Properties of Elliptical Galaxies

The rst step in investigating the evolution of galaxies is to under-
stand the properties of those galaxies today. We'll start wth the
elliptical galaxies, which are basically very old stellar pppulations,
with little evidence of recent star formation. We can summairze
their properties as follows:



In general, elliptical galaxies, as projected on the sky, heae com-
plete 2-dimensional symmetry. The question of whether thes ob-
jects are symmetric in practice, or are tri-axial is open (though
dynamical modeling suggests that triaxiality can only last for a
short time). Some ellipticals have \ ne structure," such as very
weak ripples, shells, and boxy (not elliptical) isophotes.These sig-
natures are weak, but real. In general, those ellipticals wh ne
structure are slightly bluer than equivalent galaxies without ne
structure. Disky ellipticals also have more rotation than boxy el-
lipticals; the latter have very low values of v= .

[Schweizer & Seitzer 1992.J. 104, 1039]



Ellipticals range in attening from EO (round) to E7. No el-
liptical is atter than E7. The data are not consistent with the
hypothesis that all ellipticals are E7 and appear rounder bythe
e ects of random viewing angles. Most likely there is a spred of
attenings centered around E3, or thereabouts. Their atte ning is
also inconsistent with the idea of rotational support { rotation is
unimportant in most systems.

[Sandage, Freeman, & Stokes 1978p.J., 160, 831]



There is little or no star formation in elliptical galaxies. However,
the spectral energy distribution of some ellipticals turnsup in the
ultraviolet. (In other words, since elliptical galaxies are made up of
old stars, the composite spectrum of an elliptical should lok like
that of a 4;000 K star. However, many ellipticals are brighter
at 1500 A than they are at 2000 A.)

[Bursteinet al. 1988,Ap.J., 328, 440]



There is very little cold interstellar medium in elliptical galaxies.
However, there is x-ray gas at a temperature of aboufl  10° K.
One can easily see where this gas comes from. The stars in an
elliptical galaxy must be losing mass. |If the stars are movig
isotropically at 200 km s 1, then the atoms of lost material,
if thermalized, will have a temperature of

%mH 2 ng =) T 10° degrees K (601)



Most ellipticals have weak radial color gradients: they areredder
on the inside than they are on the outside. This may be due to ag
(older stars have a redder turn-o mass), or metallicity (metal-rich
stars are intrinsically redder than their metal-poor counterparts,
due to the e ects of H opacity and the line-blanketing of metals).

[Peletieret al. 1990,A.J., 100, 1091]



There appears to be a correlation between the mass of an elligal
galaxy (or the bulge of a spiral galaxy) and its central black hole.

[Ferrarese & Merritt 2000Ap.J. (Letters), 539, L9]
[Gebhardt,et al. 2000,Ap.J. (Letters), 539, L13]



The Elliptical Galaxy Fundamental Plane

Elliptical galaxies populate a \fundamental plane" in lumi nosity-
surface brightness-velocity dispersion space. At rst glace, the
physics underlying this plane is easy to understand.

If you assume the stars of an elliptical galaxy are in virial euilib-
rium, then their typical velocity dispersion will be

M
2 :
/ = (6:02)
Now let's assume that all elliptical galaxies have the same rass-to-
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This is called the Faber-Jackson relation The velocity dispersion,
Is usually measured near the galactic nucleus, where the gaty
is brightest (and a high signal-to-noise spectrum is obtaimable).

[Faber & JacksonAp.J., 204, 668]



Of course, all galaxies do not have the same surface brightse. So
if you take | = L=R? and substitute that into the virial theorum
(keeping the mass-to-light ratio assumption), then a relaion be-
tween luminosity, surface brightness, and velocity dispesion is the
natural consequencej.e.,

L/ 41 (6:04)

Observations of real ellipticals show that whenL is the total B-
band luminosity of the galaxy, is the central velocity dispersion,
and | is the galaxy surface brightness measured at a radius that
contains 1/2 the total light from the galaxy ( Re), the coe cients
in (11.03) are not4 and 1, but2.7and 0:7. This is the elliptical
galaxy fundamental plane.

Note that (4.04) can be simplied. Dimensionally speaking, lu-
minosity divided by surface brightness L =I) has the units of size
squared. Thus, one group (who called themselves the Seven8a-
rai) combined the two variables, and took the square root, trereby
creating a new characteristic size variableD,. (Their speci c def-
inition for D, was that of a circular aperture that enclosed a mean
blue surface brightness of 20.75 mag arcse€, but other de ni-
tions are possible.) The best t to the authors' (very large) dataset
yielded

D,/ 12 (6:05)

Thus, the Dy relation is actually just the optimal projection
of the fundamental plane into a single dimension.



[Dressleret al. 1987,Ap. J., 313, 42]
[Bernardiet al. 2002,A.J., 123, 2159]



The elliptical galaxy fundamental plane is one of the least acurate
of the reliable extragalactic standard candles { it's scatter can be
up to 20%. In part, this may be caused by its reliance on the
galaxy's central velocity dispersion, which may be a ectedby local
conditions. However, since elliptical galaxies are foundn clusters,
one usually improves the distance estimates by er@lyzing mitiple
galaxies, and beating the dispersion down by by N.

Interestingly, the fundamental plane is not just a relation between
luminosity, size, and velocity dispersion. The relationshp is re-
ected in many other variables. For example,

Elliptical galaxy luminosity correlates with color. Large ellipti-
cals are redder than small ellipticals.

Elliptical galaxy luminosities (or velocity dispersions) correlate
with absorption line strength. Bright, redder galaxies have stronger
absorption features.

Elliptical galaxy absorption features correlate with the UV up-
turn. Galaxies with strong absorption features have larger UV
excesses.

Elliptical galaxy UV excess correlates with the number of phne-
tary nebulae in the galaxy. Galaxies with large UV excessesdve,
relatively speaking, fewer planetary nebulae.

Any of the above variables can be substituted in for the othes to
form a tight correlation of properties. The existence of thefunda-
mental plane argues strongly that elliptical galaxies, as aclass, are
very homogeneous in their properties.



[Visvanathan & Sandage 197Ap.J., 216, 214]



[Bender, Burstein, & Faber 1993p.J., 411, 153]



[Bursteinet al. 1988,Ap.J., 328, 440]



Elliptical Galaxy Surface Brightness Pro les

There are several ways to approximate the observed luminosi
pro le of elliptical galaxies. Let R be the projected radius of the
galaxy, r the true space, radius,l (R) the observed surface bright-
ness, andj (r) the actual luminosity as a function of true space
radius. (Remember, the light you see at a distanceR is the sum
of the line-of-sight through the galaxy.)



THE HUBBLE LAW

[Reynolds 1913MNRAS, 74, 132]
[Hubble 1930 Ap.J., 71, 231]

The original description of an elliptical galaxy's surfacebrightness
was

_ lo .
I(R) = Roas D)’ (6:06)

or, in terms of magnitudes
R
m(R) = mg +5log 2 +1 (6:07)

where a is the galaxy's characteristic radius. This law had the
advantage that it was simple and, at large radii, it resembla an
isothermal sphere. However, it implies a non-analytic formfor the
true space density,j . Also, the total luminosity of the galaxy is
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L= 2R > dR
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THE DE VAUCOULEURS LAW

[de Vaucouleurs 195% andbuch der Physik
[Young 1976,A.J., 81, 807]

The most famous description of an elliptical galaxy is the deVau-
couleur R¥™4-law. According to the law, the surface brightness, in
terms of magnitudes

mgr = a+ bR¥ (6:09)

Most times, a and b are not quoted: instead, one parameterizes
the galaxy in terms of the e ective radius, Re, and the surface

brightness (in magnitudes) at Re. Re is de ned as the observed
radius of the galaxy which encloses half the total light. To rlate

a and bto R and m¢, one starts with

m=a+ bR"™ m¢=a+ bR™ (6:10)

and di erences these two equations
n 0 n ) 0
m me=b R¥™ RF =bR™ (R=R.)™ 1 (6:11)

or |

b 1=4 n B O
log(I=l ¢) = % (R=R)*™ 1 (6:12)
SinceR¢ by de nition encloses half the light
Z . Z . _
L(Re) = 2R 1(R)dR = 2R C 10 %4@rbR™Hgp
0 0
(6:13)
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=0:5 (6:14)



where C is the zero-point constant for the magnitude system. A

(numerical) solution to this equation yields bRs * = 8:327. If one
then substitutes this back in (4.12), one then gets the altenative
form of the de Vaucouleurs law

( )

log I = 3:33071 RE 1 (6:15)

I e e
where a and b are related to R and me via

8:327 4
Re = 5 me = a+ 8:327 (6.16)



The advantages of the de Vaucouleurs law is that it is simple ifh
terms of magnitudes) and delivers total galactic luminosity that is
nite and reasonable. Speci cally, the expression for totd lumi-

nosity Z,

L = 2R 10704(C a bR™HgR (6:17)
0

has the form Z .

L/ x’e ¥dx (6:18)
0

and has the analytic solution

|
Lt =10 %4C @) 8 - (6:19)
(0:4In(10)b)
or
mr = me 3:388 5IlogRe (6:20)

The proof, which involves integrating by parts 7 times, is Idt to
the ambitious student.

The disadvantages of the de Vaucouleurs law is that the space
density (and galactic potential) implied by the law is non-analytic,
So it is not convenient for modeling e orts.



THE JAFFE AND HERNQUIST LAWS

[Ja e 1983, MNRAS, 202, 995]
[Hernquist 1990 Ap.J., 356, 359]

There are two other laws that are used to model the luminosity
pro le of elliptical galaxies, the Ja e law

L Lr; :

1= 7 2+ 1) (6:21)
and the Hernquist model

. L a _

=3 (r+ a)? (6:22)

Note the di erent variables. The Hubble and de Vaucouleurs bws
were observationally de ned, henceR is the projected radius of the
galaxy (observed on the sky) and the observed surface brightness.
For the Ja e and Hernquist models, r is a 3-dimensional radius,
andj aluminosity density (energy per volume, instead of per area
In above equations,r; and a are the free parameters that de ne
the t. For the Jae model, r; is the space radius that contains
half the light, and R, = 0:763 ;; for the Hernquist model, a is the
radius that contains one-quarter of the light, with Re = 1:8153.
Both these laws have many useful analytic relations; the fdbwing
appendix describes their properties.
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les of NGC 3379. The small triangles are the actual measurerants
of the galaxy.



Properties of Spiral Galaxies

The properties of spiral galaxies can be summarized as folis:

Classically speaking, most spiral galaxies can be de-comped
into an elliptical galaxy-like bulge, and an exponential law disk. In
other words, in the absense of a bulge, the surface brightnesof a
spiral galaxy is simply

= e T (7:01)
lo

where | is the galaxy's central surface brightness in units of ergs-
cm 2-s l-arcsec ? and rq is the scale length of the exponential.
However, not all spiral galaxies have a bulge, and in some gakies
(such as M31), a de-composition into a de-Vaucouleur bulge Ips
an exponential disk does not work very well. Another model ofa
spiral galaxy consists of an exponential \thin disk" plus a \thick
disk" that may (or may not) be an extension of the thin disk, and
may (or may not) be an extension of the bulge.

Although the surface brightness of a disk declines exponeriilly,
the e-folding scale length is generally not the scale lengtijou mea-
sure in the optical. The amount of internal extinction also declines
with radius, e ectively attening the brightness distribu tion of the
disk. (The e ect is greater in high-inclination galaxies, where the
total amount of extinction is greatest.)



[Giovanelliet al. 1994,A.J., 107, 2036]



The stellar density perpendicular to the disk of a galaxy canalso
be parameterized as an exponential. However, the verticalcale
length di ers for di erent types of stars. Below are some rough
vertical scale lengths for stars in solar neighborhood:

Object Scale Length (pc)
O stars 50
Cepheids 50
B stars 60
Open Clusters 80
Interstellar Medium 120
A stars 120
F stars 190
Planetary Nebulae 260
G Main Sequence Stars 340
K Main Sequence Stars 350
White Dwarfs 400

RR Lyr Stars 2000




For a long time, it was thought that the central surface brightness
of spiral disks was approximatelyB  21:65 0:3 mag arcsec?)
for all galaxies; this was known as the Freeman law. But, withthe
advent of CCDs, this was discovered to be a selection e ect {ti
IS easy to identify high surface brightness objects than lowsurface
brightness objects. While the central surface brightness ospiral
disks seldom get brighter thanB  21:7, the distribution of fainter
central surface brightnesses is roughly at.



[Freeman 1970Ap.J., 160, 811]
[Boroson 1981 Ap.J.Supp., 46, 177]
[McGaugh 1996 MNRAS, 280, 337]



Bright spirals are more metal rich than faint spirals. Similarly,
early-type (Sa, Sb) spirals are, in general, more metal-ric than
equivalent late-type (Sc, Sd) spirals.

[Roberts & Haynes 1994A.R.A.A., 32, 115]



Most spirals have radial metallicity gradients. The gradients
appear to be shallower in early-type systems, but are still pesent.

[Zaritsky, Kennicutt, & Huchra 1994Ap.J., 420, 87]



Spiral galaxies typically have \ at" rotation curves, that do not
decline with radius. This suggests that the dominant sourceof
matter in the galaxy is in the form of an isothermal halo. To see
this, consider that for circular orbits,

GM (r) _ v?
= —= 7:02
) . (7:02)

Now at large radii, even non-singular isothermal spheres ftow an
/ r 2 density law. In that case, the mass contained within
within a radius R is

Z R Z R
M(R)=  4r2 (r)dr=  4r zr_gdr:4 oR  (7:03)
0 0
Thus,
G(4 oR) _ V2 )
= (7:04)
or B
Ve=(4 G o) (7:05)

In other words, a at rotation law.

Of course, spiral disks do contain some mass, and, in the inne
parts of spirals, measured mass to light ratios are consisteg with
little, if any dark matter. At larger radii, the disk-mass de clines
and the halo mass increases just enough to keep the rotatiorucve
at. Thus, there appears to be a \disk-halo conspiracy.”



[van Albadaet al. 1985,Ap.J., 295, 305]



There is a tight relation (< 20%) between a spiral galaxy's rota-
tion rate and its total luminosity. For circular orbits,

GMm _ mvZi. = M ) _
e rc'“‘ =) r_2/ Y (7:06)
The luminosity-line width (or Tully-Fisher relation) says that
L/ V@ (7:07)

where a depends on the bandpass of the observations. (For the
B-band,a 2:9, but for the infrared (where internal extinction is

unimportant), the exponentis  3:5. Obviously, the two equations
put together imply that

L/

M a=2
- (7:08)

[Tully & Pierce 2000,Ap. J., 533, 744]



Properties of Dwarf Galaxies
[Mateo 1998 ,A.R.A.A., 36, 435]

Dwarf galaxies have very di erent properties from either spral or
elliptical galaxies. Normally, dwarf galaxies are de ned & objects
with absolute B magnitudes fainter than 16. There are three
types of dwarf galaxies: dwarf ellipticals (dE), dwarf spheoidals
(dSph), and dwarf irregulars (dl). Unfortunately, astrono mers are
very sloppy in their terminology, so it is sometimes hard to under
stand which type is being talked about.

Dwarf Ellipticals  are the low luminosity extension of normal gi-
ant elliptical galaxies; they obey the same relation as thai larger
counterparts. An example of a dwarf elliptical is M32. (Actually,
M32 is more compact than a normal elliptical, since it has ben
tidally stripped of its outer stars by M31.)

Dwarf Spheroidals are gas-poor, di use systems whose density
pro le is closer to an exponential disk than an r*# law. These
objects do not fall on the elliptical galaxy fundamental plane, and,
in the Morgan classi cation scheme, would be given the lette \D

" instead of \E". Examples are NGC 147 and the Leo | dwarf.

Dwarf Irregulars  are low-luminosity extensions to spiral galaxies.
In general, these objects are brighter than the dSph galaxie since
they have active star formation, but if their star formation were to
cease, they might evolve into a dSph. The Small Magellanic @ud
is a dwarf irregular.






[Kormendy 1985Ap. J., 295, 73]



Dwarf galaxies have the following properties:

Dwarf galaxies are typically very metal poor (but not as metal-
poor as a Pop Il globular cluster).

[Mateo 1998 A.R.A.A., 36, 435]



Dwarf galaxies show evidence for more than one burst of star
formation. (As we'll see, this is a very curious feature.)

[Monelli et al. 2003A.J., 126, 218]



Dwarf galaxies can be \nucleated." Their nuclei are sometines
interpreted as being a small bulge.

The mass-to-light ratio of dwarf spheroidals (as found fromindi-
vidual stellar kinematics) can be extremely large!

[Mateo 1998, A.R.A.A., 36, 435]



