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These are a few notes following my three lectures concerning the chemical evolu-
tion of galaxies (which allows me to introduce several important concepts), star
formation on galactic scales (an important “ingredient” of galaxy evolution), and
outskirts of galaxies (where we can learn important information about the assembly
and evolution of galaxies).

1 Introduction

In my lectures, I attempted to provide some elements concerning the physics of galax-
ies, the basic bricks often used in cosmology to study the universe. Moreover the
history of galaxies is directly linked to the cosmological context (galaxies interact
with the large scale structure and its evolution, that is imposed by the cosmological
parameters). These elements have also allowed me to discuss many aspects that are
useful in the very general context of cosmology and the formation and evolution of
galaxies. The three aspects that I focused on are:

1) The basics of chemical evolution. While the subject may seem old-fashioned,
many concepts can be introduced in this framework (initial mass function, star for-
mation rate, returned fraction, birthrate parameter, etc). Simple chemical evolution
models also allow researchers to test many assumptions concerning the formation of
galaxies (e.g. the evolution of abundance gradients may tell us about inside-out for-
mation of galaxies, the mass-metallicity relation about the relative past history of
galaxies, the effective yields about galactic winds).

2) The star formation law. The formation of stars is a very important element of
the life of galaxies. It is however a complex phenomenon, hard to describe from first
principles, and to simulate in all its details and beauty. When considering galaxies,
we instead need simple predictive rules to know how many stars will form, knowing
some basic quantities. These rules are “star formation laws” which can be included
in models of the evolution of galaxies (whichever type of models: hydrodynamical,
chemical, semi-analytical). They are so important that they deserved a lecture and a
section in this document.

3) The outskirts of galaxies. I dedicated one lecture to discuss various aspects
concerning the outer parts of galaxies. One of the reasons for this is that it is where
galaxies connect with the rest of the universe. As a result, they bring us important
information concerning the way galaxies evolve and assemble. Another reason is that
we have obtained in the last years a lot of information in these regions owing to the
progress in telescopes and detectors.

For each of these lectures, I provide below a section, recalling some of the impor-
tant ideas and concepts and, perhaps more importantly, some references that may
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Fig. 1: Galaxy chemical evolution cycle. The green double arrow indicates possible influences
on this cycle by external factors: interactions with other galaxies or the environment, that
may include inflowing or outflowing material. The background illustration is the galaxy
Messier 51, drawn by Lord Rosse in 1845.

be useful. I leave aside the discussion concerning the measurement of the different
quantities involved (abundances, stellar or gas mass, star formation rate...) as it is
not possible to cover extensively the field, but it should be easy for the reader to find
some help in lectures (including in this volume), reviews, papers, or online.

2 The cycle of galactic chemical evolution

2.1 Introduction

Figure 1 illustrates the cycle occurring in each galaxy. Gas is being transformed
into stars which, at their death, release various chemical elements, some having been
synthesized in their core. A fraction of them may be found in dust grains. This
material enriches the interstellar medium and future generation of stars have larger
abundances of heavy elements (i.e., all the elements beyond H and He, that we call
“metals” in astronomy in a gross abuse of language). While I focus in the following
on this chemical aspect, there is obviously a large number of by-products, including:

• stellar light emitted mostly in the optical and UV (for younger/bluer stars) or
near infrared (for older stars),

• dust thermal emission in the far infra-red domain,

• feedback such as the winds blowing away material from low-mass galaxies if
a sufficient number of supernovae and massive stars winds occur with respect
to the gravitational potential of the galaxy,
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• planets around those stars with all the epiphenomena accompanying these in-
significant objects (such as sentient beings and cosmology schools on Earth).

In reality, this cycle never happens in a “closed box”, isolated from the rest of the
universe (this is, however, a common assumption, that may not be that bad in some
cases). Indeed galaxies are immersed in a cosmic web of gaseous filaments (see other
lectures in this volume) that may bring material to the system, they eject material
in the inter-galactic medium, they interact with companions or even with gas or
clusters. These events can trigger more star formation, remove gas or stars from the
galaxies, influence the kinematics. Nevertheless, simple thought experiments based
on simple models of this cycle allow us to grasp twigs of the reality of the “life” of a
galaxy. Studying this cycle in this lecture is an opportunity to learn about the basic
quantities which adequately describe galaxies (initial mass function, star formation
rate, gas densities, rotation, gas fraction, metallicity, stellar mass...), and to interpret
in a simple way some of the very basic relations between some of these quantities that
we observe at low or high redshift.

2.2 Abundance of notations

Since I talked about chemical evolution, I started the lecture with a basic warning
about the various notations that can be used to describe abundances or metallicites,
having noticed sometimes some confusion.

• Mass fraction: the mass fraction in the form of an element noted by the index
“i” can be noted Xi. It is customary to use X for Hydrogen, Y for Helium,
Z for the sum of all the metals (i.e. for astronomers, all the other elements),
so that X + Y + Z=1. Solar fractions are given by Asplund et al. (2009):
X� = 0.7154, Y� = 0.2703, Z� = 0.0142. It is interesting to note that the value
that was mostly used as a reference before this publication was Z� = 0.02.
When a metallicity is given in reference to solar, the reader should take care
about which reference was used, as the difference is noticeable.

• Numbers: the numbers (Ni) of atoms are usually given in comparison to each
other. This is the case in the standard notation used sometimes 12 + log(O/H)
(where the ratio NO/NH is used).

• Relative to solar: as mentioned before, one should be cautious about the
reference that has been used. Reference to solar are used to express global
metallicities (Z/Z�), or especially ratios, with the bracket notation :

[Xi/Xj] = log(Xi/Xj)− log(X�,i/X�,j). (1)

For instance, in Milky Way stars, typical ranges of values are 0 to 1 for [O/Fe]
or −5 to 0 for [Fe/H]. A nice thing about values expressed in solar units is that
they apply both in numbers and in mass!

2.3 Basic equations

The cycle described above was put into equations several decades ago. They can
be found for instance in Tinsley (1980) or in books (Pagel, 1997; Matteucci, 2012).
Many schools have also proposed them and are available (Prantzos, 2008). Often
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small differences can be found between authors in the notations they adopt. One
should be especially careful about the yield definition that was adopted (see below for
one of them). The first very simple equation concerns the total mass MT of a galaxy
(or of the system considered that can be a region of galaxy, an average value for a
given galactocentric radius, or a cosmic average over very large scales in the universe).

dMT

dt
= f(t)− o(t), (2)

where f and o are the amount of in-falling or out-flowing material per unit time
(usually in gaseous form, as is assumed in the following). This can be a priori an
arbitrary function of time, or it can be used to mimic the progressive growth of
a galaxy over its lifetime (f > 0) or the lost due to winds caused e.g. by supernovae
(o > 0). The mythical closed box is modeled by assuming f(t) = o(t) = 0.

The evolution of stellar mass (M∗) is governed by:

dM∗

dt
= ψ(t)− E(t). (3)

ψ(t) is the star formation rate. I will discuss it at length in the next section. E(t) is
the ejected mass from dying stars per unit time.

Similarly, the gas mass (MG) obeys :

dMG

dt
= −ψ(t) + E(t) + [f(t)− o(t)] . (4)

Of course, chemical evolution is not chemical evolution if we do not speak of the
evolution of the metallicity (or equivently of the abundance of heavy element). For
a chemical species noted by the index i, the gaseous mass fraction Zi varies following:

d

dt
(ZiMG) = −Zi(t)ψ(t) + Ei(t) + Zi,ff(t)− Zi,oo(t). (5)

The first term corresponds to the amount of metal locked into new generation of stars,
Zi,f and Zi,o are the abundances of the gas in-falling or out-flowing. Ei is of course
the mass of material in the form of the element (or isotope) i ejected from stars.

So far, we considered only the global amount of gas turning into stars, the star
formation rate, but this description of star formation is limited because stars form
with a range of masses (from 0.1 to 100 the mass of the Sun, typically), with very
diverse properties that we now need to consider. To do that, we have to describe star
formation not only in terms of global amount, but also as an ensemble of stars. We
can say that the number of stars formed by interval of time and of mass should be
described by the two functions ψ and φ, with :

dN = ψ(t)φ(m) dmdt, (6)

φ(m) describing the mass distribution of stars at birth, and being called the Initial
Mass Function (IMF). By construction, this function should be normalized in this
way: ∫ mu

ml

mφ(m)dm = 1, (7)

where ml and mu are the lower and upper end of the range of mass considered.
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The mass ejected from stars by unit time can then be written as:

E(t) =

∫ mu

mt

(m− ωm)ψ(t− τm)φ(m)dm. (8)

τm is the life-time of stars of mass m, ωm is the mass of the remnant of the star, and
m− ωm is then the ejected mass for a star of this mass.

At the time t, stars with various masses above mt
1 (the mass of stars with lifetime

τm=t) reach the end of their life (no stars with lower mass have reached their rendez-
vous with the star reaper, so we do not have to account for them in that integral).
At a time t, the stars reaching their terminus are those born at the time t − τm,
their number being φ(m)ψ(t− τm)dtdm. I assume here that stars eject their material
strictly at the end of their life, what is a good approximation especially for long-lived
stars.

The mass ejected in the form of the element (or isotope) i can be written in a very
similar way.

Ei(t) =

∫ mu

mt

Yi(m)ψ(t− τm)φ(m)dm, (9)

where Yi(m) is the mass ejected by a star of initial mass m, what is called its yield.
A cautionary note at this point will be useful. The yields of stars can be expressed

in different forms. The one above is the total amount of mass in the form of an
element that is released at the end of the life of the stars, but it is possible to define
a “net yield” yi(m) that is the amount of this species freshly synthesized in the star
and released (i.e. not counting the material that was already there at the formation
of the star). The two quantities are related since

Yi(m) = yi(m) + (m− ωm)Zi(t− τm). (10)

Just to confuse students, another type of yield can be defined as the production
of an element by a generation of stars (“true yield”, see below). Whenever you have
to use a yield, be careful about its definition (do not look only at the name used by
the author, as different people call different things the same).

2.4 Instantaneous recycling approximation

IRA, the instantaneous recycling approximation, was first introduced by Schmidt
(1963). It has many applications since it allows analytical derivation of solutions to
the equation system presented above. This is made possible by the fact that massive
stars (the main contributor to the metallicity of a system) evolve much quicker than
galactic processes. For an age t of a galaxy, sufficiently advanced (always the case
in the nearby universe), the massive stars have a much shorter lifetime than t. The
approximation consists then in adopting for them (τm → 0): massive stars end their
life as soon as they are born. On the contrary, low mass stars have very long lifetime.
For stars with lifetime longer than t, the assumption resides in considering them
eternal. There is thus a limiting mass mt veryfying τm=t, separating these two
categories. For t ∼ 10 Gyr, mt ∼ 1 M�. Then, in the equations above ψ(t − τm)
becomes ψ(t) and the ejected masses become:

1“t” referring to the turn-off from the main sequence, after which the star will evolve quickly
towards its fatal destiny.
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Fig. 2: Returned Frac-
tion for different IMFs
(as indicated in the fig-
ure), and different times
adopted for separating
“everlasting” and “instan-
taneously” recycled stars
(on the x-axis). 10 Gyr
timescales are adapted for
the current Milky Way
or nearby galaxies, but
should probably not be
used at high redshifts.

E(t) = ψ(t)R (11)

and
Ei(t) = Rψ(t)Zi(t) + (1−R) pi ψ(t) (12)

where R is the returned fraction :

R =

∫ mu

mt

(m− ωm)φ(m)dm (13)

and pi is the true yield of element i per unit mass stuck in stars (1−R).

pi =
1

1−R

∫ mu

mt

yX(m)φ(m)dm. (14)

An idea of the values of the yields of many elements in the context of the evolution
of our galaxy can be found in Goswami & Prantzos (2000).

2.5 A note on the returned fraction

Figure 2 shows the returned fraction, for different assumptions, computed with the
code of Boissier & Prantzos (1999). It is often found in the literature that the returned
fraction has some value (between 0.3 and 0.5). Its value in fact does depend on
the IMF (which is usually recognized), but it also depends on the stellar properties
adopted (stellar remnant mass, lifetimes), and on the adopted time separating long-
lived and short-lived stars. The values at 10 Gyr are often just assumed. This makes
sense for the nearby universe, but it probably does not apply at very high redshift
where the returned fraction is necessarily smaller.
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2.6 Iron and SNIa products

Type Ia supernovae (SNIa) result from binary evolution and are not correctly intro-
duced in the picture presented earlier. Indeed, they may occur in binary systems,
when a white dwarf accretes enough material to reach the Chandrasekhar limit. The
star is then totally disrupted during a thermonuclear event, producing metals in large
quantities. Some elements are mostly produced during SNIa, especially iron and iron-
peak elements. Since SNIa occurs with a delay with respect to star formation (due to
the binary nature and the role of old white dwarfs), the iron/oxygen ratio will keep a
trace of the star formation history of galaxies: if most stars are formed quickly, iron
has no time to be released and stars are richer in alpha elements (oxygen) relative
to iron. SNIa can be introduced in models of chemical evolution, for instance by
adopting prescription to follow the binary systems (Greggio & Renzini, 1983). More
empirical methods can be used, as it has been noticed that the rate of SNIa events
can be computed as a function of the stellar mass and the star formation rate of a
galaxy (Scannapieco & Bildsten, 2005).

2.7 Exercises for the enthusiastic student

The enthusiastic student may demonstrate with the IRA approximation and the equa-
tions presented above the results given below for different assumptions.

2.7.1 The closed box

In a closed box, f(t) and o(t) are null, what simplifies the equations, and it is equiv-
alent to say that the total mass (MT = M∗ + MG) is conserved. We assume here
that at t=0, the mass is all in form of gas. Using the expressions of E(t) and Ei(t)
obtained with IRA (equations 11 and 12), it is possible to relate the abundance of an
element to the gas fraction (σg = MG/MT ):

Zi(t)− Zi(0) = −piln(σg(t)). (15)

For heavy elements, Zi(0)=0, one obtain simply: Zi = −piln(σg). It is remarkable
that this relation is independent of the star formation history!

If a simple star formation law is applied (see Sect. 3 for more realistic laws) of the
form

ψ(t) = εMG(t), (16)

then it is possible even to find the evolution of the gas fraction and metallicity with
time.

σg(t) = exp(−ε (1−R) t) (17)

Zi(t) = Zi(0) + pi ε (1−R) t. (18)

2.7.2 Constant gas

Analytical solutions can also be found when star formation is exactly compensated
by the accretion of fresh gas: f(t) = (1 − R)ψ(t), as deduced from equation 4 and
IRA. With again a simple star formation law (equation 16), the enthusiastic student
finds:

σg(t) =
1

1 + ε (1−R) t
. (19)
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Zi(t) = [Zi(0)− (pi + Zi,f )] exp(−ε (1−R) t) + (pi + Zi,f ). (20)

It is again possible to find a relation between gas fraction and metallicity, indepen-
dently of the star formation history, and of time:

Zi(t) = [Z(0)− (pi + Zi,f )] exp(1− 1

σ
) + (pi + Zi,f ). (21)

2.7.3 Outflows

If a system loses gas proportionally to the star formation rate: o = αψ (if outflows
are related to supernovae explosions following shortly the formation of stars on cos-
mic time-scale, this is not unexpected). With equation 16, and assuming that the
outflowing gas has the same metallicity as the interstellar medium Zo(t) = Z(t), one
gets:

σg(t) =
R− 1− α

(R− 1)exp(−ε(R− 1− α)t)− α
. (22)

For α = 0, we fall back to the closed box relation for the evolution of the gas fraction.
The student will be even more enthusiastic when he realizes that the evolution of the
metallicity is the same as in the closed box case and when he understands why:

Zi(t) = Zi(0) + pi ε (1−R) t (23)

For the same gas fraction, the metallicity is lower, however, than in the case of the
closed box, and follows:

Zi(t) = Zi(0) + pi
1−R

1−R+ α
ln

[(
1

σ
+

α

R− 1− α

)(
1−R+ α

1−R

)]
(24)

2.7.4 Effective yields

Garnett (2002) discusses the fact that for infall or outflows, the metallicity at a given
gas fraction is lower than in the closed box (see also Edmunds, 1990), which is easy
to understand after having done the previous exercises. It is possible empirically to
define an effective yield so that equation 15 is satisfied. The observed diminution of
effective yields with diminishing masses of galaxies is ascribed by Garnett to the lower
gravitational potential of dwarf galaxies allowing the gas and metals to escape the
galaxy more easily.

2.8 Ingredients

Many “ingredients” appear in the cooking recipe for the chemical evolution of galaxies
that I presented before. Many of them are found in theoretical works concerning
stellar evolution (lifetime, stellar mass remnants, yields). I will not review them
extensively. It is good to keep in mind that they are uncertain. For instance, the
yields are probably uncertain by a factor of 2 in an absolute sense. Relative trends
are still interesting since stellar physics should apply similarly to all galaxies, and the
difference should come from galactic physics that is then tested by modifying other
ingredients: what is the accretion history of the galaxy? Is it losing gas? What
determines star formation? I will not explore everything here, but in the next section,
I discuss one of the very important ingredient: star formation, and how we consider
“star formation laws”.
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3 Star formation: laws and threshold

3.1 Star formation rate and initial mass function

I have introduced before the notions of star formation rate and of initial mass function
(IMF). In a perfect world all the time evolution is carried by the SFR, and the IMF
carries the information on stellar mass at birth. However, a variation of the IMF with
time is still possible. I assume here that it is universal and invariant (Bastian et al.,
2010) but e.g. Weidner & Kroupa (2005) have proposed that the IMF should vary
with the SFR. It has been also proposed sometimes that a variation with redshift
could help in reproducing both the stellar mass history and the star formation history
on cosmic scales (Wilkins et al., 2008) but recent determinations indicate this may
not be necessary (Ilbert et al., 2013).

I keep on discussing SFR, and what determines SFR, neglecting any IMF in effect
the rest of this section.

3.2 Theoretical expectations

I will not review here fully the diverse ideas that I presented during the lectures, as
they can be found in many papers. A review can be found in the Boissier (2013)
chapter and the reader is also invited to refer to Kennicutt & Evans (2012). The
general idea is that several theoretical ideas suggest that a critical density may exist
for star formation to occur. Some of them are related to the Toomre criterion for
a disk to be stable (eventually including the contribution of stars and gas) but other
suggestions depend rather on gas phase changes.

The star formation rate is generally expected to depend on the gas density, mod-
ulated by a timescale for the transformation of gas into stars.

Σψ = ε
Σgas
τ

. (25)

Here I wrote the relation in surface densities (à la Sanduleak, 1969), easily comparable
to observations, even if it can be defined in volume densities (à la Schmidt, 1959).
Various effects can affect this time scale, so that in the end, the star formation may
depend on the gas in a more complex manner, or on other variables. For instance,
a role of the angular velocity has been proposed. It may relate to dynamical effects
or to the frequency with which the material crosses the spiral arms. Another popular
idea is self-regulation: when the gas density is above some threshold, star formation
has a feedback on the velocity dispersion. When it increases, it is harder for the
gas to collapse, and the gas fall below the threshold. Then the gas cools down, the
velocity decreases, until the gas can collapse again, and this cycle goes on. In effect,
the gas always stays around the threshold. Recent simulations suggest instead that
turbulence induces the compression of gas and regulate star formation (Kraljic et al.,
2014).

I will not detail all of these ideas here, but reproduce a general formula that
includes the various elements that may affect star formation, extending the approach
by Larson (1992) :

Σψ ∝ ΣαgasΩ
βP γ (26)

Ω is the angular velocity, P is the Pressure in the disk. Depending on the influences
taken into account, α should vary between 1 and 4, β between 0 and 2, γ between
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Fig. 3: Relevance of the star formation laws for different geometries (left to right) and
considering different gas component (top to bottom). Adapted from Boissier (2013).

0 and ∼ 1. These indexes are degenerate, since e.g. Σgas and Ω both decline with
radius within galaxies. Attempt to distinguish them empirically is thus difficult. We
will see, however, in Section 3.4 some of the state of the art relationships relating the
diverse quantities. But, before doing so, it is important to note that different type of
laws can be considered depending on the scale, the resolution, the type of law, and
the gas phase.

3.3 Different type of laws and their complementary

Many people work on star formation laws, but consider very different scales. Some
relationships concern individual regions within galaxies (e.g. studies of star forming
regions within the Milky Way). Larger complexes are seen at lower resolution when we
turn to external galaxies, and even often galaxies as a whole. They should probably
not be compared without caution (as most people, including me, do). Boissier (2013)
shows how the injection of a star forming law (and eventual threshold) at a pixel scale
may turn into a different law (disappearance of the threshold, different slope) when
full galaxy, or radial averages are considered.

Figure 3 illustrates three type of laws (local, radial, global), and proposes for each
of them the type of phenomena that they depend on, according to the gas phase
to which they are applied (molecular, neutral, or total). Each law tells us something
complementary about star formation on galactic scales, either the role of the global gas
reservoir, the phenomena occurring on dynamical time-scale, or the neutral/molecular
transition.
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3.4 State of the art relations

Empirical relations play a major role in the field of star formation, because they bring
constraints which can be used in models (e.g. chemical, semi-analytical, or dynamical
models that do not actually resolve star formation).

Kennicutt (1998) found a relation in nearby galaxies that became famous:

Σψ = 2.5 10−4

(
Σgas

1M�pc−2

)1.4

. (27)

This relation is valid over 5 orders of magnitudes of gas density. The relation was
obtained by putting together normal galaxies averaged over their star forming disks,
circum-nuclear starbursts, and centers of normal galaxies. The index is close to the
1.5 that is expected for a simple free fall. Previous studies found a large range of
index (1 to 4, typically). There are certainly departures from galaxy to galaxy and a
real scatter in this relation.

Kennicutt (1998) also proposed a variant taking into account the angular velocity,
which works just as well:

Σψ = 0.017ΣgasΩ (28)

By combining maps of HI, CO, infrared and UV, the THINGS team (Bigiel et al.,
2008; Leroy et al., 2008) proposed a new standard for the star formation law. This
time, the relations are local, on a pixel basis (at a resolution of a few 100 pc). Bigiel
et al. (2008) found that the best relations are then obtained between the SFR and
the molecular gas:

Σψ = 10−2.1±0.2

(
ΣH2

10M�pc−2

)1±0.2

. (29)

The drawbacks are that the result may depend on the subtraction method (Liu
et al., 2011), and that slope and dispersion may depend on the resolution (see also
Kim et al., 2013; Leroy et al., 2013). No relation was found with the neutral gas
(i.e. with HI) at this scale, but there is a saturation, with a regime dominated by
molecular gas. At low density, the star formation is thus dictated by the transition
between the HI et H2. It can be described by models (Krumholz et al., 2009) that,
however, do not explain why the total density has a given value at a given position
in the galaxy.

Leroy et al. (2008) showed how the neutral / molecular fraction can be described
as a function of radius, density, pressure, or angular rotation.

ΣH2/ΣHI = 10.6exp(−R/0.21R25) (30)

= Σ∗/81M�pc
−2 (31)

= (P/1.7 104cm−3KkB)0.8 (32)

= (τorb/1.8 108yr)−2 (33)

where R25 is the isophotal radius at 25 mag arcsec−2 in the B-band, and τorb is the
rotation time around the galactic center (τorb = 2πΩ−1).

One can note that a good relation is found between the SFR and the dense gas
density (Gao & Solomon, 2004), for instance traced by HCN instead of CO. This may
show that the denser the gas, the closer to actual star formation we are. But there

106 ? PTA Proceedings ? August, 2017 ? vol. 4 pta.edu.pl/proc/v4p96



A few basic elements concerning the evolution of galaxies

Fig. 4: Some of the
star formation laws at low
(red and magenta) or high
(blue) redshifts. The la-
bels indicate the refer-
ence, which gas was con-
cerned (total, or molec-
ular), and the range of
densities concerned. The
reader is warned that
this diagram is purely in-
dicative (clouds of points
are approximately located
with a line) and is invited
to check the original ref-
erences.

are some uncertainties too, e.g. on the conversion of complex molecule emission to
the gas density.

At high redshift, it is difficult to measure all the components of gas. Some works
measure the global amount of molecular gas (Genzel et al., 2010; Daddi et al., 2010;
Tacconi et al., 2013). The uncertainty on the conversion factor from CO to gas density
is however large (especially due to the role of metallicity, see Solomon et al., 1997;
Tacconi et al., 2008; Elmegreen et al., 2013). Other works rely on the dust emission
(Scoville et al., 2016), but one can be concerned by the adoption of a dust to gas ratio.
Freundlich et al. (2013) measure a “spatially resolved” law by using spectroscopy to
separate individual clumps of gas and star formation. Rafelski et al. (2016) stack the
star forming galaxies’ emission to measure a star formation law in quasar absorbers.

Some of the star formation “laws” are indicated in Figs. 4 and 5, just to illus-
trate that things are not as ordered as one would hope. The puzzled student should
remember that these relations are just indicative, that the range of density/masses
between different studies differs, as well as the gas phase considered, and even the
star formation rate indicators used to compute the SFR.

The situation concerning the evolution of the star formation law with redshift is
not yet completely clear. Some of the authors mentioned above claim an increase of
the star formation efficiency is needed. Others find results consistent with a universal
efficiency, maybe taking into account the dynamical time-scale (equation 28). Clearly
the different methods and different samples contribute to the differences obtained
among these studies. More work will be needed to understand all aspects of the
cosmic evolution of the star formation laws. I hope some of the students of the school
will help us to obtain a better view of this important subject in the future.
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Fig. 5: Some of the global
star formation laws at low
(red and magenta) or high
(blue) redshifts. The la-
bels indicate the refer-
ence, which gas was con-
cerned (total, or molec-
ular), and the range of
masses concerned. The
reader is warned that
this diagram is purely in-
dicative (clouds of points
are approximately located
with a line) and is invited
to check the original ref-
erences.

3.5 Relations with the stellar mass

Several works have demonstrated a relation between the stellar mass and the star
formation rate, often very confusingly, especially for stellar astronomers, called the
“main sequence”(e.g. Noeske et al., 2007; Wuyts et al., 2011; Brinchmann et al., 2004).
Another relation was found linking star formation rate, stellar mass and metallicity
(Mannucci et al., 2010; Lara-López et al., 2010) that some people call the universal
mass metallicity relationship, which may apply to all galaxies at all redshift; but not
everybody is convinced (e.g. Sanders et al., 2015).

In any cases, these relations are probably not causal, they reflect instead the
history of galaxies. As important as they are, they cannot be called “star formation
laws”. They can be derived in simple analytical models such as those described in
Sect. 2.3, as was done for instance by Dayal et al. (2013).

4 A few elements on the outskirts of galaxies

4.1 Introduction, interest of studying outskirts

This section will be shorter, as I presented rather recent results, mostly published in
the IAUS321 symposium on the outskirts of galaxies (Armando Gil de Paz, Johan
Knapen & Janice Lee, eds.), and the reader can refer to the proceedings of this
conference.

The outskirts of galaxies are related to the above mentioned issue of threshold
of star formation and of extended disks with star formation, such as XUV galaxies
(Thilker et al., 2007) or giant low surface brightness galaxies as Malin 1 shown in
Fig. 6 (Boissier et al., 2016; Hagen et al., 2016). They also allow many other studies:
diffusion of stellar orbits towards outer part, relation with the circum-galactic medium,
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Fig. 6: Malin 1 composite image and profiles in the 6 bands studied in Boissier et al. (2016).

and the cosmic environment. Simulations of galaxy evolution in a cosmological context
show that the galaxies are not isolated systems. Especially they acquire mass during
fusions, or accretions along filaments, that may leave traces in the outer parts of
galaxies halos or disks (Schaye et al., 2015; Cooper et al., 2010; Johnston et al., 2008;
Ruiz-Lara et al., 2016; Abadi et al., 2003).

I will mention below a few of the methods used to study galaxy outskirts (Sect.
4.2) and finally stress a few subjects that can be discussed on the basis of radial
profiles alone (Sect. 4.3).

4.2 Some of the methods to study the outskirts of galaxies

• Deep photometry allows us to determine color profiles that keep traces of the
history of star formation or the variation of the initial mass function (Koda
et al., 2012). The comparison of the images with dedicated simulations pro-
vides clues on the formation of structures such as tails, streams, shells related
to the history of the galaxy (Duc et al., 2015; Duc, 2016). The main draw-
back for deep photometry is the presence of Galactic cirrus that may affect the
observations. Another problem are the reflections that affect the large scale
background in large telescopes, which is less of a problem on modest aperture
telescopes (Mart́ınez-Delgado et al., 2010) or with a Telephoto array such as
the Dragonfly system (see e.g. Merritt et al., 2016, providing constraints on the
stellar halos around nearby star forming galaxies).

• Ideally, one can directly study the individual stars in nearby galaxies, i.e. when
the stellar populations are spatially resolved. This allows observers to reach
the equivalent of extremely deep surface brightnesses, to avoid any problem
linked to flat fielding, and to obtain much more detailed information (metallicity,
age, history). Of course, this method still needs extremely deep photometry,

pta.edu.pl/proc/v4p96 PTA Proceedings ? August, 2017 ? vol. 4 ? 109



Samuel Boissier

Fig. 7: Reproduction of the Figure
1 of Schaye et al. (2015) showing
how the outer parts of a galaxy con-
nect with the large scale structure
surrounding it, in a simulation of
the EAGLE project.

exquisite quality of the images and can be performed only in a relatively small
volume even on 8m class telescopes. Spectacular results are noticeable in the
Magelanic clouds or in M31 with the PAndAS survey (e.g. McConnachie et al.,
2009; Ibata et al., 2014; Bernard et al., 2015; Ferguson & Mackey, 2016).

• With the density of high redshift QSOs getting larger, it is now possible to
study the circumgalactic material of foreground galaxies from the analysis of
absorption systems in QSOs around them. Examples can be found in Lehner
et al. (2015) for M31, and in Lehner et al. (2013); Kacprzak et al. (2012); Bouché
et al. (2012) for inflows and outflows of higher redshift galaxies.

4.3 Radial profiles

Radial profiles are relatively easy to manipulate but keep information on the formation
of galaxies. While textbook profiles for galaxies are always described by Sérsic (1963)
profiles, it was recently found that most disks are either truncated or anti-truncated
at low (Pohlen & Trujillo, 2006; Erwin et al., 2008) or high (Pérez, 2004; Trujillo &
Pohlen, 2005; Azzollini et al., 2008) redshift. Anti-truncated disks present themselves
two types: either with a smooth transition and rounder isophotes at larger radius
(corresponding to what is expected for a disk and halo), or with a sharp transition
and a constant ellipticity (what could correspond to the presence of a double disk).
Considering the radial profiles, and especially in the outskirts of galaxies, the reader
is invited to consider a range of possible observational or physical effects listed below.

• Uncertainties in the sky subtraction may affect the profiles (Binney & Merrifield,
1998).

• Stellar halos can outshine the disk at very large radii (Maltby et al., 2015) but
this should concern few galaxies.

• The Point Spread Function shape can mimic a halo when it has non-Gaussian
wings (de Jong, 2008).

• A threshold in star formation (Kennicutt, 1989) can create a truncated disk.
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• Ram pressure stripping can truncate gas disks, that latter turn into light trun-
cation because stars do not form any more in the outer parts (Boselli et al.,
2006).

• Bar-induced dynamical evolution and resonance with the bar or spiral arms can
truncate the profiles (Minchev & Famaey, 2010; Minchev et al., 2011; Roškar
et al., 2008; Sellwood & Preto, 2002) or create anti-truncated profiles (Head
et al., 2015; Herpich et al., 2015). Note that the redistribution of the position
of stars with respect to their birth place has implication for chemical evolution
(see e.g. Kubryk et al., 2013).

• Interaction with satellites can also cause radial mixing (Quillen et al., 2009).

• An anti-truncated disk can be reconstructed after a merger (Athanassoula et al.,
2016).

• New accretion events could be the source of warps and XUV disks through
misaligned cold accretion at low redshift (Roškar et al., 2010).

• Head-on collisions could create large low surface brightness disks (Mapelli et al.,
2008)
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