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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 d 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, O ,,and Tully -Fisher relations.
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Scaling Relations in Galaxies

Luminosity

U Absolute magnitude

U Effective intensity or surface brightness
U Mean effective intensity or surface brightness
Mass

U Stellar mass

U Dynamical mass

Size

U Effective radius (or half -light radius)
U Isophotal radius/diameter

U Scale-length

Kinematics

U Rotational velocity

U 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 O , 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 Mg ,-R Relation
10. The Mass -Metallicity Relation
11. SMBHs and their Scaling Relations



The Virial Theorem



The Virial Theorem

Let s consider the gener al motion of particles
X, Y and Z the components of the forces appliec
(for each particle or star; see Chandrasekhar 1939):

«a— wad— wa— &

We can also write;

And similarly:



The Virial Theorem

If we sum all force components then we have:
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twice the kinetic energy
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And summing over all particles/stars:
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where 'O B(ai ) is the total moment of inertia about the origin of the stellar system, and

is the total kinetic energy of the stellar system. Now, Blw® ww a is called the virial of
Clausius.



The Virial Theorem

Rudolf Clausius (1822 -1888): one of the
founding fathers of Thermodynamics



The Virial Theorem

Now consider two stars with masses m, and m,, 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:
o(® ) o(w w) old a)
And summing over all pairs of stars, the virial becomes:

0@ ®) ow w) o(@ a)

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




The Virial Theorem

So the components of the virial for each star are:

—— W  ,alongthe X-axis,
—— W o ,alongthe Y-axis,

—— A & ,alongthe Z-axis.

Negative because the force is attractive from one star to the other. And summing over all
stars the total virial becomes:
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Thatdos the gravitational pomential energy
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The Virial Theorem

Hence, we have:

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

C'Ym T

Luckily for us only the second
derivative of the moment of
Inertia needs to be zero!

,I;';-"/
Henri Poincare (1854 -1912) Arthur Eddington (1882  -1944)



The Virial Theorem

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

We have that ¢ "Y m 11 and thus, for a stellar system:

"O0 0 "OU
: VO )t == (0)
(Y) (V)
How do we use this to find a relation between galaxy luminosity Land stellar ve

assume a constant mass -to-lightratio 0 70, such that:
"0O0 "O0
0t (N —
(Y) (L)
Let us now bring the concept of mean surface brightness:
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The Virial Theorem

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

Replacing R from the previous equation we have:
"0O0
i‘)e“"Y*Oe“" —
© <<>><<U >>

And moving ('®to the proportionality constant:
08 (V)

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:

Si mply equating the gravitational force fromék
acceleration times its mass, we have: /
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And, of course, it better be the case!
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The Faber Jackson Relation

Luminosity (or mass) vs. velocity dispersion



The Faber -Jackson Relation

bA

U 1

U More luminous/massive  elliptical galaxies are expected to have higher  central stellar
velocity dispersions

U Virial theoremindicates | 1 (sincea * e
considerable fraction of the kinetic energy is >al s * ]
in random motion) .« .
. > I ! s v Y 7
U Faber & Jackson (1976) >

- 20} -

— L V4
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F1c. 16.—Line-of-sight velocity dispersions versus absolute
magnitude from Table 1. The point with smallest velocity
corresponds to M32, for which the velocity dispersion (60 km
s~ 1) was taken from Richstone and Sargent (1972).



The Faber -Jackson Relation
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The Faber -Jackson Relation

bA

U

U More recent studies find different values for
or that it might not be constant

U Gallazzi+2006 also investigate the relation
when luminosity is replaced by stellar mass

U Galaxies with higher mass and older stellar
populations seem to result in a steeper slope
U This suggests variations in the formation
processes of elliptical galaxies of different
mass (more on this later)

luminosity stellar mass
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Figure 15. Relation between velocity dispersion and r-band absolute mag-
nitude (panel a), colour coded to reflect the average light-weighted age of the
galaxies falling into each log o v—M, bin. For M, brighter than —20, lines
of constant age are approximately parallel to the relation. Panel (b) shows
the result of substituting absolute magnitude with stellar mass.



Core and Power -Law Ellipticals
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Fic. 6.—Luminosity density profiles for the subset of galaxies for which
WFPC2 brightness profiles are available (as opposed to galaxies for which we
have only the Nuker law parameters). The Laine et al. (2003) BCG sample is also
excluded. The radial scale is normalized by Nuker law break radius, but the real
measured brightness profiles were used rather than the Nuker law fits. The slopes
of the profiles for < r are strongly bimodal. The bottom panel excludes gal-
axies in Lauer et al. (2005) with dust strength greater than 1.0.
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Fic. 1.—Histograms showing the frequency of core galaxies (solid line
peaking at higher luminosities), power-law galaxies (solid line peaking at lower
luminosities), and intermediate galaxies (dotted line) as a function of luminosity
in our sample of 219 galaxies. The dashed line shows the total distribution of gal-
axies with luminosity. Note that the low-luminosity end of the power-law galaxy
distribution and the high-luminosity end of the core galaxy distribution are likely
to reflect biases with luminosity in the construction of the sample, but there are
no obvious biases that affect the luminosity range —22.5 < My < —20.5 over
which the frequency of power-law galaxies decreases as that of the core galaxies
increases. [See the electronic edition of the Journal for a color version of this

figure.]

U 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

bA

U 1

U Lauer+2007a find that a varies from ~ 2 for
power -law elliptical galaxies to ~ 7 for brightest
cluster galaxies (BCGs); see also Bernardi+2006

U Consistently with Gallazzi+2006, more
more massive ellipticals result in a higher a

Fic. 3.—Relationship between central velocity dispersion, o, and L for the
sample. A fit to just the core galaxies and BCGs (solid line; eq. [7]) gives
L ~ ¢’, a much steep relationship than the standard L ~ ¢* Faber-Jackson
relationship, and L ~ o2 for the power-law galaxies alone (dotted line; eq. [8]).
It 1s this change in slope that leads to conflicting predictions for M, from the
M,-L and M,-o relations for the most luminous galaxies. Core galaxies with
directly measured BH masses are circled. [See the electronic edition of the
Journal for a color version of this figure.]
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The Faber -Jackson Relation

bA

U

U Simulations with more radial, dissipation

build more massive ellipticals lead to higher values of
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Figure 3. Logarithmic slopes of the mass—size relation (R, o« M¢; left) and Faber—Jackson (M , o ; right) relations as a function of orbital pericentric
distance for each of the equal-mass merger simulations listed in Table 1. The two orbital energies are shown as diamonds (bound) and squares (parabolic),
while the remerger run is marked with an X symbol. At a given 7, the bound orbits produce remnants with a slightly lower @ and B than parabolic orbits.
The parabolic head-on orbit has B ~ 28, so it is not plotted here. For orbits with significant orbital angular momentum (large rperi), our merger simulations
reproduce the observed values of @ ~ 0.6 and S ~ 4 but we predict a sharp increase in @ and B for more radial mergers. The results for the remerger run agree
well with those for the first generation mergers, indicating that the spherical and isotropic galaxy models used in the first generation mergers do not strongly

bias our results.



The Faber -Jackson Relation

bA

U 1

U Desroches+2007: The wvari ations I n the FP projections
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 Rgal axi es, rel at i wlaw dcalngp fbru c |

the elliptical galaxy population.



The O , Relation

Isophotal diameter vs. velocity dispersion



The O ,, Relation
. Tes o e P

i D, is an isophotal diameter (size din arcsec), originally set to the B -band 20.75 mag
arcsec 2 isophote (Dressler+1987a,b)

Mo+2010, Eq. (13.68)

Integrated intensity over annuli

area within isophote
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Scatter in the determined distance a factor two better than Faber

. Relation

[,C

-Jackson relation

Distance to Coma cluster estimated as 10 times larger than distance to Virgo cluster
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FiG. 1.—a) B;, the total blue magnitude, vs. log g, the central
velocity dispersion, for ellipticals in the Coma and Virgo clusters. These
are the variables of the Faber-Jackson relationship. The lines log ¢ =
—0.114B; + C, where C = 3.561 for Virgo and C = 3.960 for Coma,
are best median fits, as described in the text. The rms scatters in By
from these lines are 0.57 mag for Virgo and 0.69 mag for Coma. (b) log
D,, the diameter within which the integrated blue surface brightness is
20.75 B mag arcsec” 2, vs. log o for the same galaxies. The horizontal
scales correspond to a factor of 10 in distance in both figures. The lines
log ¢ = 0.750 log D, + C, where C = 0.934 for Virgo and C = 1475
for Coma, are best median fits. The rms scatter in log D, is 0.059 for
Virgo and 0.072 for Coma, a factor of 2 smaller scatter than with the
Faber-Jackson relationship.



The Kormendy Relation

Effective radius vs. mean effective surface brightness



The Kormendy Relation
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20F Kormendy (1977):
U Largerr . leadsto fainter 1,
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FI1G. 2.—Boy versus log r, for de Vaucouleurs law fits to compact (small symbols) and normal (large symbols) galaxies. The heavy
line is the least-squares relation for normal galaxies, given at upper right. Average absolute magnitude ticks are defined by eq. (5).
Also shown is a typical line of constant My, defined by the labeled galaxies.
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The Kormendy Relation
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Fig. 3. Distribution of the Abell, Coma, Hydra
and SDSS (r* filter) galaxies on the log(r.) —
(1) plane. Each symbol represents a 1 mag in-
terval. The circles represent the (—21, —22] mag
interval.
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The Kormendy Relation
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Core ellipticals Kormendy+2009

Power-law ellipticals
Bulges of SOs
Spheroidals

Elliptical galaxies and the massive
bulges in some SOs 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

. T T T, T T T T 1
thought to be dwarf ellipticals, but they 2= "oz =
. . E E
follow different relations. The current _ £ £ eEEe el -
. . . . E
picture is that spheroidals were faint T e " .
. . . @ - E w, Oy . —
disc galaxies that were stripped of gas g cEEE B
) a e e e Tt
by environmental effects and/or s e . wsa 0t B
o = o P e ..o "
supernova feedback. : D<o X o
g 20 b= cD g PS $.... ° o S E
';; ssssésgsgosoo 0®® ., S
So there seems to be 3 types of £ L $s -
guiescent galaxies with different T
1 . g 24 = cD cD galax =i
formation processes: S i SO
S Galaxy disk Ps . (o) |
. L e Tes B g *
1. Core ellipticals: mergers with binary « Globular cluster .
SMBHSs scouring 2 |- L | zlo L1 T T T
2. Power-law ellipticals: mergers Absolute Blue Magnitude
3. Spheroidals : d_|SC galaxies Eli]fg?:?,%;f%;?’1‘3‘33%2333)‘255’ rfnfg';ldﬁhl““ Zﬁ}fi%“ﬁ%il’,’ "dgl:bl“f‘f%l>k£hh';ht"]‘rf Egﬁt“di;gby'th"},iﬁz:ip: m“‘,é“(fd
transformed by environment from Binggeli (1994) but with the dichotomy between “core” and “power.law” ellipticals—i.., the discontinuity in E points at Mp ~ —20.5—added from Faber
et al. (1997). M 32 is one of the lowest-luminosi e ellipticals; the arrow points from the maximum surface brightness observed at a distance of 0.8 Mpc to the
an d fe ed b aCk léwer(limgit )that would be obs;rved if tltle galaxy \%}e::;u movegtto thetVirgo cluslier. ;vl 32 re;embles the faintest ellipt%czils in Virgo. Thetdistril;ution of Sph aﬁd tS+tlm

galaxies is disjoint from that of ellipticals. Sph and S+Im galaxies have similar global parameters at low luminosities, but the most luminous spheroidals “peel off” of
the distribution of late-type galaxies toward higher surface brightness. Spheroidals with Mp < —18 are rare, so the degree to which the Sph sequence approaches the
E sequence is poorly known (see the question mark). Note: Binggeli (1994) and some other authors call spheroidal galaxies “dwarf ellipticals” (dEs). We do not do

M ore I aterl this, because correlations like those in this figure and in Figures 34-38 and 41, as well as the considerations discussed in Sections 2.1 and 8, persuade us that they are
not small ellipticals but rather are physically related to late-type galaxies.
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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.

25 40 45



The Different Bulge Families
THE CLASSICAL BULGE

U More or less spheroidal

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

U Kinematically hot, i.e., dynamically supported by stellar velocity dispersion
does rotate!)

:

U Presumably built in violent events, inducing fast bursts of star formation if gas is
available: mergers or clump coalescence

R (but it



The Different Bulge Families
THE NUCLEAR DISC

U Maycontainsub -structures such as nucl ear bars, spi
U May show signs of dust obscuration, young stellar populations or ongoing star

formation
U Kinematically colder, i.e., dynamically supported by rotation of its stars Vot

U Built mostly via bar  -driven gas inflow

Nuclear discs have been called
seudobulges 6, dikki s c
bul gaisc) bubgesd ¢
0 d I-likecpseudobulges 60 but
they are discs.




The Fundamental Plane

Effective radius vs. effective intensity vs. velocity dispersion



The Fundamental Plane

I Tic ol 1, 0 (@ o

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

i

R are both brighter (the Faber  -Jackson relation) and larger (the D,-Rrelation). 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-Rrelation and the Kormendy relation are projections
of the Fundamental Plane.
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Mo+2010: Fig. 2.18

Fig. 2.18. The fundamental plane of elliptical galaxies in the log R.-log 6y-(Ul)e space (0p is the central
velocity dispersion, and (U )e is the mean surface brightness within R. expressed in magnitudes per square
arcsecond). [Plot kindly provided by R. Saglia, based on data published in Saglia et al. (1997) and Wegner

et al. (1999)]



The Fundamental Plane
I Tic ol 1, 0 (@ o

U From the Virial Theorem:
twice the mean kinetic

Absolute value of the mean : "OU ) " energy per unit mass
potential energy per unit mass "Y)
We canalsowrite 'Y "Q(Yyand, Q{0 ), where 'Q and "Q describe, respectively, the
density profile and orbital structure of the galaxy. Given that:
b (oY

We can write the top equation as:

Mo+2010: Sect. 13.4



The Fundamental Plane
I Tic ol 1, 0 (@ o

(3
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( Q

where i _—

Mo+2010: Sect. 13.4



The Fundamental Plane
I Tic ol 1, 0 (@ o
If elliptical galaxies are homologous, i.e., have self -similar density and orbital distributions,

then 1 Is the same for all ellipticals. If, in addition, all ellipticals have the same (—) then
the FP can be written as:

1 Ti¢c ¢l 1,C 1 Q.
le, ® ¢, ® pand @ T If the observed values are different, then it means that (—)
and/or i have power -law dependence on (O, , and/or 1 . Deviations from the virial
predictions are called the o6tiltd of the fundar

Mo+2010: Sect. 13.4



The Fundamental Plane

I Tic ol 1, 0 Q9 o

The FP using nearly 9000 SDSS galaxies
In four different bands (Bernardi+2003 ).

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

I TiCc p®l 1,C & d Q.

So the FP i s i ndeed o6t.I

@ p8& w T8 uinstead of 2, and @
X v T8t pinstead of -1.

In the K band [where (0 / 0) effects are
minimised], Pahre+1998 find  «@ p& cand
W T wSo (L /D) effects seem small.

Log,, 0 + 0.20 (j, — 19.61) Log,y ¢ + 0.20 (p, — 19.24)

F1G. 1.—FP in the four SDSS bands. Coeflicients shown are those that minimize the scatter orthogonal to the plane, as determined by the maximum
likelihood method. Surface brightnesses have been corrected for evolution.



The Fundamental Plane
I Tic ol 1, 0 (@ o
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.

(—) 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
I Tic ol 1, 0 (@ o

Even with the o0tiltd, the exi s tomstaacofgalbxiesbeihg g ht
randomly distributed in the 1 -, - (O space 0 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 variationin 0 70 is limited)

And what does the o6ti Il td teach u
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Fic. 1.—FP relation produced by the merging of dissipationless disk galaxy
models appropriate for redshifts z = 0 (black), z = 2 (red), z = 3 (blue), and

z = 6 (green) on nearly radial, parabolic orbits. All models include dark matter

halos. The dissipationless merging of pure disk models ( filled triangles) and
disk models with bulges ( filled circles) produce similar FP relations nearly
parallel to the plane defined by the virial relation. Increasing the angular mo-
mentum of the orbit by lengthening the pericentric passage distance of the orbit
produces an offset in the FP by increasing the effective radius of the remnants
(open circles), but the systems still obtain an FP scaling similar to the virial plane.
Select higher resolution runs closely follow the FP delineated by their lower res-
olution counterparts (open diamonds). For comparison, the best least-squares fit to
the FP of pure disk merger remnants is plotted (dotted line). Also shown is the mean
deviation induced by line-of-sight variations in projected quantities for a given
remnant (detached error bars).
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Fic. 3.—FP relation produced by the merging of gas-rich disk galaxies with
dark matter halos, star formation and supernova feedback. Shown are remnants
produced by mergers appropriate for redshifts z = 0 (black circles), z = 2 (red
diamonds), z = 3 (blue triangles), and z = 6 ( green squares) with nearly radial,
parabolic orbits. The dissipational merging of pure disk models produces an FP
nearly parallel to the observed infrared FP (Pahre et al. 1998b) and is almost
independent of the redshift scalings of the progenitor systems. For comparison,

the best least-squares fit to the FP delineated by the remnants is plotted (solid for m atl on and evo | utl on.

line). Also shown is the mean deviation induced by line-of-sight variations in

projected quantities for a given remnant (detached error bars).
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Robertson+2006 find that
dissipation -less mergers produce
an FP that matches the Virial
prediction:

® c8irand @ P3P

By adding gas to the mergers, they
find a tilted FP relation close to the
observed values:
@ pdYand ® T T
Dissipation and star formation in

less massive systems thus plays a
fundamental role in galaxy



The Fundamental Plane
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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 (—) if there is no

additional star formation, contributing
to the oO0tilto.

Figure 5. Ratio of dark matter mass to total mass interior to radius r as a
function of r for initial condition (solid curve) and remnant system (dashed
curve) for simulation M20 (compressed halo; upper curves), M10 (com-
pressed halo; middle curves) and M20u (uncompressed halo; lower curves).
The symbols mark the effective radius R, for the given simulation. In each
case, the fraction of dark matter interior to R increases after the merger.



The Fundamental Plane
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FiG. 2.—Remnant gas energy in units of keV per proton as measured
500 Myr after the merger between two disk galaxies plotted as a function of
the orbital pericentric distance R,.,; divided by the original disk scale length
R,. Open circles are the progenitor disk galaxy 5 x MW, the largest progenitor
disk galaxy; filled squares are MW disks; the asterisks are Dwarfl; and the
filled triangles are Dwarf2. Solid lines are fits to the data using eq. (4) and
described in the text.

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

d and for more radial

orbits (due to the stronger impact).

The heated gas is observed as X

massive ellipticals.

-ray haloes in

d



X-Ray Haloes

NGC0383

NGCO410

NGCO741

Goulding+2016

F1G. 2.— 4x4 arc-minute cutouts of the MASSIVE galaxies with publicly available archival Chandra X-ray observations performed with
the ACIS instrument. Left column shows the optical i-band SDSS DR12 Atlas image, logarithmic X-ray contours are overlaid in solid blue.
g-band PANSTARRS images are shown for NGC 708, 1600, 2340, 6482, 7052, 7265 and 7618 as they do not fall within the SDSS survey
footprint. The logarithm of the adaptively-smoothed, vignetting and exposure-corrected Chandra ACIS-S (NGC 1129: ACIS-I) images are
shown to the right of the optical images. Dashed circles represent one effective radius derived from optical and near-infrared imaging.



What have we learned?

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

1. Elliptical galaxies (and maybe the most massive d 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 1 Space

Bender+1992 have proposed a quasi  -orthogonal combination of Y, , and (O thatis
particularly useful:

k1 = (log oy +1ogRe) /V2,
K) = (log Gg +2log(l)e —logRe) /\/6,

K3 = (log Gg —log(l)e —logRe) /\/g,

1, is proportionalto logmass (1 1,CY), 1 is a measure of ( 0/ 0) 8 because it is proportional
tol 1 & and 1, is proportionalto 1 1| ((;—) ('O toensure quasi -orthogonality.
The 1 ;-1 , projection is very close to a face -on projection of the FP, while the T ;-1 5 projection

IS nearly an edge -on projection of the FP.



The 1 Space
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- 1 Elliptical galaxies in the Virgo and Coma cluster
— 4 inthe 1 space (Bender+1992).
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i ce X x:&;f . T FiG. 1.—The distribution of elliptical galaxies in the Virgo Cluster and the
i T o 1 Coma Cluster in the 3-space of the basic global parameters: central velocity
i " e 7 dispersion (6?), surface brightness [log I, = —0.4(SB, — 27)], and effective
3 B T oxx | radius r,. The coordinate system (k,, k,, k) has been chosen to emphasize the
i x | fundamental plane while retaining physically meaningful variables: x, oc log
i x | M, k, oclog (M/L)I? and x5 oc log M/L. (a) Upper panel: the edge-on view of
o e e b e ey | the plane occupied by Virgo (closed boxes) and Coma (crosses) ellipticals. The
2 3 4 5 fundamental plane defined by the Virgo galaxies (k3 = 0.15 x, + 0.36) is

shown by the straight line. (b) Lower panel : nearly face-on view of the plane.
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The 1 Space

Elliptical galaxies and different bulge families in the |

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.

dissipation

merger

Figure 16. Elliptical galaxies, classical bulges and pseudo-bulges in the «-
space formulation of the fundamental plane (FP). The top three panels show
the edge-on view of the FP, «3 plotted against «1, while the bottom panel
shows its nearly face-on view, k, plotted against « . Barred and unbarred
galaxies are also indicated. In the top panels, the solid line is a fit to our
ellipticals, while the dashed line is the fit obtained by Bernardi et al. (2003b)
for nearly 9000 early-type galaxies. The dashed line in the bottom panel
shows the limit of the zone of avoidance. The arrows indicate how some
important physical parameters vary across the FP. Bigger, white-filled circles
represent systems with 0.5 < b/a < 0.7, with similar colour coding.



the H -band FP of Pierini+2002

The 1 Space

The locus occupied by the less massive bulges is the same as pure disc systems, as seen in
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The Colour -Magnitude Relation

Colour vs. luminosity or absolute magnitude



The Colour -Magnitude Relation
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Groups and Clusters

Including Virgo
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VC26 at Virgo from Photometric Parallax

FiG. 7.—Composite C-M diagram for all galaxies in the sample, shifted to the Virgo cluster distance by magnitude differences
calculated from the photometric parallaxes. Galaxies of E and SO types are shown with different symbols. The ridge line is the
Virgo cluster solution of Fig. 3. Boundary lines are at +2 ¢ in the color residuals.



The Colour -Magnitude Relation

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.
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Fig. 2.27. The probability density of galaxy colors (left) and the color-magnitude relation (right) of

~ 365,000 galaxies in the SDSS. Each galaxy has been weighted by 1/Vpax to correct for Malmquist

bias. Note the pronounced bimodality in the color distribution, and the presence of both a red sequence and ]

a blue sequence 1n the color—magnitude relation. Mo+2010: Flg 2.27
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The Colour -Magnitude Relation
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The Colour -Magnitude Relation

U Bell+2004 show thatthe  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.



