
other nearby spiral galaxies have mean ratios similar to that of the Miky Way. The
right panel shows a similar plot for a local sample of IR bright galaxies Sanders
et al. 1991). The ULIRGs at L g > 10?2 L show much higher luminosity-to-mass
ratios, indicating that they are converting gas to stars 10{20 times faster.

luminosity-to-mass ratio (4L /M ) to de ne a "'normal' mode of star for-

mation. Such a ratio of Lig=My,"' 4L /M implies a characteristic star
formation timescale 10°yr for conversion of molecular ISM into stars.

The ULIRGs (at Ljg > 10'?L , most of which are gas-rich galaxy merg-
ers) exhibit a  10{20 times higher L g =My,, hence a 10{20 times shorter
timescale.

In summary, there is good basis (empirical from the observaons and the-
oretical intuition from what we know regarding the GMC struc tures) for an
approximately linear mode of star formation. From local galxies such as
the Milky Way and M 51, this is quantied at ' 1M per year per 10 M
of Ho, or

SFR=(My,=M ) 10° M yr . (8.29)

8.3.2 Dynamically-driven starburst mode

At the same time, there are clearly instances, such as thosd the IR-bright
galaxies, galaxy nuclei and the spirals arms and bars of noral galaxies,
where the SFE is signi cantly enhanced to a level such that trey can be
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classi ed as starbursts. Figure 8.18 (right panel) shows a ot of the IR
luminosities and molecular gas masses for IR-luminous gat&ées (LIRGs,
Sanderset al. 1991) { all of them have considerably elevated luminosity-b-
mass ratios compared to the average ratios for the Milky Way ad nearby
spiral galaxies like M51. Both the luminous IR galaxies and he individual
spiral arm GMCs have exceptionally high rates of massive staformation
(presumably they are also forming low-mass stars). In suchegions, the SFE
(based on the ratio ofL g =My,) may be enhanced by a factor ten compared
to that in Equation 8.29.

In both the spiral arms and the ULIRGS, this elevated SFE appers corre-
lated with non-circular galactic dynamics and high concentations of dense
gas. Galaxy merging leads to dissipative deposition of gastthe centres of
the merging systems and spiral arm streaming motions causeawding of the
GMC galactic orbits. As a result of the non-circular motions and concentra-
tion of gas clouds, cloud-cloud collisions will be more fregent. If such colli-
sions occur at relative velocity greater than the GMC internal velocities (few
km/s), the collisions can compress the internal gas mass ansigni cantly ele-
vate the SFE (Scoville & Hersh 1979; Tan 2000). This high-SFEnode might
therefore be referred to as a dynamically-driven starburstwhere the SFE is
10{50 times that given in Equation 8.29 { occurring in galaxy mergers or
localised regions such as spiral arms and nuclear bars of moal galaxy disks.

8.3.3 Star formation ‘laws'

Over the years a number of prescriptions have been proposed describe the
rates of star formation within galaxies. Early on, Scoville & Good (1989)
and Young & Scoville (1991) advocated that the SFR varied lirearly with
the mass of molecular gas { based on observations of GalactteMCs and the
similarity of molecular gas radial distributions in nearby, normal galaxies to
the radial distributions of SFR tracers (e.g., blue light, H and FIR). Ex-
tensive studies (Kennicutt 1998) which included H in the analysis then led
to the well-known Kennicutt-Schmidt SFR law with SFR /L&, and a
threshold cuto surface density below which the SFR decreasd more steeply.
In my opinion, the atomic gas (Hi) exhibits almost no correlation with the
SFR tracers (recently shown clearly by Bigielet al. 2008 and Schrubeet al.
2011) and is not directly relevant to the star formation process in the inner
parts of spiral galaxies. (The non-integral, 1.4, dependence of the SFR in
the Kennicutt-Schmidt star formation law is likely due to in cluding Hi in the
analysis and is without a direct physical link to star formation except via the
formation of molecular clouds and due to the inclusion of staburst galaxy
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Fig. 8.19. Left panel shows the compilation of observational deteninations of the
SFR and total gas surface densities by Krumholzt al. (2012) together with several
proposed SFR prescriptions. The right panel shows the alignment fothese data
improved when the gas surface densities are normalised by a frealiftimescale, i.e.,
a scalelength, to provide a xed “volumetric' law.

nuclei. As emphasised above, the GMCs are long-lived and sta form from
them at low e ciency, so the fact that the H i is needed to form molecules
does not justify a physical connection to the star formation process.)

The most recent compilations have been done by Bigiekt al. (2011)
and Krumholz et al. (2012). The former advocate a simple linear depen-
dence on molecular gas surface density; the latter propose &olumetric' law
- =fn, = where the factors entering are the H mass fraction, the
e ciency of star formation per free-fall time, the total gas surface density
and the free-fall time. Their compilation of observational data is shown in
Fig. 8.19, together with the various star formation laws they evaluated. Al-
though their proposed volumetric law provides a good t to a large range of
data, the evaluation of  requires that a scaleheight for the gas be assumed
and this is not easily derived from the observations so the qality of tis
largely dependent on what is assumed.

At this point, | believe the best approach is simply: 1) assune star forma-
tion occurs only in the molecular gas(i.e., do not include atomic gas in the
analysis since it is not physically relevant) and 2) assuméwo modes of star
formation: a) a quiescent or normal star formation mode whid depends
linearly on the mass or surface density of H; and b) a dynamically-driven
mode (relevant to mergers, spiral arms and bars) which is atslinear with

H, but has a rate constant up to 20 times that of the rst mode
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Clearly, for distant galaxies it would be nice to have a more pecise star
formation law with dependence on detailed properties of theclouds (such
as their internal density and the details of the local galacic velocity eld
streaming and dispersion) but this will not be observationdly accessible for
many many years. Let's keep the star formation prescriptiors close to the
relevant observational capabilities!

8.3.4 Distinguishing normal star formation and starbursts:
concentration and timescales

How does one de ne a starbursting system (as opposed to a nowh star-
forming galaxy) and what are the observational discriminarts between these
two modes? | think the most physically meaningful de nition for a starburst
is a galaxy or area within a galaxy where the rate of conversio of existing
ISM into stars is such that the ISM will be consumed in a time sgni cantly
less than the typical Mgy =SFR 1 Gyr timescale for local galaxies like the
Milky Way. This SFE can be observationally characterised bythe simple
ratio Lr =MH2.

Alternatively, one might use the speci ¢ SFR per unit stellar mass (SSFR
=SFR/ M ) to identify galaxies where the characteristic timescale {/SSFR)
is much shorter than the ‘likely' age of the galaxy (which is doviously less
than the age of the Universe at the galaxy's redshift). At redshift z=1.5{2.5,
Rodighiero et al. (2011) argue that there is a tight ‘'main sequence' of
star-forming galaxies with fairly constant SSFR at all stellar masses (see
Fig. 8.29); they then identify starburst objects with SSFR signi cantly above
this main sequence. Unfortunately, the SSFRs found for the rain sequence
atz 2 are higher by a factor 15 than those at low redshift so the discrim-
inant between the two star formation modes is evolving in time { without
a clear physical basis, be it a higher gas content, smaller stlar mass at
early epochs or an increasing e ciency/rate in converting existing gas to
stars. And, of course, if the de nition of the main sequence $ evolving in
time, the fraction of galaxies found to be “bursting" will depend entirely on
how far o the main sequence a galaxy must be to be so classi edIf most
galaxies at high redshift were, in fact, bursting, then the main-sequence’
SSFR would be elevated as observed and the dispersion woulthrgply re ect
the range of burst activity. Clearly, it would be most import ant now to
analyse the morphologies of the so-called main-sequencelaxdes to classify
the merging/interacting versus undisturbed percentages.

De nitions for starburst classi cation which compare the SSFR to the
galaxy age or better, using the timescale for exhausting theSM are more
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physically based than simply using the dispersion about thanain sequence.
In the near future we can anticipate that ALMA will be measuri ng gas
contents for large samples of higle galaxies.

Another approach which might be used to identify starburst activity is the
luminosity density or concentration of the activity. In sta rbursting systems,
one expects that a large fraction of the luminosity from the young stars will
be absorbed by dust and emerge in the FIR and that the luminogy energy
density within the active region will be high. As discussed i Section 8.2.9,
good IR SED sampling allows one to classify the observed SEDcaording
to the ratio L|gr=Mgyst Which is proportional to Lig=Msm. Sources with
high luminosity density (either AGN or intense starbursts) may also have
high “apparent' colour temperatures providing they are not completely en-
shrouded by dust which is optically thick outto 100 m. One can reasonably
estimate a characteristic source size using Equation 8.13nd a luminosity
density from Lig=(4 R 3,4 =3).

8.3.5 Starbursts in ULIRGs

In Fig. 8.20 the SEDs, L |g=My, mass ratios and tted dust temperatures
are shown for the complete sample of 20 ULIRGs az < 0:1 from Sanders
et al. (1988) and Sanderset al. (1991). The SEDs peak at & 120 m
with dust colour temperatures 30{50K and the FIR-to-H, mass ratios are
30{200L /M . As noted above, these ratios are a factor 10{20 higher than
the luminosity-to-mass ratios in local spiral galaxies, irdicating a 10{20
times shorter timescale for converting ISM to young stars.

8.3.6 Arp 220 { a prototypical ULIRG

In the spirit of "one example can provide more understandinghan many
generalisations', | think it is very worthwhile to look in de tail at current
observations of Arp 220. Of course not all ULIRGs are the samas Arp 220,
but one can readily see the essence of the starburst mode inithobject.
Arp 220, at 77Mpc, is one of the nearest and the best-known utt-
luminous merging system (g 1000 m=1.5 10%L ). To power the IR
output, star formation must be occurring at arate of 10°M yr 1. Visual
wavelength images reveal two faint tidal tails, indicating a recent tidal in-
teraction (Joseph & Wright 1985), and high-resolution ground-based radio
and NIR imaging show a double nucleus (Baan & Haschick 1995; aham et
al. 1990). The radio nuclei are separated by 0.98 arcsec (Baan &dschick
1995), corresponding to 350 pc. Millimetre-wave imaging povides a unique
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Fig. 8.20. The SEDs,L |r =My, mass ratios and tted dust temperatures are shown
for the complete sample of 20 ULIRGs atz < 0:1 from Sanderset al. (1988) and
Sanderset al. (1991).

capability to probe such starburst nuclei in dusty LIRG/ULI RGs since the
dust is optically thin at long wavelengths. Virtually all of the ULIRGs ob-
served so far have massive concentrations of molecular gasthe central few
kiloparsec (Scovilleet al. 1997; Downes & Solomon 1998; Bryant & Scoville
1999; Tacconiet al. 1999).

Arp 220 has been imaged at high resolution in the 2.6 mm CO lingScov-
ille et al. 1991), 3mm HCN (Radfordet al. 1991), 1.3 mm CO (Scovilleet al.
1997; Downes & Solomon 1998; Taccomit al. 1999) and most recently in the
0.9mm CO and HCO' lines (Sakamotoet al. 2009). The CO(2{1) line emis-
sion exhibits two peaks separated by 0.9 arcsec, and a largérclined disk of
molecular gas (Scovilleet al. 1997; Downes & Solomon 1998; Sakamotet al.
1999; Tacconiet al. 1999). At 0.5 arcsec resolution (Sakamotcet al. 1999),
the CO and 1.3 mm continuum imaging shown in Fig. 8.21 revealsounter-
rotating disks of gas in each of the IR nuclei. The kinematic data requi
very high mass concentrations in both of the nuclei. The nuaar disks are
counter-rotating, consistent with the notion that the most complete and vio-
lent merging should be associated with counter-rotating pecursor galaxies in
which there is naturally angular momentum cancellation during the merging.
The masses of each nucleus are apparently dominated by the fezular gas



Evolution of star formation and gas 43

" () co@-1)

N A
. //ﬁ}%

i |
) \
KA.

- (a)co@-1)

|
o
—

—

. @ e
L 0.57"¥0.52" 300pc | | 0.57"¥0.52" 300pc 1
L L L L | L L L L L L L L L L L P - L L L L

Dec. offset [arcsec]
o
T

RN

— . . . , . . . . , ; ; — — —— 4;‘\““\“"\““\““\““\““\““ T
" (c) 1.3mm continuum 1 3b (d) CO(2-1) (LHU) 00

1+ O f r
iy E 2r
IR J r
o t J\ ) < 1 ~u 5
© L § L
E ok / %% o i oF
5] | S0 I 1
8 | L/\ | 1;
S . 2F
' 0.56"¥0.51" 300 3¢ ]
[ O ope 4 0.78¥0.74" Tkpc
- el b b b b b b by 1
2 1 0 -1 -2 4 3 2 1 0 -1 2 -3 -4
R.A. offset [arcsec] R.A. offset [arcsec]

Fig. 8.21. The merging galactic nuclei of Arp 220 are shown in 0.5 arcseesolution
imaging of the CO(2{1) and dust continuum emission (Sakamotoet al. 1999). The
four panels show: a) continuum-subtracted CO(2{1), b) the CO mean velocities, c)
the 1.3 mm dust continuum, and d) the total CO emission including the extended
molecular emission. These data resolve the two nuclei (separateq/ld arcsec E-W or
350pc) and the crosses indicate the 1.3 mm dust continuum peaksn the molecular
gas emission, the two galaxy nuclei have counter-rotating disks aseen in the upper-
right image.

{a common nding of the ULIRG galaxy studies (Bryant & Scovil le 1999).
The nucleus of Arp 220 has a total molecular gas masMy, 9 10°M
within 300 pc (Scoville et al. 1997; Downes & Solomon 1998; Sakamotet
al. 1999; Tacconiet al. 1999). This H, mass within 300 pc is 3{4 times that
of the entire Milky Way (most of which is in the ring at 4{8 kpc) .

Although Arp 220 has enormous masses of molecular gas, oneasid not
visualise this gas being contained in self-gravitating GMG like those in
the Galaxy. The high brightness temperature of the observedCO emission
(Scoville et al. 1997) requires that the gas distribution be continuous, i.e,
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lled nuclear disks, not a cloudy medium. The mass density wthin the
disks implies a visual extinction Ay 2000 mag perpendicular to the disks!
Clearly, studying such regions can only be super cial in theoptical/NIR
and must rely on much longer-wavelength observations.

The western nucleus in Arp220 exhibits hard X-ray emission vasawa
et al. 2005) and very high-velocity CO emission. The inner dust engsion
source seen at 1 is extremely compact with 1M  within R< 35pc
(Downes & Eckart 2007). Downes & Eckart argue that the inferred dust
temperature of 175K implies a higher radiation energy density for its heat-
ing than could be provided by a compact starburst and therefoe that this
nucleus may harbour a luminous and massive black hole.

8.3.7 An aside: SgrA { an extraordinary ISM

Given the very limited spatial resolution in observations d distant nuclei
such as Arp 220, it is instructive and cautionary to look at the properties of
the ISM in our own Galactic nucleus despite the fact that it is not currently
very active. The massive black hole associated with the radi source SgrA
has a mass of 4 1°M { derived from the motions of stars within the
central 1 pc (Genzel 2006; Ghez 2007). A circumnuclear diskQND) at ra-
diusoutto 3 pcis seen with both ionised gas and dense molecular clumps
on the exterior. Figure 8.22 shows the ionised gas as probed the Hi P
line at 1.87 m (greyscale; Scovilleet al. 2003) in a structure termed the
mini-spiral and the dense molecular gas as probed in the 3mm EN line
(contours; Christopher et al. 2005). The molecular gas is in a clumpy ring at
1{3 pcradius. The ionised gas in the mini-spiral may be infaling or out ow-
ing; the ionised gas at the edge of the disk in the southeastararm probably
arises from photoionisation at the inner edge of the molecalr cloud ring.

The total mass of the molecular gas within 3 pc of the black hat is var-
iously estimated at 1{5 10°M and has an orbital time 10°yr. Given
that the black hole is only 10 times more massive it is clear that very lit-
tle of the nearby ISM will actually make it to the black hole, unless we are
viewing an extremely atypical epoch for SgrA. In any case, it is certainly
the case that the ISM here is not being accreted on an orbital imescale
since the luminosity of SgrA is  10°L

Just as was the case for Arp 220, our intuition about the propeties of the
ISM in the disk of our galaxy (i.e., self-gravitating GMCSs) clearly cannot be
transferred directly to the ISM in the Milky Way nucleus. The molecular
gas clumps in the CND have extraordinary properties! Their $zes are<1pc
but densities 10° 8cm 3 (Christopher et al. 2005). (By contrast, a typical
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Fig. 8.22. The circumnuclear disk (CND) in the Galactic nucleus disk in iorised
gas (greyscale) as imaged in the HP line at 1.87 m (Scoville et al. 2003) and
the dense molecular gas (contours) seen in HCN emission (Christophet al. 2005).
The ionised gas is distributed in a “spiral' pattern and at the inner surfaces of the
neutral molecular clumps. The densities in the molecular gas are 10" 8cm 3(!),

orbiting at 1{3 pc radius.

Galactic 10° M GMC has a diameter 40 pc and mean density 300cm 2,
see Section 8.1.3). The higher densities are required neargSA if the
clumps are to be stable against tidal disruption, given ther proximity to
the central point mass. If the dust-to-gas ratio in the clumps is similar to
the standard Galactic value, then the inferred column dendies of 1°cm 2
imply an extinction of Ay 10* mag through each clump. Since the molec-
ular ring/torus is clearly not appearing edge-on, its angubr momentum is
not perpendicular to the Galactic plane. The ring therefore probably re-
sulted from the accretion and disruption of a single cloud athon-zero height
out of the Galactic plane, rather than smooth accretion overtime from the
larger nuclear disk. If such a cloud arrived at the point wheee it was tidally
disrupted with a non-zero height the resulting fragments mght end up as
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Fig. 8.23. A very crude model for the disk in gas-rich merging systes like Arp 220
is shown. We assume a central point mass (black hole) and a uniformag surface
density disk extending to 100 pc radius. The turbulent velocity dispesion within

the disk is taken to be 50 km/s (based on Arp 220; Scovilleet al. 1997). The disk
thickness as a function of radius for hydrostatic equilibrium is shownin the right

panel and the mean gas density in the left panel (solid red line). The wtical density

required for stability of a self-gravitating object (e.g., a cloud) in the disk is shown
by the dashed (blue) curve. The right panel shows the extraordimarily high gas
densities expected for these very simple assumptions and undemes the fact that
self-gravitating clouds should not form in the inner disk due to tidal disruption.

clumps in an orbital plane inclined to the Galactic plane, asis observed for
the CND.

At present there is no evidence of star formation within the molecular
clumps despite their very high densities and extraordinardy short internal
dynamical timescales 10*yr. However, the very high extinctions suggested
above would preclude detection of embedded young stars andhé only means
of detecting them might be via radio detection of ultra-compact Hii regions
or maser emission. The unusually high densities of the moletar clumps
must re ect the fact that at lower density they would not be ti dally stable
and therefore could not exist for long (see Section 8.3.8).

8.3.8 Nuclear starburst disks

As a rst step toward understanding the massive gas disks like that seen in
Arp 220, we consider an extremely simple model with uniform gs surface
density out to radius 100 pc. At the centre of the disk, we assme a point
mass of 4 10°M { either a central black hole or a nuclear star cluster.
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Fig. 8.24. The left panel shows the ToomreQ stability parameter (Q < 1 unstable)
for the disk parameters in the previous gure and the right panel shows the Jeans
mass for collapse/self-gravitation assuming a sound speed of 50 ksmand neglecting
tidal shear.

The disk is assumed to be self-gravitating and in hydrostatt equilibrium
with a sound speed of 50 km/s, representative of the turbuletvelocity dis-
persion measured in Arp 220. Although this is meant only as arillustrative,
gedanken experiment, it clearly shows that the conditions are inesapably
di erent from those of star-forming clouds in the Galactic disk.

In Fig. 8.23, the disk thickness and mean gas densities are swn as a
function of radius out to 100 pc. The thickness of the disk is ypically less
than 10 pc and the mean densities are everywhere 10° cm 3, getting up
to 10'°cm 3 near the centre. The right panel of Fig. 8.23 also shows the
gas density required for tidal stability (dashed line) { clearly demonstrating
that it will be dicult to form stable clouds within the centr al 10pc ra-
dius. Within this region, we should expect a more continuousgaseous disk
structure, not a cloudy ISM as found in the centre of our Galay.

The gravitational stability of the disk can also be seen fromthe Toomre
Q parameter shown in Fig. 8.24 (left panel). Within the inner 10pc,Q 1
and it is very hard to form self-gravitating structures in th e ISM, such as
clouds. On the other hand, outside 10 pc radius such clouds mght form (if
they are not disrupted by cloud collisions) but their massesare required to
be very large, exceeding 19M

At the inner boundary of the nuclear disk (R 1{5pc), one expects that
the dust will sublimate and any ISM inside this radius will be dust-free and
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therefore have much lower radiative opacity, permitting radial accretion in-
wards. On the other hand, at the sublimation boundary, there will be a
strong radiation pressure gradient in the outward direction, tending to push
the inner edge of the dust accretion disk to larger radii. Thephysics of
this transition zone should indeed be interesting { the mateial pushed out-
wards will intercept orbit disk gas with higher speci ¢ angular momentum,
and the dust sublimation interface will also be Rayleigh-Tg/lor unstable,
perhaps leading to radial streams of accretion ow. | leave hese details to
the students to work out!

8.3.9 Maximume-rate starbursts { the dust Eddington limit

For Arp 220, the estimated nuclear SFR of 100{200M per year is at least
a factor of ten less than the maximal rate, obtained by dividing the ISM by
the orbital timescale of 2 1Pyr. One very e ective means of restrict-
ing the star fromation (or even ejecting the dense ISM) is viathe radia-
tion pressure on dust of the central starburst (or AGN) luminosity. For a
self-gravitating gas and dust mass, the e ective "Eddington limit is approx-

imately 500L /M , similar to the overall mass-to-light ratio measured in
the Arp220 nucleus (1%L /3 10°M ). For higher luminosity-to-mass
ratios, the ISM is blown out of the region.

The signi cant role of radiation pressure in high-mass starformation and
starbursts for feedback through radiation pressure on buiilup has only re-
cently been appreciated. The outward radiation pressure ina starbursting
cloud core or galactic nucleus will dominate self-gravity & radius R when

Lhi GMg
S :
4R 2c R2 ’
whereh i is the e ective radiative absorption coe cient per unit mass. Al-
though the original stellar radiation is primarily UV and vi sible, the dustin
the cloud core absorbs these photons and re-radiates the lumosity in the
IR. The “e ective' absorption coe cient takes account of the fact that out-
side the radius whereAy 1mag, the luminosity is at longer wavelengths
where the dust has a reduced absorption e ciency. For the standard ISM
dust-to-gas ratio (Draine & Li 2007), Ay = 1 mag corresponds to a column
density Ny=2 10°*cm 2 and

(8.30)

\%
e (R)

where ¢ (R) is the absorption coe cient-weighted mean wavelength of the

hi=312 cm?g L (8.31)
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radiation eld at radius R and for simplicity, we have adopted a ! wave-
length dependence for the absorption e ciency.
Combining Equations 8.30 and 8.31, we nd that the radiation pressure
will exceed the gravity when
e L
(L=M)g 42— —: (8.32)
v M
For ¢ 3{10 m, . = v is approximately 10 and the radiation pressure
limtis 500L /M . Thus, for luminosity-to-mass ratios exceeding this
value radiation pressure will halt further accretion. For a forming OB star
cluster, this luminosity-to-mass ratio is reached at aboutthe point where
the upper main sequence is rst fully populated, i.e., a cluser with approx-
imately 2000M distributed between 1 and 120M . A similar "Eddington’
limit applies for any dust-embedded starburst region (see Eoville et al. 2001;
Scoville 2003; Murrayet al. 2005; Thompsonet al. 2005). It turns out that
much larger-scale nuclear starbursts such as that in Arp22thave approx-
imately reached the same empirical limit of 500. /M , suggesting that
nuclear starburst activity may also be regulated by a balane of self-gravity
and radiation pressure support.

8.3.10 AGN { starburst: observational connections

Evidence has also accumulated for an evolutionary link betwen merg-
ing ULIRGs and UV/optical quasi-stellar objects (QSOs) as suggested by
Sanderset al. (1988): similar local space densities for ULIRGs and QSOs;
continuity of FIR SEDs smoothly transitioning between the two classes; the
occurrence of AGN-like emission lines (Veilleuxet al. 1999) and signi cant
point-like nuclei (less than 0.2 arcsec { Scovillest al. 2000) in 30{40% of the
ULIRGs; and the association of both ULIRGs and some QSOs (Makenty &
Stockton 1984; Bahcallet al. 1997) with galactic interactions (see the review
article by Sanders & Mirabel 1996). Whether the entire QSO p@ulation
had precursor ULIRGs (implying that galactic merging is the predominant
formation mechanism for AGN) is certainly not yet settled and at lower
AGN luminosities, much of the activity is probably not direc tly associated
with galaxy merging or interactions.

Two possible scenarios linking the ULIRG and luminous AGN prenomena
are: 1) that the abundant ISM, deposited in galactic nuclei by merging, fuels
both the nuclear starburst and feeds the central black hole ecretion disk; or
alternatively, 2) the post-starburst stellar population evolves rapidly with
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a high rate of mass return to the ISM in the galactic nucleus { keading to
sustained fuelling of the black hole (e.g., Norman & Scovilk 1988).

8.3.11 AGN ({ starburst: theoretical connections

The largest potential sources of fuel for AGN are the nucleadSM (until it
has been cleared out) and the mass loss associated with norirgtellar evo-
lution of stars in the galactic nucleus. Most recent discus®n has assumed
the former link; so | would like to brie y discuss the latter p ossibility here
{ partially as a stimulus for further investigation by stude nts. For a nuclear
starburst population, approximately 20% of the initial stellar mass will be
lost via red giant mass-loss winds within the rst 2 1% years (Norman
& Scoville 1988). (The mass return associated with supern@e is probably
signi cantly less.) Scoville & Norman (1988) and Scoville & Norman (1995)
examined the fate of this mass-loss material { speci cally b account for both
the broad emission lines (BELs) and the broad absorption lires (BALS) seen
in AGN. Since the stars will not be disrupted by AGN feedback ace the
nucleus becomes active, the stars can provide a long-term pply of fuel to
power the AGN.

The physics of the dust shed by the stars in their stellar wing, par-
ticularly its evaporation, is critical to determining whet her the mass-loss
material accretes inwards to an accretion disk or is blown otwards by ra-
diation pressure. This consideration leads naturally to a dvision of the
central cluster environment into: 1) an inner zone ¢ 1pc) where the dust
is heated to above the sublimation temperature and the lowempacity of the
dust-free gas allows it to fall inwards, and 2) an outer zone{ 1pc) where
the dust (and gas) survives and is driven outwards at velociies up to 0.1c
by radiation pressure.

It is interesting to note that the density required for tidal stability of a
BEL cloud at 1 pc radius from the black hole requires that the douds must
have extremely high internal densities. At 1pc from a 1 M black hole,
the Roche limit density is 3 10 cm 3. This provides a strong argument
for the stellar (rather than interstellar) scenario to account for the BELS,
using the stellar masses to bind the emission line gas.

8.4 Evolution of galaxies at high redshift

Over the last 15 years extensive surveys of high-redshift daxy evolution
(e.g., GOODS, UDF, COSMOS, AEGIS and CANDELS) with space- ard
ground-based telescopes have dramatically increased oumnderstanding of
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Fig. 8.25. A compilation of z=4 and 6 UV LFs for galaxies (Capak et al. 2011).
The curves are Schechter function ts by Bouwenset al. (2007) forz=4 (blue) and
6 (black) galaxies and the points are derived for Lyman alpha emittes (LAEs) and
Lyman break galaxies (LBGS).

galaxy evolution in the early universe. All of these go very eep (typi-
cally > 27{30 mag AB) but cover very di erent size areas { most also hae
excellent multi-wavelength, ancillary data. The largest survey (COSMOS)
has over a million galaxies with photometry and photometric redshifts at
z=0.2{6 and the deepest (UDF) now has detections atz = 6{8, probing the
rst 1 Gyr of cosmic time. Major evolution is seen in the galaxy properties:
stellar mass, luminosity, size and SFR.

8.4.1 Luminosity and Mass Functions

Figure 8.25 shows a compilation of recent determinations othe z=4{6
luminosity functions (LFs; Capak et al. 2011). Evolution of the UV LF
(probing the distribution of star-forming galaxies) is clearly seen with the
number densities increasing at all luminosities as one gods lower redshift
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Fig. 8.26. The stellar mass function for galaxies at = 0.1{4 from Marchesini et al.
(2009).

and there is apparent steepening of the low- power law going to higher
redshift, i.e., more low-luminosity galaxies contributing. If this persists to
higher redshift then it can be argued that the reionisation d the universe
at z 10 must have been produced by relatively low-luminosity gadxies
(Robertson et al. 2010). At z > 6, the samples are very small, 20{50 ob-
jects with virtually no spectroscopic con rmation. Even at z=6, one can
see large scatter in the di erent determinations of the LF, shown as points in
Fig. 8.25. It is noteworthy that the high- L portion of the LF is very poorly
constrained (see Fig. 8.25) and could even be a power law ragh than the
Schechter function (exponential fall-o ) used in tting.

At lower redshifts, comparatively good samples exist for tle stellar mass
functions of galaxies (see Fig. 8.26). Strong growth in the amber density of
galaxies at all masses is seen but the largest increase at éaepochs (lowz)
occurs in the lower-mass galaxies (see, e.g., llbeet al. 2010). This "down-
sizing' of evolution at later epochs is also seen in the galags with star
formation and AGN activity.
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Fig. 8.27. Large-scale structures mapped by the projected deitg of galaxies in
redshift slices ( z=0.02{0.2) in the COSMOS survey eld (Scoville et al. 2007a;
Scoville et al. 2012). Over 200 signi cantly overdense regions are seen over the
redshift range z=0.1{2.55.

In principle, the buildup of stellar mass in galaxies as a fuwtion of time
should be consistent with the evolution of star formation adivity within
galaxies in each mass bin. Discrepancies between these twdgt indicate
the rate of galactic merging (assuming the masses and SFRsarreliable).
This has been explored by Drory & Alvarez (2008) who nd reasmable
consistency between the stellar mass buildup and the SFR elation { pro-
viding the SFRs drop rst in the highest-mass galaxies and g&xies typically
undergo 1 major merger afterz=1.5 (see also Reddy 2011).

8.4.2 Environmental correlations

In CDM simulations for the early Universe, it is the most mas sive, highly
biased, structures which form earliest. Such structures wi become the lo-
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cations of massive galaxy clusters with the most massive gaxies built there

rst. The COSMOS survey (Scoville et al. 2007b) was speci cally designed
to probe a su ciently large area on the sky (2 square degreesaresponding
to & 50{100 comoving Mpc atz > 0.5) that the full range of environmental

densities could be sampled at all redshifts. This enables hlb the map-

ping of the large-scale structure and the investigation of he correlation of
galaxy evolution with environment. High-accuracy photomeric redshifts

and a large sample of spectroscopic redshifts enable the seption of galaxy

structures along the line of sight. Figure 8.27 shows the 20@verdense re-
gions of galaxies seen in COSMOS at =0.1{2.55 (Scoville et al. 2012).

Using the environmental densities shown in Fig. 8.27, | shovthe percent-
age of early-type galaxies (with SED corresponding to E{Sa glaxies) as a
function of density and redshift in Fig. 8.28 (left panel). As is well known
from many studies, the early-type galaxy fraction increass systematically
to a fraction 50% at z=0. However, Fig. 8.28 (left panel) also clearly
isolates the di erential evolution associated with large-sale structure den-
sity { the early-type galaxies form rst in the highest-density regions of the
large-scale structure.

The evolution of the SFR density (SFRD =SFR per comoving volume)
rises a factor 20 fromz=0 to a peak at z=2{3. An important question
is: in which environments is the star formation occurring at each epoch?
Figure 8.28 (right panel) shows that the SFRD systematically shifts from
dense to less dense regions of the large-scale structure asie¢ progresses.
Peng et al. (2010), using both COSMOS and SDSS data, show that the
quenching of star formation activity in galaxies has two separable terms:
one dependent on galaxy mass and the other on environmentalemsity.

Recently, Rodighiero et al. (2011) have attempted to quantify the frac-
tion of star formation occurring in starbursts versus normd-rate star for-
mation at z=1.5{2.5. They make use of aBZK colour-selected sample of
galaxies with low SFR and samples from GOODS and COSMOS, prdhg
with Herschel and Spitzer the moderate- and high-FIR luminosity galaxies
(see Fig. 8.29). TheBZK galaxies are used to de ne a "main sequence' of
star-forming galaxies at this epoch. The outliers above themain sequence
(mostly IR-detected) with more than four times the SSFR are then taken to
be galaxies undergoing burst-mode star formation. Rodigléro et al. (2011)
suggest that only 2% of the galaxies by number are undergoingtarbursts
and this population contributes 10% of the total SFRD at this epoch.
This is an interesting approach to the issue, but it should beclear that the
adopted de nition of the main sequence and its spread will etirely deter-
mine the starburst percentages. In addition, some of the galxies within



Evolution of star formation and gas 55

100 ML) L B B LA, B (Y0 ) S B L B AL B
z ranges : ) 2 ronges :
— 0.15-0.40 [ * 0.15-0.40
& - . 0.40-0.60 1 * = 0.40-0.60 ]
80F G-.... 0.80-1.00 , __ 40 Fo- 0.80-1.00 s E
o b i ]
.2 : L
35 Ao 150-2.00 ! AT 150-200 ]
8 60 | 2.00-2.55 o . 3 30 :_ 2.00-2.55 3
o i A =] F ]
3 * x ]
il - s % b ]
L . “o--®.___-® _ ° r J
2> 40 » Ad v 3 20 . .
g [ S o
N a4 <] 1 : :
20| A e gk i 1ok E
e - 1 :
I s o o0
oL e e e ob . . .Ers el S T
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00
Relative Density Relative Density

Fig. 8.28. Left panel: the early-type (E{Sa) galaxy fraction is clealy correlated

with both redshift and large-scale structure density from Fig. 8.27 (Scoville et al.

2007a; Scovilleet al. 2012). The early-type galaxies form rst in the highest-

density environments. Right panel: the percentage of the overalSFRD is shown as
a function of redshift and large-scale structure density. The donmant environments

for star formation shift to lower density at later epochs (Scoville et al. 2012).

the main sequence could well be merger-starbursts of origaily lower-SSFR
galaxies. As noted earlier, it would be advantageous to hava physically-
based de nition of bursting rather than simply picking outl iers as bursts.
To take an extreme example, the latter de nition would clearly be wrong if
essentially a large fraction of the population were, in fact bursting.

8.5 Modelling star formation at high redshift:
same modes but di erent frequency

It is now well established that the activity associated with both star forma-
tion and AGN increases dramatically (20 ) outto a peak at z 2{3 using
SFRs determined by the UV continuum, FIR and radio continuum and that
beyond z=3 there may be a gradual decline in the SFR density, although
the measurements become increasingly di cult at these redbhifts.

At high redshift, one might expect that the same two modes petain, yet
their relative importance could be quite altered. On the onehand, high-
redshift galaxies should have higher gas mass fractions tmathe typical
5{10% of low-redshift spiral galaxies like the Milky Way { leading to higher
rates of star formation associated with the quiescent lineamode of star for-
mation. But at the same time, one expects a greatly elevatedate of galactic
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Fig. 8.29. The SFRs of three samples of galaxies a&=1.5{2.5 and stellar masses
are shown (Rodighieroet al. 2011). The samples includeBZK -selected galaxies
(black dots), GOODS (cyan) data and COSMOS (red) galaxies withHershel PACS
FIR detection. They use the BZK galaxies to de ne a "main sequence' of star-
forming galaxies at this epoch and then classify the outlier (mostly IRdetected)
galaxies at> 4 times the SSFR on the main sequence as starburst-mode galaxies.

merging/interaction, increasing the frequency of the staburst mode. Which
of these dominates is not at all clear without a numerical sinulation to track
their relative importance, keeping track of the rare and brief mergers.

8.5.1 Cosmic evolution:
M and Mgy and star formation luminosities

In order to test the framework developed above against the oferved cos-
mic evolution of galaxies, | developed a simple Monte Carloimulation {
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including: star formation in the quiescent and merger-driven burst modes,
merging of dark matter haloes and their contained galaxiesand accretion
of fresh gas from the external large-scale structure envimmment. The sim-
ulation starts at z=6 with a population of 10 million dark matter haloes
having a mass function approximating that seen in simulations for z=6
(e.g., Heitmann et al. 2010). Each halo is started atz=6 with a galaxy
of baryonic mass equal to the dark matter mass times the univesal baryon
fraction, with 90% of the baryons being gaseous ISM and 10% slar mass.
| then let the galaxy and dark matter halo population evolve with 50 Myr
timesteps down toz=1. At each timestep, gas is converted to stellar mass
at the quiescent SFR given by Equation 8.29. At each timestep haloes
are also randomly sampled for having undergone a merger witla proba-
bility weighted as (1 + z)#°M %12 (Fakhouri & Ma 2010). This merger
rate is normalised such that 2% of the haloes merge per 50 Myrtaz = 6.
The secondary galaxy for each merger was also selected ramdly from
the galaxy population weighted by (mass ratio) %! (Fakhouri & Ma 2010).
For those galaxies selected to merge, the SFE was increaseg & factor of
10{50 (but only for one timestep). Gas accretion to the galay halo was
taken asM = 6:6(Mpalo=1012)115(1 + )25 0:165 (Dekel et al. 2009) for
Mhaio < 1012 M . For larger-mass haloes, we assumed simply that the ac-
cretion was cut o { either by the accretion shocks or by AGN feedback {
the former is a departure from Dekelet al. but some reduction of accretion
is required in order to have the massive objects become gaspr ellipticals
at modest redshifts as shown observationally.

Minor non-critical details which were included were that: 1) the e ective
accumulation of stellar mass was taken to be 70% of the integited star for-
mation (i.e., assume 30% of the stellar mass is recycled eveially in mass
loss), 2) the accretion of external gas to star-forming galay was delayed by
1 Gyr after it accreted to the halo boundary (to account for the infall time)
and 3) during starbursts, ISM mass was shed from the galaxy a& rate equal
to the SFR (only for the burst mode). The star formation lumin osity (moti-
vated to model the IR luminosity function) was taken very crudely as the to-
tal luminosity from stars formed in the last 50 Myr plus that f rom young stars
in earlier timesteps reduced by a factor of two in each timestp. Speci cally,
the luminosity associated with recent star formation was teken to be 13° L
per M per year of star formation, based on observations of local daxies.
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mergers included w/ SB but no gas accretion

Fig. 8.30. The mass and luminosity functions for galaxies atz=2.5 (left) and
z=1 (right) derived from a Monte Carlo simulation including galaxy mergin g
and associated starburst activity but no gas replenishment via aceetion from
the external environment. The dashed line is the original ¢=6) galaxy mass
distribution (gas+stars). The original gas supply is exhausted fartoo quickly, even
byz 2.

8.5.2 Need ISM replenishment by accretion

This simplistic model was remarkably useful to explore criical aspects of the
evolutionary scheme involving quiescent and burst-mode str formation with
a reasonable gas accretion hypothesis. Figure 8.30 showsetlevolved mass
functions of stars and ISM gas and the star formation luminogty at z=2.5
and 1. For this gure, the simulation included merging galaxies and their as-
sociated starbursts but was without accretion of gas from tle environment.
In this case, the ISM runs down at a rate given by local Univerg star forma-
tion laws and the original gas content of the haloes is exhaued by z=2.5 to
a level much less than that seen either az =2 or in present-epoch galaxies.

8.5.3 ULIRG starbursts account for high-L tail

The simulation shown in Fig. 8.31 includes gas accretion aofmulated above
but without the starburst activity associated with galaxy m erging. Now,
the ISM and stellar mass functions exhibit characteristicssimilar to those
observed atz=2.5and 1, i.e.,. 50% gas mass and 10%, respectively. How-
ever, even atz=2.5, the star formation luminosity function is lacking the
power-law tail at the high-luminosity end. To reproduce the power-law tail,
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mergers and accretion included but no SB

Fig. 8.31. Similar to Fig. 8.30 except that gas accretion at halo massebelow
10'2M s included, following the prescription of (Dekel et al. 2009). In this
simulation, the starburst activity associated with merging has beenremoved and
the high end of the luminosity function naturally must follow the expon ential form
of the mass distribution.

mergers included w/ SB and gas accretion

Fig. 8.32. Here both accretion and starburst activity during galaxy merging are
included, giving a reasonable qualitative match to the observed higtend mass and

luminosity functions.

the starburst activity associated with galaxy merging is needed, as shown
in Fig. 8.32. (The low-mass and low-luminosity ends of the dstribution
functions rise more steeply than is observed since no e ort wa made to
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model the behaviour there { this shallow slope is often attrbuted to star-
formation winds driving galactic mass-loss at velocities Aove the escape
velocity of lower-mass galaxies.)

8.6 Conclusions

In these lectures, | have attempted to summarise a physicajl intuitive ap-
proach toward understanding the characteristics of star femation in high-
redshift galaxies making use of our intuition gained from the low-z Universe.
| have devoted considerable e ort towards developing an undestanding of
the molecular clouds (GMCs) in which most low-redshift star formation oc-
curs in normal galaxies.

| have also provided a summary of the physics of IR emission ém opti-
cally thick dust clouds. Since there is very little systemaic treatment from a
theoretical point of view of the observed IR SEDs, | spent cosiderable e ort
to develop a systematic approach. Most of these IR sources arcentrally
heated by a starburst or AGN, so the theoretical framework fa the dust
heating and radiative transfer can be greatly simpli ed and distilled. Inter-
preting the observed SEDs is particularly prone to mistakerty evaluating a
dust temperature from the wavelength of the SED peak when in eality a sig-
ni cant range of dust temperatures is contributing to the emergent ux and
the peak is equally determined by the overall dust opacity (énce obviously
the radiation at a given wavelength cannot escape if the opaty is too high
at that wavelength). | underscore also the point that the long-wavelength
R-J tail uxes should be used to derive dust (and ISM) masses {not total
IR luminosities (as is commonly done for submm galaxies).

Given the known internal structure of the star-forming GMCs, it is rea-
sonable to expect that star formation activity will have two modes: 1) a
quiescent mode in which stars form in GMCs at a rate roughly poportional
to the mass of K gas (accounting for the linear correlations observed be-
tween the CO emission and star formation tracers such as FIRwer the disks
of local galaxies including our own) and 2) a dynamically-tiggered starburst
mode in which the rate per unit gas mass is elevated by factoref 10{50 ac-
counting for the preferential formation of Hii regions in spiral arms, despite
the presence of GMCs throughout the disk, and the high lumingity-to-gas
ratios seen in local ULIRGs. For the starburst mode, collisons of GMCs
may signi cantly increase the internal structure/density of the H, gas and
stimulated star formation due to supernovae and expanding H regions.

At high redshift, the relative importance of these modes wil be shifted, al-
beit in di erent directions, by two changes: 1) higher gas-mass fractions (in-
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creasing the quiescent mode) and 2) higher rates of galactimerging (increas-
ing the starburst mode). Some observational determinatios of the galaxy
merger rates at high redshifts have shown very discrepant mults for the evo-
lution. However, my recent analysis of evolution in the frequency of galaxy
close pairs from COSMOS data suggests merger evolution as €1z)%3, in
good agreement with the dark matter halo merger rates seen isimulations.

At high redshift the conditions in the gas may be quite di erent from
those in the star-forming clouds at low redshift. It has beenspeculated
that the stellar IMF might be top-heavy in starbursts or low- metallicity en-
vironments. This is not an insurmountable problem { observaions of the
4000A break may be used to constrain the mass of low-mass stars. Uih
such observations are done, my conservative opinion wouldeto avoid the
“last refuge of scoundrels' since very little hard evidences found in the local
Universe to support such variations.

To test whether the ingredients discussed above provide a esonable ba-
sis for understanding high-redshift galaxy evolution, | sfow the results of a
Monte Carlo simulation starting at z=6 with 10 million haloes distributed
in mass and with merging rates as found in CDM simulations. Starting
with galaxies for which the gas content is 90% of the baryoniomass, the
galaxies are evolved including both star formation modes ath gas accretion.
The simulations clearly show the need for gas replenishmerthrough accre-
tion from the external environment; otherwise, the z=2 and present-epoch
gas contents are far too low.

This need for accretion is simply a re ection at high-z of the well-known re-
quirement of gas replenishment for the Milky Way. Speci cally, for the Milky
Way the SFR  3M per year and the present gas contentis 3 10°M
implying an exhaustion timescale of only 1 Gyr. In the case ofocal galaxies,
it does not appear that the accreting gas is H since the high velocity H
clouds do not constitute a su cient in ux. More likely the in  ow is in the
form of di use ionised hydrogen (Hii) for which imaging with high sensitivity
to low surface brightness emission is required. Clearly, tis is an important
direction for future observations.

Another conclusion from the simulations is that the starburst mode trig-
gered by galactic merging is necessary to account for the higluminosity
power-law tail of the IR luminosity functions at high redshift. The quies-
cent mode cannot do this since the luminosity generated woual simply re ect
a scaled version of the galaxy mass function which is expongally falling
at the high mass end.
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