
Lecture 7: Scaling relations
and their evolution, continued

Now let’s think about the evolution of the
FP. If the mass of a stellar population doesn’t
change with redshift, then

L ∝ 1/(t− tform)κ,

where tform is the time at which the popu-
lation was formed (measured from the Big
Bang). Roughly speaking, κ = 1.3 − 0.3x,
where x is the slope of the IMF (Tinsley
1980; van Dokkum & Franx 1996), although
it depends on the passband of L and the
metallicity of the population; in the V band,
κ ≈ 0.6–1.

The evolution of the zeropoint of the FP can
then be written

lnM/L(z) = lnM/L(0)− κ(1 + q0 + z−1
form)z

(1)
when q0 ≈ 0 and z ¿ 1. Remember, this
only applies when the mass of the population
doesn’t change, so mergers will disturb this
relation.
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Kelson et al. (1997) find for four clusters at

z < 0.6:

Solid lines in the left panels are the relation

for Coma from JFK95; note the systematic

evolution of the cluster points as a function

of redshift. In the right panel, solid lines rep-

resent zform = ∞ for a range of plausible

IMFs and Ω0 = Ωm = 0.1; dashed lines rep-

resent zform = 1 for a range of IMFs and the

same cosmology.
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van Dokkum has extended this kind of analy-

sis to higher redshifts and also to more com-

plicated models. In van Dokkum & Stan-

ford (2003), the evolution of the FP out to

z ≈ 1.3 is determined from a number of clus-

ter galaxies:

Evolution of the FP of cluster galaxies (left) and those with M >
1011 M¯ (right). Model curves in the right panel are for different
zform (dashed lines) assuming a Salpeter IMF and Ωm = 0.3,
ΩΛ = 0.7. The solid line assumes zform = 2 on average but that
higher-z galaxies form earlier.
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van Dokkum & Franx (2001) attempted to

implement slightly more realistic models that

included extended star formation events in

the galaxies that make up the FP. They as-

sume that each early-type galaxy is made

from progenitors that have had ongoing star

formation which is then halted by the merger

that results in the final galaxy. Their models

showed that such “morphological evolution”

could keep the FP tight even over significant

redshifts and evolve much like stellar popu-

lations with zform = ∞, even if the “true”

〈zform〉 ∼ 2.
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This is because at any redshift, the galaxies

making up the FP have formed their stars

several Gyr earlier, because young galaxies

at low-redshift are not in the FP at slightly

higher redshift.

“Morphological evolution” models of van Dokkum & Franx (2001).
Dotted lines in panel (c) represent the evolution of the (late-type)
progenitors of the early-type galaxies (solid lines).
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This has the desired side effect of conspiring

to keep the CMR of the cluster galaxies tight

at any redshift:

The evolution of the FP, CMR, and morphological types of clus-
ter galaxies to z ≈ 0.9 from van Dokkum & Franx (2001). Solid
lines require the progenitors of the early-type galaxies to have
had constant star formation rates before the mergers; dashed
lines require a declining star formation rate in the progenitors.
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The evolution of the FP in field early-type

galaxies has been probed by a number of

workers. The most complete sample to date

(and that measured in a way most similar to

the cluster studies) is by Treu et al. (2002),

who measured the FP parameters for 30 early-

type galaxies out to z ≈ 0.7.
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Evolution of (binned) field galaxies from Treu et al. (2002).
Squares in the lower panel are cluster means from the van Dokkum-
Kelson survey.
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Treu et al. therefore find that field early-type

galaxies appear to have formed much more

recently (zform = 1) than cluster early-types.

We’ll return to this somewhat surprising find-

ing a little later.

There are some remaining problems, how-

ever.

• The evolution of the masses independent

from the luminosities of the early-type

galaxies is unknown and hard to deter-

mine, as the evolution of the FP zero-

points measures ∆ lnM/L. This is being

solved for field galaxies by probing the

masses using (strong) gravitational lens-

ing (Rusin et al. 2003), but there is a

degeneracy in the masses derived from

lensing without detailed knowledge of the

mass distributions in the galaxies (Treu &

Koopmans 2002).
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• The FP of only one cluster at each red-

shift above z ≈ 0 has been measured so

far. This will hopefully change in the near

future (I’m trying to do this), but so far

this limits the believability of the evolu-

tionary constraints on galaxies from the

FP. The situation is a little but not much

better for field galaxies, but the compar-

ison stellar population data does not yet

exist.

• The evolution of the projections of the

FP, like the Kormendy relation (Zeigler

et al. 1999), are even harder to interpret

than the evolution of the FP, because

M/L is evolves more like age than surface

brightness or luminosity, which depend on

metallicity more strongly than age.
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The Tully-Fisher relation

As we discussed in earlier lectures, there ex-

ists an empirical correlation between galaxy

luminosity and rotational velocity. This was

discovered in the mid-1970’s by Tully & Fisher

(1977), who found that the H I linewidths of

spiral galaxies are linearly related to the ab-

solute magnitude of the galaxies:

The Tully-Fisher relation for Local Group, M82 group, and Virgo
spirals, from Tully & Fisher (1977).
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Because of the obvious usefulness of the TF

relation as a distance indicator, many, many

people have used it for that purpose. How-

ever, given that it is apparently a universal re-

lation, its usefulness for studying galaxy for-

mation and evolution was quickly recognized.

But first we should examine the TF relation

more carefully and understand a few of its

systematics.
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Verheijen (2001) has used the UMa cluster

sample of spiral galaxies to study the TF rela-

tion using different optical and infrared wave-

bands (BRIK′), different H I velocity mea-

sures (W , Vmax, Vflat), and different samples:

2 2.52 2.5

-16

-18

-20

-22

-24

2 2.5 2 2.5 2 2.5

2 2.52 2.5

-16

-18

-20

-22

-24

2 2.5 2 2.5 2 2.5

2 2.52 2.5

-16

-18

-20

-22

-24

2 2.5 2 2.5 2 2.5

12



The basic conclusions from this study:

• For galaxy formation studies, use K′ and
Vflat (for distance measurements, use R
and W )

– In the B band, varying stellar popula-
tions along the Hubble sequence affect
the TF relation:

Note that type, color, (MHI/LK′), and
surface brightness all correlate with the
residuals from the TF.
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• To correct for the varying gas-to-dust ra-

tio as a function of mass, one can make a

“baryonic” TF relation (cf. McGaugh et

al. 2000) by adding “extra” K′ luminosity

using (Mgas/LK′) = 1.6.
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This TF has a slope of −10.0, so we find

Vflat ∝ L4.0
K′ (baryonic),

the “classic” TF relation.
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• Finally, Vmax is not useful for TF stud-

ies for any purpose. The scatter is large

and the slopes are too shallow compared

to the underlying mass-velocity relation-

ship (as traced by Vflat–K′). This means

Hα rotation curves, which never reach far

enough into the halo to measure Vflat, are

problematic for TF studies.

Unfortunately, Hα or [O II] rotation curves

are the only way to determine the evolu-

tion of the TF relation out to high red-

shifts. Currently, H I widths can only be

measured out to z ≈ 0.2, while optical

TF studies have gone out to z ≈ 1.
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With those cautions in mind, let’s examine

the evolution of the TF relation out to z ∼ 1.

The largest samples so far are from Vogt et

al. (1996, 1997), Simard & Pritchet (1988)

and Ziegler et al. (2002). We’ve already seen

the results from Vogt et al.:
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Notice that these data almost never reach a

“flat” rotation curve, as Verheijen predicted.
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So here’s the Vogt et al. (1997) TF relation

for 16 galaxies:

The dashed line is offset of the high-redshift

data from the local TF relation, based on

W (H I) and R, assuming the same slope as

the local relation, assuming H0 = 75kms−1 Mpc−1

and Ω0 = Ωm = 0.1. With these assump-

tions, Vogt et al. find an offset of ∆MB ∼< 0.4

mag.
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Ziegler et al. (2002) observed 60 spiral galax-

ies out to z ∼ 1 and found a very different

answer:

Large points correspond to the distant galax-

ies, coded by morphological type. The shal-

low lines are a fit to the high-redshift data;

the steeper lines are a fit to the local data

from Haynes et al. (1999).
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Clearly the evolution of the TF in the Ziegler

et al. sample depends on the mass! Ziegler

et al. find that the TF relation for galax-

ies with Vmax ∼> 150kms−1 does not evolve

signficantly but that the relation for lower

mass galaxies evolves by as much as 2 mag

in MB. They claim that the Vogt et al. evolu-

tion comes from fixing the slope of the high-

z sample to that of the local galaxies. In-

stead, it’s apparently the slope that evolves.

It seems that these studies have just begun,

so we’ll have to stay tuned...
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The Mg–σ relation

There is a fourth scaling relation to discuss,
the Mg–σ relation. We will discuss the phys-
ical basis of this relation a bit later, but here
let us discuss the appearance of the relation
locally and its evolution.

The Mg–σ relation was first explicitly dis-
cussed by Dressler et al. (1997), but the
roots of the problem extend back to the late
1960’s. Dressler et al. found the following
relation:

Mg2 = 0.186 logσ − 0.129

20



We can probe this relation in different en-

vironments, as was done by Bernardi et al.

(1998):
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Apparently the Mg-σ relation doesn’t change

with environment—even the scatter is simi-

lar.
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The fact that this relation is distance-inde-

pendent, unlike any of the other scaling re-

lations we’ve discussed, and the tightness of

this relation locally, suggests that it would

be a good relation to probe the evolution of

galaxies. Ziegler, Bender, and their collabo-

rators have done this:

The Mgb–σ relation at z = 0.37 from Ziegler & Bender (1997).
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Ziegler & Bender (1997) interpret this (slight)

evolution as being due solely to age. There-

fore they claim that the most massive ellip-

ticals at z = 0.37 have formed their stars

at very high redshift, because they evolve so

little between z = 0.37 and z = 0 (today).

The first clue that age might play a signif-

icant role in Mg2 along with metallicity at

fixed redshift (i.e., in the local Universe),

thus disturbing this simple interpretation was

found by Schweizer et al. (1990), who mea-

sured the residuals from the Mg2–MB rela-

tion and compared them with a measure of

the amount of morphological peculiarity:
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The problem is that the Mg–σ relation de-

pends on both age and metallicity of the stel-

lar population because of the age–metallicity

degeneracy, as we saw earlier (and we’ll see

again!). So a simple evolutionary test based

on the evolution of solely the Mg–σ relation

doesn’t account for evolution of the masses.

Also, the evolution of Mgb (or Mg2) at high

metallicities will be different than its evolu-

tion at low metallicities, because of the dif-

ferent evolution rates of stellar populations

with metallicity.
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We’ll conclude this lecture with an attempt

to understand the stellar populations of early-

type galaxies using a combination of scal-

ing relations. Colless et al. (1999) used the

residuals of galaxies from both the FP and

the Mgb–σ relation to show that early-type

galaxies in clusters had dispersions in their

ages and metallicities that are correlated:

This implies that residuals from these scal-

ing relations are powerful tools themselves

for understand the histories of galaxies.
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