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Scaling Relations in Galaxies

Galaxies span a wide range in mass and size (as well as other important physical 

parameters). The way these two parameters relate to each other across the different scales – 

and the way they relate with other fundamental physical parameters – can give us clues 

about how galaxies form and evolve.

In addition, many of these relations can be used to estimate distances to individual galaxies. 

These are the relations that depend on the distance of the galaxies, such as the Faber-

Jackson, 𝐷𝑛 − 𝜎, and Tully-Fisher relations.



Scaling Relations in Galaxies

➢ Luminosity

➢ Absolute magnitude

➢ Effective intensity or surface brightness

➢ Mean effective intensity or surface brightness

➢ Mass

➢ Stellar mass

➢ Dynamical mass

➢ Size

➢ Effective radius (or half-light radius)

➢ Isophotal radius/diameter

➢ Scale-length

➢ Kinematics

➢ Rotational velocity

➢ Velocity dispersion (central)

➢ Colour

➢ Age

➢ Metallicity



Scaling Relations in Galaxies

1. The Virial Theorem     what does it mean to be virialized?

2. The Faber-Jackson Relation (FJ)

3. The 𝐷𝑛 − 𝜎 Relation        FP projections

4. The Kormendy Relation

5. The Fundamental Plane (FP)

6. The Colour-Magnitude Relation

7. The Tully-Fisher Relation        FJ for disc galaxies

8. The Mass-Size Relation     FP projection

9. The Mg2-σ Relation

10. The Mass-Metallicity Relation

11. SMBHs and their Scaling Relations 



The Virial Theorem



The Virial Theorem
Let’s consider the general motion of particles such as electrons, molecules or stars… calling 

X, Y and Z the components of the forces applied to the particles, we have from Newton’s law 

(for each particle or star; see Chandrasekhar 1939):
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The Virial Theorem
If we sum all force components then we have:

1

2

𝑑2

𝑑𝑡2
𝑚𝑟2 = 𝑚

𝑑𝑥

𝑑𝑡

2

+
𝑑𝑦

𝑑𝑡

2

+
𝑑𝑧

𝑑𝑡

2

+ 𝑥𝑋 + 𝑦𝑌 + 𝑧𝑍

And summing over all particles/stars:

1

2

𝑑2𝐼

𝑑𝑡2
= 2𝑇 + ෍ 𝑥𝑋 + 𝑦𝑌 + 𝑧𝑍

where 𝐼 = σ 𝑚𝑟2  is the total moment of inertia about the origin of the stellar system, and T 

is the total kinetic energy of the stellar system. Now, σ 𝑥𝑋 + 𝑦𝑌 + 𝑧𝑍  is called the virial of 

Clausius.

twice the kinetic energy



The Virial Theorem

Rudolf Clausius (1822-1888): one of the 

founding fathers of Thermodynamics



The Virial Theorem
Now consider two stars with masses m1 and m2, such that the gravitational force exerted on 

the first star by the second has components A, B and C. Then the force exerted by the first 

star on the second has components -A, -B and -C.

The contribution of this pair of forces to the virial is:

𝐴 𝑥1 − 𝑥2 + 𝐵 𝑦1 − 𝑦2 + 𝐶 𝑧1 − 𝑧2

And summing over all pairs of stars, the virial becomes:

෍ ෍ 𝐴 𝑥1 − 𝑥2 + 𝐵 𝑦1 − 𝑦2 + 𝐶 𝑧1 − 𝑧2

Now the components of the gravitational force exerted by the first star on the second are the 

components of:

𝐺𝑚1𝑚2

𝑟12
2



The Virial Theorem
So the components of the virial for each star are:

−
𝐺𝑚1𝑚2

𝑟12
2 × (𝑥1−𝑥2), along the X-axis,

−
𝐺𝑚1𝑚2

𝑟12
2 × (𝑦1−𝑦2), along the Y-axis,

−
𝐺𝑚1𝑚2

𝑟12
2 × (𝑧1−𝑧2), along the Z-axis.

Negative because the force is attractive from one star to the other. And summing over all 

stars the total virial becomes:

− ෍ ෍
𝐺𝑚1𝑚2

𝑟12

That’s the gravitational potential energy of the system (Ω)!



The Virial Theorem
Hence, we have:

1

2

𝑑2𝐼

𝑑𝑡2
= 2𝑇 + Ω

If the system is in a steady state (virialized!), I is constant and then finally:

2𝑇 + Ω = 0

Arthur Eddington (1882-1944)Henri Poincaré (1854-1912)

Luckily for us only the second 

derivative of the moment of 

inertia needs to be zero!



The Virial Theorem
From the virial theorem to the Tully-Fisher and Faber-Jackson relations

We have that 2𝑇 + Ω = 0, and thus, for a stellar system:

𝐺𝑀𝑀

𝑅
= 𝑀 𝑣2 ⇒

𝐺𝑀

𝑅
= 𝑣2

How do we use this to find a relation between galaxy luminosity L and stellar velocity? Let’s 

assume a constant mass-to-light ratio 𝑀/𝐿, such that:

𝐺𝐿

𝑅
∝ 𝑣2 ⇒ 𝑅 ∝

𝐺𝐿

𝑣2

Let us now bring the concept of mean surface brightness:

𝐿 ∝ 𝜋 𝐼 𝑅2



The Virial Theorem
From the virial theorem to the Tully-Fisher and Faber-Jackson relations

Replacing R from the previous equation we have:

𝐿 ∝ 𝜋 𝐼 𝑅2 ⇒ 𝐿 ∝ 𝜋 𝐼
𝐺𝐿

𝑣2

2

And moving 𝐼  to the proportionality constant:

𝐿 ∝ 𝑣4

For a disc galaxy, dynamically supported by rotation, v will be the peak rotational velocity, 

and so we have the Tully-Fisher relation. For an elliptical galaxy, dynamically supported by 

the stellar velocity dispersion, v will be the central velocity dispersion, and so we have the 

Faber-Jackson relation.



The Virial Theorem

Incidentally, two orbiting bodies, like the Sun and Jupiter should also obey the virial 

theorem, and we can obtain from Newtonian mechanics the same relation derived from the 

virial theorem, namely:

𝐺𝑀

𝑅
= 𝑣2 ⟹ 𝑣 =

𝐺𝑀

𝑅

Simply equating the gravitational force from the Sun on Jupiter to Jupiter’s radial 

acceleration times its mass, we have:

𝐺𝑀Sun𝑀Jupiter

𝑅2
=

𝑀Jupiter𝑣2

𝑅
⟹ 𝑣 =

𝐺𝑀Sun
𝑅

And, of course, it better be the case!



The Faber Jackson Relation

Luminosity (or mass) vs. velocity dispersion



The Faber-Jackson Relation

𝐿 = 𝜎𝛽

➢ More luminous/massive elliptical galaxies are expected to have higher central stellar 

velocity dispersions

➢ Virial theorem indicates 𝛽 = 4 (since a

considerable fraction of the kinetic energy is

in random motion)

➢ Faber & Jackson (1976)



The Faber-Jackson Relation

𝐿 = 𝜎𝛽
 

Faber & Jackson (1976)



The Faber-Jackson Relation

𝐿 = 𝜎𝛽

➢ More recent studies find different values for β

or that it might not be constant

➢ Gallazzi+2006 also investigate the relation

when luminosity is replaced by stellar mass

➢ Galaxies with higher mass and older stellar

populations seem to result in a steeper slope

➢ This suggests variations in the formation

processes of elliptical galaxies of different

mass (more on this later)

𝛽 = 8 𝛽 = 3.5

stellar massluminosity



Core and Power-Law Ellipticals

➢ There seems to be a 

dichotomy between massive 

and less massive elliptical 

galaxies, in which the former 

have cores in their luminosity 

radial profiles. The cores are 

created (we think) by the 

ejection of stars by a 

supermassive black hole 

binary

➢ See Lauer+2007b

➢ Much more about this later, 

including contrasting results



The Faber-Jackson Relation

𝐿 = 𝜎𝛽

➢ Lauer+2007a find that β varies from ~ 2 for

power-law elliptical galaxies to ~ 7 for brightest

cluster galaxies (BCGs); see also Bernardi+2006

➢ Consistently with Gallazzi+2006, more

more massive ellipticals result in a higher β



The Faber-Jackson Relation

𝐿 = 𝜎𝛽

➢ Simulations with more radial, dissipation-less mergers (small pericentre passages) to 

build more massive ellipticals lead to higher values of β (Boylan-Kolchin+2006)



The Faber-Jackson Relation

𝐿 = 𝜎𝛽

➢ Desroches+2007: The variations in the FP projections we find at the luminous end are 
consistent with less and less dissipation during the formation of elliptical galaxies with 
increasing luminosity. Less dissipation would result in increasingly larger, less dense, 

lower surface brightness and lower σ galaxies, relative to fiducial power-law scalings for 
the elliptical galaxy population.



The 𝐷𝑛 − 𝜎 Relation

Isophotal diameter vs. velocity dispersion



The 𝐷𝑛 − 𝜎 Relation

log 𝐷𝑛 = 𝑎 log 𝜎 + 𝑐

➢ Dn is an isophotal diameter (size – in arcsec), originally set to the B-band 20.75 mag 

arcsec-2 isophote (Dressler+1987a,b)

area within isophote

integrated intensity over annuli

Mo+2010, Eq. (13.68)



The 𝐷𝑛 − 𝜎 Relation

log 𝐷𝑛 = 𝑎 log 𝜎 + 𝑐

➢ Scatter in the determined distance a factor two better than Faber-Jackson relation

➢ Distance to Coma cluster estimated as 10 times larger than distance to Virgo cluster

Today’s estimates:

Virgo: 16.5 Mpc

Coma: 99 Mpc



The Kormendy Relation

Effective radius vs. mean effective surface brightness



The Kormendy Relation

𝜇𝑒 = 𝛼 + 𝛽 log 𝑟𝑒

Kormendy (1977):

➢ Larger re leads to fainter μe

➢ Relation runs at an angle 

with lines of constant 

absolute magnitude M



The Kormendy Relation

𝜇𝑒 = 𝛼 + 𝛽 log 𝑟𝑒

Nigoche-Netro+2008



The Kormendy Relation

𝜇𝑒 = 𝛼 + 𝛽 log 𝑟𝑒

Kormendy+2009Core ellipticals

Power-law ellipticals

Bulges of S0s

Spheroidals

Elliptical galaxies and the massive 

bulges in some S0s follow a tight 

Kormendy relation, but spheroidal 

galaxies do not.

This points out that the formation 

processes of spheroidal galaxies is 

different.



Spheroidal Galaxies Kormendy+2009
Spheroidal galaxies were initially 

thought to be dwarf ellipticals, but they 

follow different relations. The current 

picture is that spheroidals were faint 

disc galaxies that were stripped of gas 

by environmental effects and/or 

supernova feedback.

So there seems to be 3 types of 

quiescent galaxies with different 

formation processes:

1. Core ellipticals: mergers with binary 

SMBHs scouring

2. Power-law ellipticals: mergers

3. Spheroidals: disc galaxies

transformed by environment

and feedback

More later!



The Kormendy Relation

𝜇𝑒 = 𝛼 + 𝛽 log 𝑟𝑒

Gadotti (2009)

The bulges of disc galaxies can also be 

divided into the ones which follow the 

Kormendy relation and the ones which 

do not. Again, this indicates different 

formation processes.

Much more about this later.



The Different Bulge Families

THE CLASSICAL BULGE

➢ More or less spheroidal

➢ Mostly old stars (not much dust or star-forming regions)

➢ Kinematically hot, i.e., dynamically supported by stellar velocity dispersion σ (but it 

does rotate!)

➢ Presumably built in violent events, inducing fast bursts of star formation if gas is 

available: mergers or clump coalescence



The Different Bulge Families

THE NUCLEAR DISC

➢ May contain sub-structures such as nuclear bars, spiral arms, rings…

➢ May show signs of dust obscuration, young stellar populations or ongoing star 

formation

➢ Kinematically colder, i.e., dynamically supported by rotation of its stars Vrot

➢ Built mostly via bar-driven gas inflow

Nuclear discs have been called 

‘pseudobulges’, ‘disc-like 

bulges’, ‘discy bulges’ and 

‘disc-like pseudobulges’ – but 

they are discs.



The Fundamental Plane

Effective radius vs. effective intensity vs. velocity dispersion



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

➢ The previous relations show that elliptical galaxies with larger central velocity dispersion, 

σ, are both brighter (the Faber-Jackson relation) and larger (the Dn-σ relation). In 

addition, the Kormendy relation shows that larger ellipticals have fainter surface 

brightness. This suggests the existence of a 3D relation (or a plane in 3D space) formed 

by parameters associated to the size, luminosity and velocity dispersion of elliptical 

galaxies. This is the Fundamental Plane (Djorgovski & Davis 1987, Dressler+1987a).

➢ The Faber-Jackson relation, the Dn-σ relation and the Kormendy relation are projections 

of the Fundamental Plane.



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

Mo+2010: Fig. 2.18



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

➢ From the Virial Theorem:

𝐺𝑀

𝑅
= 𝑣2

We can also write 𝑅𝑒 = 𝑘𝑟 𝑅  and 𝜎0 = 𝑘𝑣 𝑣2 , where 𝑘𝑟 and 𝑘𝑣 describe, respectively, the 

density profile and orbital structure of the galaxy. Given that:

𝐿 = 2𝜋 𝐼𝑒 𝑅𝑒
2

We can write the top equation as:

𝐺
𝑀
𝐿 𝐿

𝑅
= 𝑣2 =

𝜎0
2

𝑘𝑣
2

Mo+2010: Sect. 13.4

twice the mean kinetic 

energy per unit massAbsolute value of the mean 

potential energy per unit mass



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

𝐺
𝑀
𝐿 𝐿

𝑅
= 𝑣2 =

𝜎0
2

𝑘𝑣
2

𝐺
𝑀
𝐿 2𝜋 𝐼𝑒 𝑅𝑒

2

𝑅𝑒
𝑘𝑟

=
𝜎0

2

𝑘𝑣
2

𝑅𝑒 = 𝒞𝑟𝜎0
2 𝐼𝑒

−1
𝑀

𝐿

−1

where 𝒞𝑟 =
1

2𝜋𝐺𝑘𝑟𝑘𝑣
2.

Mo+2010: Sect. 13.4



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

If elliptical galaxies are homologous, i.e., have self-similar density and orbital distributions, 

then 𝒞𝑟 is the same for all ellipticals. If, in addition, all ellipticals have the same 
𝑀

𝐿
, then 

the FP can be written as:

log 𝑟𝑒 = 2 log 𝜎0 − log 𝐼𝑒 .

I.e., 𝑎 = 2, 𝑏 = −1 and 𝑐 = 0. If the observed values are different, then it means that 
𝑀

𝐿
 

and/or 𝒞𝑟 have power-law dependence on 𝐼𝑒 , 𝜎0 and/or 𝑟𝑒. Deviations from the virial 

predictions are called the ‘tilt’ of the fundamental plane.

Mo+2010: Sect. 13.4



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐 
The FP using nearly 9000 SDSS galaxies 

in four different bands (Bernardi+2003).

In the r* band, the observed FP relation is:

log 𝑟𝑒 = 1.5 log 𝜎0 − 0.75 log 𝐼𝑒 .

So the FP is indeed ‘tilted’, i.e.:

𝑎 = 1.49 ± 0.05 instead of 2, and 𝑏 =
− 0.75 ± 0.01 instead of -1.

In the K band [where (𝑀/𝐿) effects are 

minimised], Pahre+1998 find 𝑎 = 1.53 and 

𝑏 = −0.79. So (𝑀/𝐿) effects seem small.



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

This is not surprising. Ellipticals may not be homologous, i.e., may not have the same 

density and orbital distributions. We have seen (and will see more later) that the density 

profile of elliptical galaxies can be varied. This also certainly affects the orbital distribution.

𝑀

𝐿
 is probably also not the same in every elliptical. Different galaxies may have a different 

distribution of stellar populations (see, e.g., the colour-magnitude relation). In addition, the 

contribution of dark matter may also vary. How these different factors play a role in the tilt 

of the FP is still a matter of debate and investigation.

Nonetheless, the tightness of the FP is a strong constraint to models of galaxy formation 

and evolution.



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

Even with the ‘tilt’, the existence of a tight fundamental plane – instead of galaxies being 

randomly distributed in the 𝑟𝑒- 𝜎- 𝐼𝑒  space – indicates that elliptical galaxies:

1. Are virialized systems

2. Are to some extent homologous: i.e., have (close to) self-similar density and orbital 

distributions

3. Contain stellar populations which must fulfill tight age and metallicity constraints 

(since variation in 𝑀/𝐿 is limited)

And what does the ‘tilt’ teach us?



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐
Robertson+2006 find that 

dissipation-less mergers produce 

an FP that matches the Virial 

prediction:

𝑎 = 2.00 and 𝑏 = −1.01.

By adding gas to the mergers, they 

find a tilted FP relation close to the 

observed values:

𝑎 = 1.58 and 𝑏 = −0.80.

Dissipation and star formation in 

less massive systems thus plays a 

fundamental role in galaxy 

formation and evolution.



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

Boylan-Kolchin+2005: the amount of 

dark matter within the effective radius 

increases after mergers that produce 

the most massive ellipticals, as long as 

the mergers occur from radial orbits.

This increases 
𝑀

𝐿
 if there is no 

additional star formation, contributing 

to the ‘tilt’.



The Fundamental Plane

log 𝑟𝑒 = 𝑎 log 𝜎 + 𝑏 log 𝐼𝑒 + 𝑐

But the observed FP requires that gas does not 

dissipate and form stars in massive galaxies. 

This suggests that gas is heated via shocks that 

are more powerful for more massive systems – 

because the central gas density is larger in 

deeper potential wells – and for more radial 

orbits (due to the stronger impact).

The heated gas is observed as X-ray haloes in 

massive ellipticals.

Cox+2004



X-Ray Haloes

Goulding+2016



What have we learned?
So what have we learned so far from the Fundamental Plane?

1. Elliptical galaxies (and maybe the most massive – classical – bulges) are consistent with 

being formed from mergers and being virialized

2. Gas dissipation and star formation are required in the least massive systems and need 

to be prevented for the most massive systems

3. Radial orbits are required for the most massive systems



The κ Space
Bender+1992 have proposed a quasi-orthogonal combination of 𝑅𝑒, 𝜎0 and 𝐼𝑒  that is 

particularly useful:

κ1 is proportional to log mass (log 𝜎0
2𝑅𝑒), κ3 is a measure of (𝑀/𝐿) – because it is proportional 

to log [
𝜎0

2𝑅𝑒

𝐼𝑒 𝑅𝑒
2], and κ2 is proportional to log [

𝑀

𝐿
𝐼𝑒

3] to ensure quasi-orthogonality.

The κ1-κ2 projection is very close to a face-on projection of the FP, while the κ1-κ3 projection 

is nearly an edge-on projection of the FP.



The κ Space

Elliptical galaxies in the Virgo and Coma cluster 

in the κ space (Bender+1992).



The κ Space

Elliptical galaxies and different bulge families in the κ 

space (Gadotti 2009). Massive bulges lie relatively 

close to the FP relation of ellipticals, but less massive 

bulges are systematically off the plane, indicating 

different formation processes.

More about this later. 

merger

dissipation



The κ Space
The locus occupied by the less massive bulges is the same as pure disc systems, as seen in 

the H-band FP of Pierini+2002



The Colour-Magnitude Relation

Colour vs. luminosity or absolute magnitude



The Colour-Magnitude Relation

Visvanathan & Sandage 

(1977): brighter galaxies 

are redder



The Colour-Magnitude Relation

Mo+2010: Fig. 2.27

The colours of stars/galaxies can reflect the age of the stellar population, as more massive 

stars are bluer and have shorter lives. But stars that are poor in metals are also bluer, and 

dust absorbs more blue light, re-emitting it in the red, so all these process contribute to 

some extent to the observed colours of galaxies.

red sequence

blue sequence

Colour bimodality is clear 

and reflects, on average, 

early-type and late-type 

galaxies.



The Colour-Magnitude Relation



The Colour-Magnitude Relation

➢ Bell+2004 show that the colour bimodality 

was in place already at z ~ 1. The blue peak 

becomes redder with time and the red 

sequence appears even when all 

environments are considered.



The Colour-Magnitude Relation
➢ The mean colour of the red galaxy sequence evolves with 

redshift in a way that is consistent with the aging of an 

ancient stellar population (relation is driven by metallicity).

➢ When the change in stellar mass-to-light ratio implied by 

the redshift evolution in red galaxy colours is accounted 

for, the data indicate an increase in stellar mass on the red 

sequence by a factor of two since z ~ 1.

Bell+2004



The Tully-Fisher Relation

Luminosity (or mass) vs. velocity



The Tully-Fisher Relation

➢ A consequence from the Virial Theorem is that the average speed with which material 

orbits in a gravitating system increases with the mass of the system. In stellar systems, 

this means that the orbital velocities of the stars – be them in the form of random motion 

(σ) or regular rotation (v) – are proportional to the system’s mass (be it a star cluster or a 

galaxy, for example).

➢ For elliptical galaxies, dominated by random motion, the Faber-Jackson relation (𝐿 = 𝜎𝛽) 

is a reflection of the Virial Theorem.

➢ For disc galaxies, dominated by regular rotation, the analogous relation is the Tully-

Fisher relation.

➢ A is the zero point, 𝛼 is the slope. And, again, the Virial Theorem prediction is that 𝛼 = 4.

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ But where do you measure v and how? And how does the inclination of the galaxy affect 

the measurements?

➢ You need to go as far from the galaxy centre as you 

can if you want to include all the galaxy mass/light 

in the relation. But stars are faint in the outer disc, 

and the gaseous (neutral Hydrogen) disc extends 

beyond the stellar disc.

➢ The original paper by Tully and Fisher used single 

dish radio telescope observations of the 21cm HI line 

that do not resolve the gaseous disc.

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

Bosma (1978)

NGC 5033

HI column density contours HI iso-velocity contours



The Tully-Fisher Relation

➢ The velocity thus derived needs to be corrected for inclination. The intrinsic velocity v is 

equal to the velocity measured along the line-of-sight vlos divided by sin 𝑖, where i is the 

inclination of the galaxy:

𝑣 = 𝑣los/ sin 𝑖.

face-on: 𝑖 = 0°

(can’t measure v!)

𝑖 = 60°

sin 𝑖 = 0.5

edge-on: 𝑖 = 90°

sin 𝑖 = 1

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ There are two other corrections to be made. The first is to remove from the width of the 

HI line any contribution from the random motion of the HI clouds (which is small for 

massive galaxies). This correction is calculated from the velocity dispersion of gas clouds 

(either observed or modelled).

➢ The second correction is to account for dust in the luminosity of the galaxy. This is 

generally done by modelling the dust layer. Observations in the infrared minimize the 

effects of dust.

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ Finally, the relation needs to be calibrated with galaxies whose distances are well known, 

for example from the period-luminosity relation of Cepheid stars (see more on Binney & 

Merrifield 1998).

Tully & Fisher (1977)

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ With radio interferometers one can produce HI rotation

curves (e.g., Begeman 1989); v is taken as the maximum

velocity in the rotation curve vmax.

Position-Velocity Diagram

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ With radio interferometers one can produce HI rotation

curves (e.g., Begeman 1989)

DM !!
𝑀 𝑟 = 𝑟𝑣rot

2 (𝑟)/𝐺

If 𝑣rot is constant, then 𝑀(𝑟) ∝ 𝑟, 

so the enclosed galaxy mass is 

not converging.

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ So dark matter is necessary, but how much, and how is it distributed? The disc-halo 

degeneracy makes it difficult to answer.

𝐿 = 𝐴𝑣max
𝛼

maximal disc (halo 

less important in 

central regions)

sub-maximal disc 

(halo more 

important in 

central regions)

Mo+2010: Fig. 11.1



The Tully-Fisher Relation

➢ 𝛼 ranges from ~ 2.5 in the B band to ~ 4 in the K band reflecting the colour-magnitude 

relation (brighter galaxies are redder). 

Mo+2010: Fig. 2.22

𝐿 = 𝐴𝑣max
𝛼

Bell & de Jong (2001)



The Tully-Fisher Relation

➢ Courteau+2007 find that the scatter in the TF relation does not depend on the central 

surface brightness of the galaxies. Why is this important?

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

➢ For maximal, thin exponential discs (self-gravitating discs), it can be shown that the 

rotation velocity peaks at 𝑅 ≈ 2.16 𝑅𝑑, where 𝑅𝑑 is the scale length of the disc (see 

Mo+2010, Sect. 11.1), such that the total mass of the disc is 𝑀𝑑 = 2𝜋Σ0𝑅𝑑
2 (Σ0 is the 

central surface mass density of the disc).

From the virial theorem, 𝑣max
2 ∝

𝑀

𝑅
∝ Σ0𝑅𝑑

2/𝑅𝑑 ∝ Σ0𝑅𝑑. With that, let’s try to write luminosity 

as a function of vmax for this disc. Since:

𝑣max
4 ∝ Σ0

2𝑅𝑑
2 ∝ 𝑀Σ0

we can write:

𝐿 ∝ 𝑣max
4

1

Σ0

1

Υ

where Υ is the mass/light ratio of the disc.

𝐿 = 𝐴𝑣max
𝛼



The Tully-Fisher Relation

 Now, the central surface brightness of the disc is 𝐼0 ≡ Σ0/Υ. So the previous equation can be 

written as:

𝐿 ∝ 𝑣max
4

1

Σ0

1

Υ
⇒ 𝐿 ∝ 𝑣max

4
1

𝐼0

1

Υ2

This implies that the scatter in the Tully-Fisher relation should depend on 𝐼0, but this 

conflicts with observations. Unless there is a tight relation between Υ and 𝐼0, such that Υ ∝

𝐼0
−1/2

, the observed TF relation argues against the rotation of the disc being completely 

dominated by baryonic matter.

𝐿 = 𝐴𝑣max
𝛼



The Stellar and Baryonic Tully-Fisher Relations

𝑀 = 𝐴𝑣max
𝛼

𝑀★ ∝ 𝑣max
4.4±0.2

𝑀baryon ∝ 𝑣max
3.5±0.2

𝑀baryon =  𝑀★ + 𝑀HIBell & de Jong (2001)



The Mass-Size Relation

Can tell us how galaxies and stellar structures grow



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

➢ van der Wel+2015: analysis of 

a parent sample of galaxies in 

the CANDELS/3D-HST fields

➢ At fixed stellar mass, late-type 

galaxies have on average 

larger re than early-type 

galaxies, but the latter have a 

steeper mass-size relation



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

➢ van der Wel+2015: in 

addition, the intercepts of 

these relations evolve from z ~ 

3 to z ~ 0, but more so for 

early-type galaxies

➢ These observations are 

consistent with a more 

dramatic growth of early-type 

galaxies, presumably by 

mergers



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

➢ Mowla+2019: using r80 

instead of re makes the 

sizes of early- and late-

type galaxies more 

similar

➢ This suggests a single, 

broken power law, where 

the slope changes at a 

pivot mass Mp



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

➢ Mowla+2019:

𝑟80 ∝ 𝑀★
0.15 (𝑀★ < 𝑀𝑝)

𝑟80 ∝ 𝑀★
0.6 (𝑀★ > 𝑀𝑝)

where:

log 𝑀𝑝 ≈ 10.2M☉ (at z=0.4)

log 𝑀𝑝 ≈ 10.9M☉ (at z=1.7-3)



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

➢ Mowla+2019: the pivot 

mass coincides with the 
mass where the fraction 
of star-forming galaxies 

is 50%, suggesting that 
the pivot mass reflects a 
transition from 

dissipational to 
dissipationless galaxy 
growth



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀

bars: α = 0.21
discs: α = 0.33
disc-like: α = 0.20 (±0.02)

classical: α = 0.30
ellipticals: α = 0.38

➢ Gadotti (2009): bulge/disc/bar 

decompositions of 1000 SDSS galaxies 

at z = 0.02-0.07



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀 

➢ The mass-size relation of disc-like bulges is different from that of classical bulges by 5σ

➢ The mass-size relation of classical bulges is different from that of ellipticals by 4σ

➢ The only pair of components with similar mass-size relations are disc-like bulges and 

bars, corroborating the picture in which the former grow from the latter (much more about 

this later)

Gadotti (2009):

bars: α = 0.21
discs: α = 0.33
disc-like: α = 0.20 (±0.02)

classical: α = 0.30
ellipticals: α = 0.38



The Mass-Size Relation

log 𝑟𝑒 ∝ α log 𝑀
➢ At the high-mass end, classical bulges are not just ellipticals surrounded by discs

➢ Unless the bulge gets compressed with the formation of the disc (Debattista+2013) but 

this does nor work out quantitatively (yet)

Seems to work 

only for very 

small bulges

Altogether, this 

suggests an 

increasing role of 

dissipation from 

the formation of 

ellipticals (α = 0.38) 

to classical bulges 

(α = 0.30) and to 

disc-like bulges 

(α = 0.20)



The Mg2-σ Relation

Metallicity vs. velocity dispersion



The Mg2-σ Relation

➢ The Mg2 index is a spectral index that incorporates lines from Mg around 5175Å and it is 

shown to correlate well with total metallicity Z (see, e.g., Burstein+1984, Casuso+1996)



The Mg2-σ Relation

➢ The Mg2 index is a spectral index that incorporates lines from Mg around 5175Å and it is 

shown to correlate well with total metallicity Z (see, e.g., Burstein+1984, Casuso+1996)

Faber & Jackson (1976)



The Mg2-σ Relation

➢ The Mg2 index is a spectral index that incorporates lines from Mg around 5175Å and it is 

shown to correlate well with total metallicity Z (see, e.g., Burstein+1984, Casuso+1996)



The Mg2-σ Relation

➢ The Mg2-σ relation is a reflection of the mass-metallicity relation (remember that from 

the virial theorem 
𝐺𝑀

𝑅
= 𝑣2 ).

Dressler+1987



The Mass-Metallicity Relation



The Mass-Metallicity Relation

➢ Metallicity (Mo+2010): reflects the amount of 
gas that has been reprocessed by stars and 
exchanged with its surroundings. Gas-phase 

metallicities can be measured from the emission 
lines in a galaxy spectrum, while the metallicity 
of the stars can be obtained from the absorption 

lines which originate in the atmospheres of the 
stars. They can be very different.

➢ Metals are retained by the potential well, but 

relation eventually saturates at high masses, 

providing a constraint to the chemical 

evolution of a star-forming galaxy.



The Mass-Metallicity Relation

➢ Gallazzi+2005: Despite the large scatter, 
the relation between stellar metallicity and 
stellar mass is similar to the correlation 

between gas-phase oxygen abundance and 
stellar mass for star-forming galaxies.



The Mass-Metallicity Relation

➢ Gallazzi+2005: This is confirmed by the 
good correlation between stellar metallicity 
and gas-phase oxygen abundance for 

galaxies with both measures. The 
substantial range in stellar metallicity at 
fixed gas-phase oxygen abundance 

suggests that gas ejection and/or accretion 
are important factors in galactic chemical 
evolution.



The Mass-Metallicity Relation

➢ Sanders+2021: no evolution of the slope of the relation from z ~ 3.3 to z = 0. But gas gets 

increasingly more metal rich, as expected.



The Mass-Metallicity Relation

➢ Sanders+2021: no evolution of the slope of the relation from z ~ 3.3 to z = 0. But gas gets 

increasingly more metal rich, as expected.



SMBHs and their Scaling Relations
➢ Supermassive black holes are our best answer to explain AGN activity and kinematics at 

the centre of massive galaxies (e.g., Beifiori+2009

    and references therein), including our own MW.



SMBHs and their Scaling Relations
➢ The mass of the SMBH correlates with central velocity dispersion and the luminosity of 

the galaxy/bulge, suggesting that the growth of galaxies is connected to the growth of the 

SMBH.

Gültelkin+2009



SMBHs and their Scaling Relations

➢ SMBHs would accrete mass until AGN 

feedback regulates the inflow of gas, the 

growth of the SMBH and the formation of 

stars in the bulge (or elliptical; see, e.g., 

Younger+2008).

➢ But nuclear discs – again – do not follow 

the same relations, pointing to a later 

formation process, where AGN feedback is 

not sufficiently strong.

Kormendy & Ho (2013)



SMBHs and their Scaling Relations

➢ In galaxies with composite bulges (i.e., both a classical bulge and a nuclear disc), the 

mass of the SMBH correlates better with the classical bulge mass only (Erwin 2010; see 

also Kormendy+2011).



Stellar Structures in Galaxies

➢ Elliptical Galaxies

➢ Spheroid

➢ Nuclear discs: gas accretion

➢ Disc Galaxies

➢ Disc

➢ Central structures (Classical bulge, bar-built nuclear disc)

➢ Bar

➢ And more…



Elliptical Galaxies

➢ Spheroids can be oblate, prolate or triaxial

➢ Oblate: a=b>c

➢ Prolate: a=b<c

➢ Triaxial: a≠b≠c

➢ Ellipticals are often oblate, flattened by rotation, except most massive systems, which are 

prolate (but rotate too; Krajnović+2018)

c

b

a



Elliptical Galaxies
➢ Kormendy+2009: core and power-law ellipticals

Sometimes called ‘core-depleted’ Sometimes called ‘coreless’ or 

‘extra-light’



Elliptical Galaxies
➢ Kormendy+2009: core-depleted vs. extra-light (coreless; power-law)



Elliptical Galaxies

➢ HST was transformational in revealing the inner 

structures in galaxies, due to the tenfold increase in 

spatial resolution.

➢ Unsharp masking

1. Smooth image with a kernel

2. Subtract from original image

➢ Morelli+2004: nuclear discs in elliptical galaxies (many 

other examples)

➢ Sometimes they are called Kinematically Decoupled 

Cores



Elliptical Galaxies
➢ Emsellem+2011: Atlas3D census of early-type galaxies (the power of integral field 

spectroscopy)



Elliptical Galaxies
➢ Emsellem+2011: Atlas3D census of early-type galaxies

➢ These nuclear discs are often counter-rotating, indicating an external origin, via gas 

accretion



Elliptical Galaxies
➢ Shells and other signs of unvirialised mergers (Kormendy+2009)



Elliptical Galaxies
➢ Different image processing leads to similar results

➢ Tidal debris contributes to 3-10% of the total mass only (minor merging?)

➢ Galaxies still follow same scaling relations as unperturbed galaxies

Kim+2011



Elliptical Galaxies
Light (or mass) radial profiles can be well described by the Sérsic (1968) function:

𝐼 𝑅 = 𝐼𝑒exp −𝛽𝑛

𝑅

𝑅𝑒

1/𝑛

− 1

or, for surface brightness (mag arcsec-2):

𝜇 𝑅 = 𝜇𝑒 + 1.086𝛽𝑛

𝑅

𝑅𝑒

1/𝑛

− 1

where 𝛽𝑛 = 2𝑛 − 0.324 for n ≳ 1 following the definition of 𝑅𝑒.

➢ Gadotti (2009): 2 ≲ 𝑛 ≲ 6



Elliptical Galaxies

Isophotal shapes: “Boxy ellipticals are usually bright, rotate slowly, and show stronger than 

average radio and X-ray emission, while disky ellipticals are fainter, have significant 

rotation and show little or no radio and X-ray emission (e.g. Bender et al., 1989; Pasquali et 

al., 2007). In addition, the diskiness is correlated with the nuclear properties as well; disky 

ellipticals typically have steep cusps, while boxy ellipticals mainly harbor central cores (e.g. 

Jaffe et al., 1994; Faber et al., 1997).”

Mo+2010



Disc Galaxies
➢ Include spirals and lenticulars (S0s)

➢ Richer structure

➢ In red: just part of the bar (historically associated to ‘pseudo bulges’)

➢ In blue: can be associated to nuclear discs (historically associated to ‘pseudo bulges’)

1. disc (thin/thick)

2. classical bulge

3. bar+box/peanut+barlens

4. spiral arms

5. nuclear disc

6. nuclear bar

7. nuclear spiral arms

8. lens(es)

9. nuclear ring

10. inner ring

11. outer ring

12. stellar halo

13. nuclear star cluster



Thin/Thick Disc
Light (or mass) radial profiles can be well described by the Sérsic function with n = 1, which 

is an exponential function (incidentally, n = 0.5 corresponds to a Gaussian):

𝐼 𝑅 = 𝐼0exp −
𝑅

𝑅𝑑

with 𝑅𝑑 = ℎ ≃
1

1.67
𝑅𝑒 and 𝐼0 =

𝐿

2𝜋𝑅𝑑
2. Discs often show breaks in the profiles, though (e.g., 

Erwin+2008:



Thin/Thick Disc

➢ Type II breaks may be associated to bars 

or truncation of star formation

➢ Type III breaks may be associated to the 

stellar halo

➢ But these associations are still very 

tentative

Erwin+2008



Thin/Thick Disc

For galaxies with 𝑀⋆ ≥ 1010M⨀ (Gadotti 2009)

For a wider range of stellar masses (Yoachim & 

Dalcanton 2006)

The central surface brightness 

increases with mass but saturates 

at large masses.



Thin/Thick Disc
➢ Because the surface brightness in the vertical direction is to a first approximation 

independent of the distance from the centre, the disc 3D luminosity density is usually 

modelled as (see Mo+2010, Sect. 2.3.3):

𝜈 𝑅, 𝑧 = 𝜈0exp −
𝑅

𝑅𝑑
𝑓𝑛 𝑧

with:

𝑓𝑛 𝑧 = sech2/𝑛
𝑛 𝑧

2𝑧𝑑

(n controls the shape of the profile near z = 0 and zd is the scale height). Typically, zd/Rd ~ 

0.1.



Thin/Thick Disc

Thick discs are often seen in edge-on disc galaxies (e.g., 

Comerón+2011), often kinematically hotter and with older and 

more metal-poor stellar populations, as compared to the thin disc.



Thin/Thick Disc
Comerón+2011



Thin/Thick Disc

Yoachim & Dalcanton (2006): thick discs have scale heights 2-3 

times larger than thin discs, and scale lengths systematically larger.



Thin/Thick Disc
➢ Thick disc formation scenarios:

1. Formed thick at high redshifts

2. Thicken from the thin disc

1. Naturally due to dynamical processes

2. Due to interactions with companion galaxies

3. All of the above?

This is a topic of active current research.



Classical Bulge



Classical Bulge

➢ Stick out of disc plane, i.e., not as flat as the disc (when seen at sufficient 

inclinations)

➢ More or less spheroidal (hard to see at low inclinations)

➢ Featureless (no spiral arms, bars, rings…)

➢ Mostly old stars (not much dust or star-forming regions)

➢ Kinematically hot, i.e., dynamically supported by stellar velocity dispersion σ (but it 

does rotate!)

➢ Presumably built in violent events, inducing fast bursts of star formation if gas is 

available: mergers or clump coalescence



Classical Bulge

Classical bulge: high Sérsic index (n>3)

The Sérsic Function

r

μ



NGC 1097 – VLT 

Bar



NGC 1300 – HST 

NGC 1433 – HST NGC 4303 – HST 

NGC 1365 – SSRO



M101 – HST

An Unbarred Galaxy



Bar

How many bars are there?

➢ About 2/3 of disc galaxies in the local Universe are barred (de Vaucouleurs+1991)

➢ 1/3 weakly barred (SAB)

➢ 1/3 strongly barred (SB)

➢ More modern studies report fractions from ~30% to ~70% (e.g., Eskridge+2000, 

Menéndez-Delmestre+2007, Gadotti 2009, Aguerri+2009, Masters+2011, 

Buta+2015, Erwin 2018)

➢ Data quality is key (physical spatial resolution and depth)

➢ Projection effects (bars not easy to see in close to edge-on galaxies)

➢ Bars are more prominent in the NIR (old stellar populations)

➢ Bar fraction varies with galaxy mass (so beware of sample selection effects)



Bar

Gadotti 2011

See also Erwin 

(2005) for bar 

sizes

Basic Properties



Bar

NASA/JPL-Caltech/ESO/R. 

Hurt

➢ Bars are a global dynamical instability in the disc,

which leads to a minimum energy state.

➢ Toomre’s (1964) stability criterion: 𝑄 ≡
𝜎𝑅𝜅

3.36𝐺Σ
> 1

➢ Cold discs are unstable

➢ Halo can stabilise discs (Ostriker &

Peebles 1973)

➢ Only if halo is static

➢ Bars can also form in interactions (which may

trigger the dynamical instability). But if the interaction

is too strong, it may weaken/destroy the bar, or heat

up the disc too much, preventing bar formation.

Hohl 1971

How do bars form?



NASA/JPL-Caltech/ESO/R. 

Hurt

➢ Responsive halo or central spheroid can delay bar formation but eventually lead to 

stronger bars (e.g., Athanassoula & Misiriotis 2002, Athanassoula 2003, Valenzuela & 

Klypin 2003, Martinez-Valpuesta+2006, Berentzen+2006,2007, Athanassoula+2013). 

This is due to the halo (or spheroid) acquiring angular momentum from the bar.

➢ Halo shape and kinematics are also important

➢ Triaxial halo excites bar formation earlier, but a spherical halo strengthens the 

bar eventually

➢ Gas fraction also plays a role: bars form later in gas-rich discs

Bar

How do bars form?



NASA/JPL-Caltech/ESO/R. 

Hurt

© Francesca Fragkoudi

Bar
Orbits and resonances



NASA/JPL-Caltech/ESO/R. 

Hurt
Contopoulos & Grosbøl 1989

CR

Gonzalez & Gadotti 2016

Bar

Orbits and resonances

x2



Le Conte+2024

Bar

When did bars form?

➢ Bar fraction seems to decrease at 

high redshifts, although difficulty 

in seeing bars at those distances 

may play a major role

➢ Nonetheless, bar fraction is about 

20% between redshifts 1 and 2 

and 15% between redshifts 2 and 

3 (Le Conte+2024), with some bars 

seen up to z ~ 4 (see also 

Guo+2023, Costantin+2023, 

Tsukui+2023, Smail+2023, 

Amvrosiadis+2024).



Box/Peanut

➢ Stick out of the disc plane (not easy to see at low inclinations)

➢ Show a boxy or peanut-like morphology

➢ Usually featureless (no sub-structures)

➢ Usually do not show signs of dust obscuration, young stellar populations or star-

forming regions

➢ Kinematically colder, i.e., dynamically supported by rotation of its stars Vrot

➢ Are simply the inner parts of bars, seen at an edge-on projection



Box/Peanut

side-on

no bar weak bar intermediate bar strong bar

LOS

LOS

end-on

Bureau & Athanassoula (2005)



Barlens

Laurikainen & Salo 2016

➢ Barlenses are just the box/peanut seen face-on! 

So they are also just part of the bar.

➢ So the inner parts of bars are more extended that 

the outer parts both in the vertical direction and 

in the plane of the disc.

Gonzalez & Gadotti 2016



Nuclear Disc

Formation and Evolution of Bulges and Bars
Dimitri Gadotti



Nuclear Disc

Formation and Evolution of Bulges and Bars
Dimitri Gadotti

➢ As flat (or almost as flat) as the disk (not easy to see in very inclined galaxies)

➢ May contain sub-structures such as nuclear bars, spiral arms, rings…

➢ May show signs of dust obscuration, young stellar populations or ongoing star 

formation

➢ Kinematically colder, i.e., dynamically supported by rotation of its stars Vrot

➢ Built mostly via bar-driven gas inflow



Nuclear Disc

Formation and Evolution of Bulges and Bars
Dimitri Gadotti

Nuclear disc: low Sérsic index (n<2)

The Sérsic Function

r

μ



Athanassoula1992

CGS: Ho+2011

…and building nuclear stellar structures.

Bars induce tangential forces and shocks, causing gas inflow…



Nuclear Disc

➢ Can have its own bar, spiral arms and star-forming rings (e.g., Gadotti+2019)

➢ Milky Way also has its own nuclear disc and 

nuclear ring (the CMZ; e.g., Sormani+2022)



Composite Bulges

➢ Galaxies can host several stellar structures in the centre, e.g., a bar and 

box/peanut plus a nuclear disc:

Fraser-McKelvie+, in prep. – GECKOS

Stellar KinematicsResidualsIsophotesVIRCAM H band



Composite Bulges

➢ Small classical bulges may also exist at the centre of nuclear discs (e.g., 

Nowak+2010; Erwin+2015)

Although they don’t bulge from the disc and may be very large 

nuclear star clusters (?)



Composite Bulges

➢ The Milky Way has a composite bulge

Milky Way – WISE; Ness & Lang 2016

Nishiyama+2013



Spiral Arms, Inner and Outer Rings

NGC 1291 – Credit: Josef Pöpsel

➢ Bars may induce spiral arms and seem to induce also inner rings and outer rings, which 

could indicate the positions of dynamical resonances. The inner ring would be near 

corotation or the 4:1 resonance, whereas outer rings are near the Outer Lindblad Resonance 

(OLR). Nuclear rings seem to be near one of the Inner Lindblad Resonances (ILR). But all of 

this is still debated.

CGS: Ho+2011 CGS: Ho+2011



Spiral Arms, Inner and Outer Rings

➢ Bars may induce spiral arms and seem to induce also inner rings and outer rings, which 

could indicate the positions of dynamical resonances. The inner ring would be near 

corotation or the 4:1 resonance, whereas outer rings are near the Outer Lindblad Resonance 

(OLR). Nuclear rings seem to be near one of the Inner Lindblad Resonances (ILR). But all of 

this is still debated.

Gonzalez & Gadotti 2016



Stellar Halo

➢ The Milky Way and other disc galaxies have a stellar halo of old, metal-poor stars, 

presumably formed at the first stages of galaxy formation (the most metal-poor stars 

of the Galaxy are in the halo).

Trujillo+2009



Stellar Halo

➢ But it also contains sub-structures, due to interactions with companion galaxies, 

and so many of the stars in the halo may have formed in the companions.

Duc+2013



Stellar Halo
➢ It is not yet clear how often galaxies host stellar 

haloes, and what is the fraction of stars in haloes 

that were formed in companion galaxies.

➢ It is also not clear what is the predominant shape of 

the halo.

Some renderings are 

misleading…

HST

Gadotti & Sánchez-Janssen (2012)

David Malin - AAO



Nuclear Star Cluster

➢ Found often in galaxies of all types, except the most massive (core) ellipticals (e.g., 

Böker+2002, Côté+2006).

WFI HST

Bland-Hawthorn+2005



Nuclear Star Cluster

➢ With masses ~106-108M☉ and sizes ~5pc, these clusters are the densest known 

stellar systems (105M☉/pc2; Walcher+2005).

➢ Two formation scenarios (e.g., Fahrion+2021):

➢ From infall of globular clusters

➢ In situ, central star formation

➢ There is evidence for both, with in situ formation

dominating in the most massive systems.



Nuclear Star Cluster

➢ While the mass of SMBHs correlate better with the bulge mass, the mass of NSCs 

correlate better with total galaxy mass, arguing against common formation and 

growth mechanisms (Erwin & Gadotti 2012).



Nuclear Star Cluster

➢ While the mass of SMBHs correlate better with the bulge mass, the mass of NSCs 

correlate better with total galaxy mass, arguing against common formation and 

growth mechanisms (Erwin & Gadotti 2012).



Deriving Stellar KinematicsGadotti & de Souza (2005)

Gadotti+2019

Broadening of absorption lines is caused by the stellar line of 

sight velocity distribution (LOSVD), which can be recovered 

from fitting a combination of template spectra, convolved with 

a line profile (templates can be from spectra of observed stars 

or from stellar evolution models, both with pros and cons).

Contamination from 

Paschen lines (strong 

star formation)



Deriving Stellar Kinematics

➢ Line profile can be written using a Gauss-Hermite parameterisation:

➢ h3 is the skewness (asymmetric 

deviations from a Gaussian), 

while h4 is the kurtosis 

(symmetric deviations)

➢ While a correlation between v and 

h3 indicates elongated orbits, an 

anti-correlation indicates near 

circular orbits, simply because 

the circular speed is the 

maximum allowed

➢ Positive values of h4 indicate 

overlapping populations with 

different σ



Deriving Stellar Populations

➢ Mean stellar ages and metallicities, but also α/Fe and star formation histories.

➢ Ingredients to build a template library are stellar evolution tracks in the Hertzprung-

Russel diagram (for a selection of given masses and chemical composition) and the 

Initial Mass Function (IMF).

Pietrinferni+2004



Deriving Stellar Populations

➢ Mean stellar ages and metallicities, but also α/Fe and star formation histories.

➢ Ingredients to build a template library are stellar evolution tracks in the Hertzprung-

Russel diagram (for a selection of given masses and chemical composition) and the 

Initial Mass Function (IMF).

Number of stars formed at 

each mass bin.

Kroupa (2001)



Deriving Stellar Populations

➢ Template spectra will depend 

on these ingredients

➢ Spectra are very similar at 

old ages

Figure courtesy of 

Russell Smith
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Deriving Stellar Populations

➢ Template spectra will depend 

on these ingredients

➢ Spectra are very similar at 

old ages

➢ More and deeper lines at high 

metallicities

➢ Age-Metallicity degeneracy is 

clear but can be beaten with 

information on Balmer lines 

and below 4000Å

Figure courtesy of 

Russell Smith



Deriving Stellar Populations

And this is how one can build maps of mean 

stellar age, metallicity and α/Fe, as well as 

star formation histories.

Bittner+2020

de Sá-Freitas+2023



The End

Just kidding, it’s never the end!
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