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Spiral structure in disk galaxies
Spiral structure in disc galaxies
There are three main types of spiral arms

"Grand Design", two well 
defined spiral arms Multiple-arm spiral arms

Flocculent spirals - no well defined 
arms "ratty" structure
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Spiral structure in disc galaxies

Spiral structure occurs in all bands, but 
is much smoother and less pronounced 
in redder bands

Figure 8: M83 in blue light at the left and in the K-band on the right. The bar is much more
obvious in the near-IR. (Unpublished images by Park & Freeman).

where the disk is assumed exponential with scalelength h and total mass Mdisk. Since the
rotation velocity Vrot is related to the total mass, it is a criterion that relates to the relative
mass in disk and halo. It can be rewritten to say that within the radial distance from the
center corresponding to the edge of the disk, the dark matter halo contains up to 60–70% of the
total mass (van der Kruit & Freeman, 1986). Such galaxies are in fact sub-maximal. Sellwood
(2010a) concludes that these criteria are only necessary for disks that have no dense centers,
since central concentrations of mass in disks themselves could also provide global stability. It was
shown already some decades ago (Kalnajs, 1987) that halos are not very e⇥cient in stabilising
disks acompared to budges.

We will not discuss the formation of bars in galaxies, as this subject has been covered in
detail by Kormendy & Kennicutt (2004) in relation to pseudo-bulges, and by Sellwood (2010a).
We do want to stress the fundamental point that the incidence of bars is much larger than
traditionally thought; a typical fraction that figured in previous decades –although admittedly
for strongly barred galaxies as in Sandage (1961)– was of the order of a quarter to a third.
Current estimates are much higher; Sheth et al. (2008) found in the COSMOS field that in
the local Universe about 65% of luminous spiral galaxies are barred. This fraction is a strong
function of redshift, dropping to 20% at a redshift of 0.8. The Spitzer Survey of Stellar Structure
in Galaxies S4G (Sheth et al., 2010) aims among others at studying this in the near IR. As an
example, we show in fig. 8 a blue and near-IR image of the large spiral M83. Although it appears
mildly barred in the optical, it is clear that in K-band the bar is very prominent and extended.

Throughout the previous century much attention has been paid to the matter of the formation
and maintenance of spiral structure. It was extensively reviewed by Toomre (1977, 1981). Spiral
structure in itself is unquestionably an important issue (see the quote to Richard Feynman
in the introduction in Toomre’s review), as it is so obvious in galaxy disks and appears to
play a determining role in the evolution of disks through the regulation of star formation and
therefore the dynamical, photometric and chemical evolution. We will not discuss theories
of spiral structure itself as progress in this area has recently been somewhat slow. We refer
the reader to the contributions of Kormendy & Norman (1979), Sellwood & Carlberg (1984),
Elmegreen, Elmegreen & Leitner (2003) and Sellwood (2008, 2010a,b). Spiral structure is often
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Spiral structure and patterns
Shapes of spiral galaxies are approximately invariant under a rotation 
around their centres. 

A galaxy that looks identical after rotation of 2�/m has m-fold symmetry.

A galaxy with an m-fold symmetry has m-spiral arms. 
Most spirals have 2 arms, hence they have a twofold symmetry
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direction 
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The shapes of spiral galaxies are typically 
invariant under rotation about their centers	

A galaxy that looks identical after a rotation of 
2π/m has m-fold symmetry and has m spiral 
arms	

Spirals are further classified by whether the 
arms are leading or trailing the rotation 
direction most spiral arms 
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Spiral structure in disc galaxies
Why doesn't this happen?

Density Waves
It seems likely that spiral arms are created by a density perturbation that moves along at a speed 
different from the objects around it. The density wave resists the spiral's tendency to wind up and 
causes a rigidly rotating spiral pattern. Like slow moving traffic on the highway.

Pattern Speed - fixed angular speed of density wave rotating through galaxy.

There is an initial “seed” perturbation in the spiral disc. These come from 
either initial asymmetries in the disk and/or halo (galaxy formation 
processes), or induced via galaxy encounters. 

Thus there are regions of slightly higher density than their surroundings. 
The higher density accelerates matter into the wave. 

Density waves move through galaxy compressing 
matter as it passes and setting off star formation



Spiral structure in disk galaxies (cont.)

Why?
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Figure 8: M83 in blue light at the left and in the K-band on the right. The bar is much more
obvious in the near-IR. (Unpublished images by Park & Freeman).

where the disk is assumed exponential with scalelength h and total mass Mdisk. Since the
rotation velocity Vrot is related to the total mass, it is a criterion that relates to the relative
mass in disk and halo. It can be rewritten to say that within the radial distance from the
center corresponding to the edge of the disk, the dark matter halo contains up to 60–70% of the
total mass (van der Kruit & Freeman, 1986). Such galaxies are in fact sub-maximal. Sellwood
(2010a) concludes that these criteria are only necessary for disks that have no dense centers,
since central concentrations of mass in disks themselves could also provide global stability. It was
shown already some decades ago (Kalnajs, 1987) that halos are not very e⇥cient in stabilising
disks acompared to budges.

We will not discuss the formation of bars in galaxies, as this subject has been covered in
detail by Kormendy & Kennicutt (2004) in relation to pseudo-bulges, and by Sellwood (2010a).
We do want to stress the fundamental point that the incidence of bars is much larger than
traditionally thought; a typical fraction that figured in previous decades –although admittedly
for strongly barred galaxies as in Sandage (1961)– was of the order of a quarter to a third.
Current estimates are much higher; Sheth et al. (2008) found in the COSMOS field that in
the local Universe about 65% of luminous spiral galaxies are barred. This fraction is a strong
function of redshift, dropping to 20% at a redshift of 0.8. The Spitzer Survey of Stellar Structure
in Galaxies S4G (Sheth et al., 2010) aims among others at studying this in the near IR. As an
example, we show in fig. 8 a blue and near-IR image of the large spiral M83. Although it appears
mildly barred in the optical, it is clear that in K-band the bar is very prominent and extended.

Throughout the previous century much attention has been paid to the matter of the formation
and maintenance of spiral structure. It was extensively reviewed by Toomre (1977, 1981). Spiral
structure in itself is unquestionably an important issue (see the quote to Richard Feynman
in the introduction in Toomre’s review), as it is so obvious in galaxy disks and appears to
play a determining role in the evolution of disks through the regulation of star formation and
therefore the dynamical, photometric and chemical evolution. We will not discuss theories
of spiral structure itself as progress in this area has recently been somewhat slow. We refer
the reader to the contributions of Kormendy & Norman (1979), Sellwood & Carlberg (1984),
Elmegreen, Elmegreen & Leitner (2003) and Sellwood (2008, 2010a,b). Spiral structure is often

24

B K

M83

Spiral structure and patterns
Shapes of spiral galaxies are approximately invariant under a rotation 
around their centres. 

A galaxy that looks identical after rotation of 2�/m has m-fold symmetry.

A galaxy with an m-fold symmetry has m-spiral arms. 
Most spirals have 2 arms, hence they have a twofold symmetry

Spiral patterns are classified 
according to orientation 
compared to rotation 
direction 

@trailing
@leading

The shapes of spiral galaxies are typically 
invariant under rotation about their centers	

A galaxy that looks identical after a rotation of 
2π/m has m-fold symmetry and has m spiral 
arms	

Spirals are further classified by whether the 
arms are leading or trailing the rotation 
direction most spiral arms 

are trailing

Spiral structure in disc galaxies
Why doesn't this happen?

Density Waves
It seems likely that spiral arms are created by a density perturbation that moves along at a speed 
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The expected spiral pattern…
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Figure 8: M83 in blue light at the left and in the K-band on the right. The bar is much more
obvious in the near-IR. (Unpublished images by Park & Freeman).

where the disk is assumed exponential with scalelength h and total mass Mdisk. Since the
rotation velocity Vrot is related to the total mass, it is a criterion that relates to the relative
mass in disk and halo. It can be rewritten to say that within the radial distance from the
center corresponding to the edge of the disk, the dark matter halo contains up to 60–70% of the
total mass (van der Kruit & Freeman, 1986). Such galaxies are in fact sub-maximal. Sellwood
(2010a) concludes that these criteria are only necessary for disks that have no dense centers,
since central concentrations of mass in disks themselves could also provide global stability. It was
shown already some decades ago (Kalnajs, 1987) that halos are not very e⇥cient in stabilising
disks acompared to budges.

We will not discuss the formation of bars in galaxies, as this subject has been covered in
detail by Kormendy & Kennicutt (2004) in relation to pseudo-bulges, and by Sellwood (2010a).
We do want to stress the fundamental point that the incidence of bars is much larger than
traditionally thought; a typical fraction that figured in previous decades –although admittedly
for strongly barred galaxies as in Sandage (1961)– was of the order of a quarter to a third.
Current estimates are much higher; Sheth et al. (2008) found in the COSMOS field that in
the local Universe about 65% of luminous spiral galaxies are barred. This fraction is a strong
function of redshift, dropping to 20% at a redshift of 0.8. The Spitzer Survey of Stellar Structure
in Galaxies S4G (Sheth et al., 2010) aims among others at studying this in the near IR. As an
example, we show in fig. 8 a blue and near-IR image of the large spiral M83. Although it appears
mildly barred in the optical, it is clear that in K-band the bar is very prominent and extended.

Throughout the previous century much attention has been paid to the matter of the formation
and maintenance of spiral structure. It was extensively reviewed by Toomre (1977, 1981). Spiral
structure in itself is unquestionably an important issue (see the quote to Richard Feynman
in the introduction in Toomre’s review), as it is so obvious in galaxy disks and appears to
play a determining role in the evolution of disks through the regulation of star formation and
therefore the dynamical, photometric and chemical evolution. We will not discuss theories
of spiral structure itself as progress in this area has recently been somewhat slow. We refer
the reader to the contributions of Kormendy & Norman (1979), Sellwood & Carlberg (1984),
Elmegreen, Elmegreen & Leitner (2003) and Sellwood (2008, 2010a,b). Spiral structure is often
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…but this does not happen… 



Density waves
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Figure 8: M83 in blue light at the left and in the K-band on the right. The bar is much more
obvious in the near-IR. (Unpublished images by Park & Freeman).

where the disk is assumed exponential with scalelength h and total mass Mdisk. Since the
rotation velocity Vrot is related to the total mass, it is a criterion that relates to the relative
mass in disk and halo. It can be rewritten to say that within the radial distance from the
center corresponding to the edge of the disk, the dark matter halo contains up to 60–70% of the
total mass (van der Kruit & Freeman, 1986). Such galaxies are in fact sub-maximal. Sellwood
(2010a) concludes that these criteria are only necessary for disks that have no dense centers,
since central concentrations of mass in disks themselves could also provide global stability. It was
shown already some decades ago (Kalnajs, 1987) that halos are not very e⇥cient in stabilising
disks acompared to budges.

We will not discuss the formation of bars in galaxies, as this subject has been covered in
detail by Kormendy & Kennicutt (2004) in relation to pseudo-bulges, and by Sellwood (2010a).
We do want to stress the fundamental point that the incidence of bars is much larger than
traditionally thought; a typical fraction that figured in previous decades –although admittedly
for strongly barred galaxies as in Sandage (1961)– was of the order of a quarter to a third.
Current estimates are much higher; Sheth et al. (2008) found in the COSMOS field that in
the local Universe about 65% of luminous spiral galaxies are barred. This fraction is a strong
function of redshift, dropping to 20% at a redshift of 0.8. The Spitzer Survey of Stellar Structure
in Galaxies S4G (Sheth et al., 2010) aims among others at studying this in the near IR. As an
example, we show in fig. 8 a blue and near-IR image of the large spiral M83. Although it appears
mildly barred in the optical, it is clear that in K-band the bar is very prominent and extended.

Throughout the previous century much attention has been paid to the matter of the formation
and maintenance of spiral structure. It was extensively reviewed by Toomre (1977, 1981). Spiral
structure in itself is unquestionably an important issue (see the quote to Richard Feynman
in the introduction in Toomre’s review), as it is so obvious in galaxy disks and appears to
play a determining role in the evolution of disks through the regulation of star formation and
therefore the dynamical, photometric and chemical evolution. We will not discuss theories
of spiral structure itself as progress in this area has recently been somewhat slow. We refer
the reader to the contributions of Kormendy & Norman (1979), Sellwood & Carlberg (1984),
Elmegreen, Elmegreen & Leitner (2003) and Sellwood (2008, 2010a,b). Spiral structure is often
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Density Waves Self-propagating star formation
density wave theory can't explain flocculant spirals, but these can be explained by 
self-propagating star-formation.

star formation produces supernovae, which shock the gas, and triggers more star 
formation, and then differential rotation stretches out the regions of star formation 
into trailing fragmentary arms with no global symmetry.

HI Rotation curves of disc galaxies

Contours of constant V(R)cosϕ

In central regions, contours are parallel to 
the minor axis	

Further out, they are nearly radial	

The kinematic major axis is the line 
connecting the points where the radial 
velocities deviate the most from the 
systemic velocity	

The denser the contours, the more rapid 
the change in V(R)

HI Rotation curves of disc galaxies



Self-propagating star formation
Density Waves Self-propagating star formation

density wave theory can't explain flocculant spirals, but these can be explained by 
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star formation produces supernovae, which shock the gas, and triggers more star 
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The centres of elliptical galaxies

Centres
Observations from space suffer no seeing 
because there is no atmosphere!	

Don’t think that space observations have a 
δ-function PSF, though — the optics 
themselves impose a PSF...	

Ellipticals have either a	

core: giant ellipticals	

cusp: intermediate ellipticals (note that 
there is still a break radius)

core

cusp

17

§R1/4 and Sersic fits tend to fail in the inner regions of Elliptical  
§Regions of special interest because they host supermassive black holes 
§Need HST since largest E’s lie far away and seeing effects degrade profile centers

!
§Core-less also reveal “extra light” which may be result of nuclear starburst resulting from “wet 
mergers” (with gas) 

Centres of Elliptical Galaxies

§More luminous E’s (Mv<-21.7) tend to have cores, where 
the SB profile flattens towards center 
!
§Midsize E’s (-21.5<Mv<-15.5 with L<2x1010L�) are 
typically core-less systems where the SB profile steeply 
rises to centre

!
§Cores could be the result of mergers so central nucleus is more diffuse – caused by binary BHs 
scouring out centers in “dry mergers” (no gas)
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Isophotal analysis of elliptical galaxies
Elliptical galaxies have (obviously) elliptical isophotes with ellipticities	

where a,b are the semi-major and -minor axes of the ellipse	

In the traditional Hubble sequence, ellipticals are classified by the apparent ellipticity: En, 
where 

e = 1� (b/a)

n = 10[1� (b/a)] = 10e

Isophotes are rarely perfect ellipses


Excess of light in the “corners” of 
the ellipse: boxy


Excess of light along the principal 
axes: disky

disky

elliptical

twisted

boxy

20



The centres of elliptical galaxies (cont.)
Centres
Observations from space suffer no seeing 
because there is no atmosphere!	
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Three classes of elliptical galaxies

Centres
Observations from space suffer no seeing 
because there is no atmosphere!	

Don’t think that space observations have a 
δ-function PSF, though — the optics 
themselves impose a PSF...	

Ellipticals have either a	

core: giant ellipticals	

cusp: intermediate ellipticals (note that 
there is still a break radius)

core

cusp

17

§R1/4 and Sersic fits tend to fail in the inner regions of Elliptical  
§Regions of special interest because they host supermassive black holes 
§Need HST since largest E’s lie far away and seeing effects degrade profile centers

!
§Core-less also reveal “extra light” which may be result of nuclear starburst resulting from “wet 
mergers” (with gas) 

Centres of Elliptical Galaxies

§More luminous E’s (Mv<-21.7) tend to have cores, where 
the SB profile flattens towards center 
!
§Midsize E’s (-21.5<Mv<-15.5 with L<2x1010L�) are 
typically core-less systems where the SB profile steeply 
rises to centre

!
§Cores could be the result of mergers so central nucleus is more diffuse – caused by binary BHs 
scouring out centers in “dry mergers” (no gas)
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Isophotal analysis of elliptical galaxies
Elliptical galaxies have (obviously) elliptical isophotes with ellipticities	

where a,b are the semi-major and -minor axes of the ellipse	

In the traditional Hubble sequence, ellipticals are classified by the apparent ellipticity: En, 
where 

e = 1� (b/a)

n = 10[1� (b/a)] = 10e

Isophotes are rarely perfect ellipses


Excess of light in the “corners” of 
the ellipse: boxy


Excess of light along the principal 
axes: disky

disky

elliptical

twisted

boxy
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Shapes of Elliptical Galaxies

Shapes of elliptical galaxies

Long axis

Short axis

Intermediate 
axis

x
y

z

The contours of constant density are ellipsoids with m2=constant	

α≠β≠γ: triaxial (three unequal axes; no axis of symmetry)	

α=γ<β: prolate (cigar-shaped)	

α=γ>β: oblate (pancake-shaped)

What, can we learn about the intrinsic shapes of elliptical 
galaxies from the observed distribution of their axis ratios?

In the most general case, the luminosity 
density ρ(x) can be expressed as ρ(m2), 
where

m2 =
x2

�2
+

y2

⇤2
+

z2

⇥2
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Family of ellipsoids

Oblate Prolate Triaxial

22

Deviation from elliptical isophotes: a4

The diskiness/boxiness of an isophote is measured 
by the difference between the real isophote and the 
best-fit ellipse:	

!

!

If the isophotes have 4-fold symmetry (typical), then 
terms with n<4 and all bn should be small, and a4 
gives the shape:	

a4<0: boxy	

a4>0: disky

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

disky

boxy

�(⇥) = ��� +
�

n

(an cos n⇥ + bn sinn⇥)
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Isophote twisting
If the intrinsic shape of a galaxy is triaxial 
— that is, all three principal axes have 
different lengths — then the 
orientations of the projected ellipses 
depend on the inclination of the galaxy 
to the line of sight and the galaxy’s true 
axis ratios

Isophote twisting
If intrinsic shape of a galaxy is triaxial, the orientation of the projected 
ellipses depends on:
8 the inclination of the body
8 the body:s true axis ratio. 

See figure below:

Since the ellipticity changes with radius, 
even if the major axis of all the ellipses 
have the same orientation, they appear as 
if they were rotated in the projected  
image. 

This is called isophote twisting. 

It is not possible, from an observation of a twisted set 
of isophotes to conclude whether there is a real twist, 
or whether the object is triaxial.

Observer

True

Because the ellipticity changes with 
radius, even if the major axis of all the 
ellipses have the same true orientation, 
they will appear as if they were rotated 
in the projected image	

This is isophote twisting

Isophote twisting is generally taken to imply 
triaxiality, but it is impossible to distinguish a 
real twist from true triaxiality from images 
alone...

24



Family of Ellipsoids
Shapes of elliptical galaxies

Long axis

Short axis

Intermediate 
axis

x
y

z

The contours of constant density are ellipsoids with m2=constant	

α≠β≠γ: triaxial (three unequal axes; no axis of symmetry)	

α=γ<β: prolate (cigar-shaped)	

α=γ>β: oblate (pancake-shaped)

What, can we learn about the intrinsic shapes of elliptical 
galaxies from the observed distribution of their axis ratios?

In the most general case, the luminosity 
density ρ(x) can be expressed as ρ(m2), 
where

m2 =
x2

�2
+

y2

⇤2
+

z2

⇥2
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Family of ellipsoids

Oblate Prolate Triaxial
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Deviation from elliptical isophotes: a4

The diskiness/boxiness of an isophote is measured 
by the difference between the real isophote and the 
best-fit ellipse:	

!

!

If the isophotes have 4-fold symmetry (typical), then 
terms with n<4 and all bn should be small, and a4 
gives the shape:	

a4<0: boxy	

a4>0: disky

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

disky

boxy

�(⇥) = ��� +
�

n

(an cos n⇥ + bn sinn⇥)
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Isophote twisting
If the intrinsic shape of a galaxy is triaxial 
— that is, all three principal axes have 
different lengths — then the 
orientations of the projected ellipses 
depend on the inclination of the galaxy 
to the line of sight and the galaxy’s true 
axis ratios

Isophote twisting
If intrinsic shape of a galaxy is triaxial, the orientation of the projected 
ellipses depends on:
8 the inclination of the body
8 the body:s true axis ratio. 

See figure below:

Since the ellipticity changes with radius, 
even if the major axis of all the ellipses 
have the same orientation, they appear as 
if they were rotated in the projected  
image. 

This is called isophote twisting. 

It is not possible, from an observation of a twisted set 
of isophotes to conclude whether there is a real twist, 
or whether the object is triaxial.

Observer

True

Because the ellipticity changes with 
radius, even if the major axis of all the 
ellipses have the same true orientation, 
they will appear as if they were rotated 
in the projected image	

This is isophote twisting

Isophote twisting is generally taken to imply 
triaxiality, but it is impossible to distinguish a 
real twist from true triaxiality from images 
alone...
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Deviation from elliptical isophotes

Shapes of elliptical galaxies

Long axis

Short axis

Intermediate 
axis

x
y

z

The contours of constant density are ellipsoids with m2=constant	

α≠β≠γ: triaxial (three unequal axes; no axis of symmetry)	

α=γ<β: prolate (cigar-shaped)	

α=γ>β: oblate (pancake-shaped)

What, can we learn about the intrinsic shapes of elliptical 
galaxies from the observed distribution of their axis ratios?

In the most general case, the luminosity 
density ρ(x) can be expressed as ρ(m2), 
where

m2 =
x2

�2
+

y2

⇤2
+

z2

⇥2
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Family of ellipsoids

Oblate Prolate Triaxial
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Deviation from elliptical isophotes: a4

The diskiness/boxiness of an isophote is measured 
by the difference between the real isophote and the 
best-fit ellipse:	

!

!

If the isophotes have 4-fold symmetry (typical), then 
terms with n<4 and all bn should be small, and a4 
gives the shape:	

a4<0: boxy	

a4>0: disky

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

disky

boxy

�(⇥) = ��� +
�

n

(an cos n⇥ + bn sinn⇥)
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Isophote twisting
If the intrinsic shape of a galaxy is triaxial 
— that is, all three principal axes have 
different lengths — then the 
orientations of the projected ellipses 
depend on the inclination of the galaxy 
to the line of sight and the galaxy’s true 
axis ratios

Isophote twisting
If intrinsic shape of a galaxy is triaxial, the orientation of the projected 
ellipses depends on:
8 the inclination of the body
8 the body:s true axis ratio. 

See figure below:

Since the ellipticity changes with radius, 
even if the major axis of all the ellipses 
have the same orientation, they appear as 
if they were rotated in the projected  
image. 

This is called isophote twisting. 

It is not possible, from an observation of a twisted set 
of isophotes to conclude whether there is a real twist, 
or whether the object is triaxial.

Observer

True

Because the ellipticity changes with 
radius, even if the major axis of all the 
ellipses have the same true orientation, 
they will appear as if they were rotated 
in the projected image	

This is isophote twisting

Isophote twisting is generally taken to imply 
triaxiality, but it is impossible to distinguish a 
real twist from true triaxiality from images 
alone...
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Boxy/disky & isophotal twisting

Shapes of elliptical galaxies

Long axis

Short axis

Intermediate 
axis

x
y

z

The contours of constant density are ellipsoids with m2=constant	

α≠β≠γ: triaxial (three unequal axes; no axis of symmetry)	

α=γ<β: prolate (cigar-shaped)	

α=γ>β: oblate (pancake-shaped)

What, can we learn about the intrinsic shapes of elliptical 
galaxies from the observed distribution of their axis ratios?

In the most general case, the luminosity 
density ρ(x) can be expressed as ρ(m2), 
where

m2 =
x2

�2
+

y2

⇤2
+

z2

⇥2
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Family of ellipsoids

Oblate Prolate Triaxial
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Deviation from elliptical isophotes: a4

The diskiness/boxiness of an isophote is measured 
by the difference between the real isophote and the 
best-fit ellipse:	

!

!

If the isophotes have 4-fold symmetry (typical), then 
terms with n<4 and all bn should be small, and a4 
gives the shape:	

a4<0: boxy	

a4>0: disky

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

Deviations from ellipses
Isophotes are not perfect ellipses:

4Excess of light on the major axis: disky
4Excess on the <corners= of the ellipse: boxy.

The diskiness/boxiness of an isophote is measured by the difference 
between the real isophote and the best-fit ellipse:

�(�) = <� > + � an cos n� + � bn sin n�

4If isophotes have 4-fold symmetry: terms with n < 4 and all bn should be 
small. The value of a4 tells us the shape: 

4a4 > 0 : disky E 
4a4 < 0 : boxy E 

disky

boxy

�(⇥) = ��� +
�

n

(an cos n⇥ + bn sinn⇥)
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Isophote twisting
If the intrinsic shape of a galaxy is triaxial 
— that is, all three principal axes have 
different lengths — then the 
orientations of the projected ellipses 
depend on the inclination of the galaxy 
to the line of sight and the galaxy’s true 
axis ratios

Isophote twisting
If intrinsic shape of a galaxy is triaxial, the orientation of the projected 
ellipses depends on:
8 the inclination of the body
8 the body:s true axis ratio. 

See figure below:

Since the ellipticity changes with radius, 
even if the major axis of all the ellipses 
have the same orientation, they appear as 
if they were rotated in the projected  
image. 

This is called isophote twisting. 

It is not possible, from an observation of a twisted set 
of isophotes to conclude whether there is a real twist, 
or whether the object is triaxial.

Observer

True

Because the ellipticity changes with 
radius, even if the major axis of all the 
ellipses have the same true orientation, 
they will appear as if they were rotated 
in the projected image	

This is isophote twisting

Isophote twisting is generally taken to imply 
triaxiality, but it is impossible to distinguish a 
real twist from true triaxiality from images 
alone...

24

NGC 205, one of the dwarf elliptical 
companions of M31, has strongly twisted 
isophotes	

compare upper shallow image to lower 
deep image	

likely due to tidal effects in this case!

Twisted isophotes in a satellite galaxy of Andromeda (M31).

The shallower exposure shows the 
brightest part of the galaxy. 

The deeper exposure shows the 
weaker more extended emission. 

A twist between both images of the 
same galaxy are apparent (the 
orientation in the sky is the same in 
both figures).

Isophote twisting
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In general,	

Boxy galaxies are	

• more luminous	

• more likely to show isophote twists	

• probably triaxial	

Disky galaxies are	

• intermediate ellipticals	

• often oblate	

• faster rotators

Boxy vs. Disky

26

~10-20% of ellipticals show distinct 
“edges” in their surface brightness 
profiles, known as shells	

Probably the result of the accretion (or 
merger) of a small galaxy that was 
originally on a nearly radial orbit

Fine structure

27

Kinematics of elliptical galaxies
How do we measure velocities in elliptical galaxies?

NGC 4873: data

Template

Smoothed, shifted template

Use the absorption lines in the 
spectrum, which is the composite 
spectrum of all of the stars in the galaxy	

Each star emits a spectrum which is 
then Doppler-shifted in wavelength 
according to its motion, which widens 
the absorption lines.
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Slow and fast rotators

Bois et al. (2011)

See also Cappellari et al. (2011)

Flattening
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slow and fast rotators are the 
consequence of different types of 

galaxy mergers



Fine structure in ellipticals

NGC 3923

NGC 205, one of the dwarf elliptical 
companions of M31, has strongly twisted 
isophotes	

compare upper shallow image to lower 
deep image	

likely due to tidal effects in this case!

Twisted isophotes in a satellite galaxy of Andromeda (M31).

The shallower exposure shows the 
brightest part of the galaxy. 

The deeper exposure shows the 
weaker more extended emission. 

A twist between both images of the 
same galaxy are apparent (the 
orientation in the sky is the same in 
both figures).

Isophote twisting
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In general,	

Boxy galaxies are	

• more luminous	

• more likely to show isophote twists	

• probably triaxial	

Disky galaxies are	

• intermediate ellipticals	

• often oblate	

• faster rotators

Boxy vs. Disky

26

~10-20% of ellipticals show distinct 
“edges” in their surface brightness 
profiles, known as shells	

Probably the result of the accretion (or 
merger) of a small galaxy that was 
originally on a nearly radial orbit

Fine structure

27

Kinematics of elliptical galaxies
How do we measure velocities in elliptical galaxies?

NGC 4873: data

Template

Smoothed, shifted template

Use the absorption lines in the 
spectrum, which is the composite 
spectrum of all of the stars in the galaxy	

Each star emits a spectrum which is 
then Doppler-shifted in wavelength 
according to its motion, which widens 
the absorption lines.
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NGC 474 
NGC 470

Image: J.-C. Cuillandre (CFHT)

Image: AAO

density waves produced by gravitational 
interaction produce “ripples” in the galaxy

in some cases there are kinematically 
decoupled cores, suggesting the 
existence of a complex formation history 
for the galaxy



Spectral Properties



Absorption and emission lines in galaxy spectra

Absorption Lines 
•  Mainly$caused$by$Atoms/Molecules$in$a$star’s$atmosphere$that$

absorb$specific$wavelengths$

•  Can$also$be$due$to$COLD$gas$in$the$interstellar$medium$which$can$
EXTRACT$energy$from$the$passing$radia,on$

ATOMS ATMOSPHERE 

CORE 
RADIATION 

•  Caused$by$gas$being$ionized$and$heated$and$then$re2radia,ng$at$
specific$allowed$wavelengths$

•  Stars$form$from$gas$so$are$oSen$embedded$
•  Young$stars$ionise$gas$which$releases$radia,on$at$a$specific$

wavelength$as$it$recombines$

Emission Lines 

GAS 

Stellar spectrum 

Emission lines 

Credit: Simon Driver

stellar lines

interstellar lines



Spectra of star forming galaxies (incl. spirals)

Disc galaxies looks as you might expect 
given their colours:	

early-type spirals have older stars and 
few if any emission lines from star-
formation regions	

late-type spirals have younger stars and 
emission lines from star-formation 
regions

Spectra of disc galaxies

Typically hz~0.1hR	

Sometimes a second component can be fit to the vertical direction, as if there were a thick 
disk but inclination effects, scattered light, and a flattened halo can all mimic a thick disk.

Figure 21: The S0-galaxy NGC 4762, which has a very bright thick disk, as was first described
by Tsikoudi (1980). The z-extent indicated by the arrows is where the thin disk dominates.
On the right the outer extent of the thick disk is slanted w.r.t. the symmetry plane (producing
an approximately diamond shape), indicative of a double exponential light distribution. These
images were produced with the use of the Sloan Digital Sky Survey.

der Kruit & Searle, 1981b); in van der Kruit (1984) it is shown that this distribution can be
interpreted as a superposition of a thin and thick disk plus a small, central bulge. Recent studies
show that the scaleheight of its thick disk is 1.44±0.03 kpc and its radial scalelength is 4.8±0.1
kpc, only slightly longer than that of the thin disk (Ibata, Mouhcine & Rejkuba, 2009). The
relationship between the scalelengths of the thin and thick disk is an important constraint on
the various formation mechanisms of thick disks, as discussed below.

7.3 Kinematics and Chemical Properties

Little information is available on the kinematics and chemical properties of thick disks in galaxies
other than the Milky Way. The larger scaleheight of the Galactic thick disk means that its
velocity dispersion is higher than for the thin disk (about 40 km s�1 in the vertical direction
near the sun, compared to about 20 km s�1 for the thin disk (e.g. Quillen & Garnett, 2000).
The stars of the thick disk are usually identified by their larger motions relative to the Local
Standard of Rest, but kinematic selection is inevitably prone to contamination by the more
abundant thin disk stars. Recently it has become clear that the Galactic thick disk is a discrete
component, kinematically and chemically distinct from the thin disk. It now appears that thick
disk stars can be more reliably selected by their chemical properties.

Near the Galactic plane, the rotational lag of the thick disk relative to the LSR is only about
30 km s�1 (Chiba & Beers, 2000; Dambis, 2009), but its rotational velocity appears to decrease
with height above the plane. The stars of the thick disk are old ( > 10 Gyr) and more metal-
poor than the thin disk. The metallicity distribution of the thick disk has most of the stars with
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Scale Height

Bulges
'About half of all disk galaxies contain 
a central bar-like structure. 

'The long to short axis ratio can be as 
large as 5:1.

'When viewed edge-on: boxy shape 
(not round) of the light distribution. 

In some cases the isophotes
are squashed, and the bulge/bar has a 
peanut-like shape.

Bars

Can be quite long, with axial ratios as 
large as 5:1	

Seen edge-on, bars are flattened, boxy 
structures and can even be “peanut” 
shaped

Bulges
'About half of all disk galaxies contain 
a central bar-like structure. 

'The long to short axis ratio can be as 
large as 5:1.

'When viewed edge-on: boxy shape 
(not round) of the light distribution. 

In some cases the isophotes
are squashed, and the bulge/bar has a 
peanut-like shape.

Bars

the spectra of spiral galaxies (like those of all star-forming galaxies) are characterised 
by the presence of emission lines



Spectra of elliptical galaxies

the spectra of elliptical galaxies only has absorption lines 

due to negligible level of on-going star formation 



Stellar components making elliptical spectra

Where does the Fundamental Plane of elliptical galaxies come from?

The Fundamental Plane

M = V 2R/GAssume the Virial Theorem holds, then the mass is 

I = �

�
M

L

��1

The surface brightness is this divided by the mass-to-light ratio:

� =
M

⇥R2
� V 2

R
Divide this by the area to get the mass surface density:

combining this: I � V 2

R(M/L)
Rewrite this in terms of the radius Re=R and identifying 
the velocity V as the velocity dispersion σ, we have

Re �
�

M

L

��1

�2�I��1
e

But note the observed coefficients aren't 2 & -1 (they range from 1 to1.4 and from -0.75 to -0.9)            
	 	 	 	 	 	 	 	 	 	 and so this implies

M

L
� L1/4

R / �1.24hIi�0.82
e

observed relation:

Virial Theorem: for a stable, 
self-gravitating, spherical 
distribution, the total kinetic 
energy is equal to minus 1/2 
times the total gravitational 
potential energy.

The more luminous Ellipticals  have higher M/L

Ie =
L

2⇡R2
e
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The mass-to-light ratios of ellipticals increases as they become more luminous (or more 
massive)	

...if (and only if) the structure of ellipticals doesn’t change as a function of luminosity (or 
mass)	

Why is this?	

Possibility 1: more dark matter in more massive galaxies 	

Possibility 2: bigger galaxies are older	

Possibility 3: structure changes with size

The Fundamental Plane
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Stellar populations of elliptical galaxies

The spectra of elliptical galaxies look, to 
first order, like G or K stars (with a few 
features of M stars)	

This implies that they must be, on 
average, older than a few Gyr in order 
not to have light from hot stars
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 Some Elliptical galaxies contain HI, but nearly all contain a significant amount of hot X-ray gas	

~10–20% of the baryonic mass is in the form of gas at 106–7 K in a halo ≥30 kpc in radius

Gas in elliptical galaxies

40



Intermediate spectral types
some galaxies with underlying old stellar populations may still have 

fresh star-forming regions  (molecular gas must be present)

mix of spectral features: red continuum + emission lines

Some'emission'and'some'absorp6on'indica6ng''

both'a'young'and'old'stellar'popula6on.''

Example Spectrum: Spiral 

[OII] 

CaH&K 

Hβ 

[OIII] 

Hα 

S2 

Mg 

4000A-Break 



Important to remember
Absorption / Emission Lines 

•  Absorp,on$Lines$
–  Need$metals$in$stellar$

atmospheres$or$cold$gas$in$
the$interstellar$medium$

•  Implies$
–  Old$stellar$popula,on$=$old$

galaxy$

•  From$
–  Ellip,cals$
–  Spiral$Bulges$$

•  Emission$Lines$
–  Need$very$hot$gas$and$O$and$

B$type$stars$

•  Implies$
–  Newly$formed$stars$=$$star2

forming/young$galaxy$

•  From$
–  Spiral$Disks$
–  Irregulars$



Main spectral lines
Typical Spectral features 

•  Absorp,on$
–  Ca(H)$$$=$3933.7A$
–  Ca(K)$$$=$3968.5A$
–  G2band$=$4304.4A$
–  Mg$$$$$$$$=$5175.3A$
–  Na$$$$$$$$$=$5894.0$A$

•  Emission$
–  [OII]$=$3727.3A$
–  Hδ$$$$$=$4102.8A$
–  Hγ$$$$$=$4340.0A$
–  Hβ$$$$$=$4861.3A$
–  [OIII]$=$4959.0A$
–  [OIII]$=$5006.8A$
–  Hα$$$$$=$6562.8A$
–  S2$$$$$$=$6716.0A$

can be in absorption too



Black Holes in the 
centre of Elliptical 

Galaxies



Evidence of black holes at elliptical centres

Dark matter in elliptical galaxies

X-rays — hydrostatic equilibrium of hot gas gives a 
mass if the temperature and density structure are 
known: M/L~100 M⊙/L⊙ for r~100 kpc

Careful modeling of kinematical data 
shows that many ellipticals have flat 
rotation curves
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DYNAMICS OF GIANT ELLIPTICAL GALAXIES 1937

proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v

c
(Rmax)/vc

max
sample. Here is the circular velocity at the radius ofv

c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
(0.6R

e
) v

c
max.

plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev

c
(Rmax), v

c
max

FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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It is likely that every elliptical galaxy — 
even every spheroidal system, including 
bulges — has a super massive black hole 
(SMBH)	

Moreover, there is a reasonable 
correlation between the mass of the 
SMBH and the velocity dispersion of the 
spheroid:
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

log(MBH/M�) = 4.24 log(�/200 km s�1) + 8.12
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Black holes in elliptical galaxies

In other words, the black hole at the center of 
a galaxy is ≈0.2% of the mass of its bulge!

Because                     	

this implies a MBH–Mbulge relation
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X-rays — hydrostatic equilibrium of hot gas gives a 
mass if the temperature and density structure are 
known: M/L~100 M⊙/L⊙ for r~100 kpc

Careful modeling of kinematical data 
shows that many ellipticals have flat 
rotation curves
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proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v

c
(Rmax)/vc

max
sample. Here is the circular velocity at the radius ofv

c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
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plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev
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FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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It is likely that every elliptical galaxy — 
even every spheroidal system, including 
bulges — has a super massive black hole 
(SMBH)	

Moreover, there is a reasonable 
correlation between the mass of the 
SMBH and the velocity dispersion of the 
spheroid:
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

log(MBH/M�) = 4.24 log(�/200 km s�1) + 8.12
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Black holes in elliptical galaxies

In other words, the black hole at the center of 
a galaxy is ≈0.2% of the mass of its bulge!

Because                     	

this implies a MBH–Mbulge relation
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proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v
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c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
(0.6R

e
) v

c
max.

plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev

c
(Rmax), v

c
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FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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If a super-massive black hole (SMBH) 
lives at the centre of a galaxy, we should 
be able to detect this by looking at the 
speeds of stars that pass near to the 
black hole	

So we need to find stars that have 
speeds of
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In M32, 2x106 M⊙ are required inside the central parsec!
Verolme et al. 2002
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It is likely that every elliptical galaxy — 
even every spheroidal system, including 
bulges — has a super massive black hole 
(SMBH)	

Moreover, there is a reasonable 
correlation between the mass of the 
SMBH and the velocity dispersion of the 
spheroid:
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

log(MBH/M�) = 4.24 log(�/200 km s�1) + 8.12
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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In other words, the black hole at the center of 
a galaxy is ≈0.2% of the mass of its bulge!

Because                     	

this implies a MBH–Mbulge relation

Mbulge � �2r
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Dark matter in elliptical galaxies

X-rays — hydrostatic equilibrium of hot gas gives a 
mass if the temperature and density structure are 
known: M/L~100 M⊙/L⊙ for r~100 kpc

Careful modeling of kinematical data 
shows that many ellipticals have flat 
rotation curves
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proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v

c
(Rmax)/vc

max
sample. Here is the circular velocity at the radius ofv

c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
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c
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plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev

c
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FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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If a super-massive black hole (SMBH) 
lives at the centre of a galaxy, we should 
be able to detect this by looking at the 
speeds of stars that pass near to the 
black hole	
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It is likely that every elliptical galaxy — 
even every spheroidal system, including 
bulges — has a super massive black hole 
(SMBH)	

Moreover, there is a reasonable 
correlation between the mass of the 
SMBH and the velocity dispersion of the 
spheroid:
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

log(MBH/M�) = 4.24 log(�/200 km s�1) + 8.12
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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In other words, the black hole at the center of 
a galaxy is ≈0.2% of the mass of its bulge!

Because                     	

this implies a MBH–Mbulge relation
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