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3
Truncation of Galaxy Disks∗

M. Kregel, P. C. van der Kruit & R. de Grijs

ABSTRACT — I-band surface photometry of a sample of 34 edge-on spirals is in-
vestigated for the presence of stellar disk truncations. Using a quantitative edge-fitting
technique we find that the stellar disks of at least 20 spirals are radially truncated. For
smaller spirals the stellar truncation tends to occur at a larger number of disk scalelengths.
A tentative correlation is found with the de-projected face-on central surface brightness;
lower surface brightness disks tend to have a smaller truncation radius in units of scale-
length. The observed relations are best reproduced when the truncation of the stellar disk
is caused by a gas density threshold on star formation.

3.1 Introduction

Stellar disks have a finite size. In the extreme outer parts of spiral galaxies the stellar light
diminishes more steeply than exponential and is close to zero beyond the so-called truncation
radius Rmax (van der Kruit 1979, van der Kruit & Searle 1981a,b, 1982, hereafter KS1–3;
Pohlen et al. 2000b; Schwarzkopf & Dettmar 2000; de Grijs, Kregel, & Wesson 2001, here-
after GKW; Florido et al. 2001). This truncation or cut-off of the disk light is often directly
visible in contour maps of highly inclined spirals. It usually occurs at a radius between 3
and 5 disk scalelengths (van der Kruit 2001b), although stellar disks that extend to a much
larger number of scalelengths are certainly known to exist (e.g. Weiner et al. 2001b). The
truncation is most easily found in edge-on spirals because of the line-of-sight projection and
the associated higher surface brightness. In less inclined spirals, for which azimuthally aver-
aged radial light profiles are routinely studied, the non-axisymmetric component (e.g. spiral
structure, lopsidedness) can smooth out a truncation present in the old disk. This effect was
first noted by van der Kruit (1988). For 16 face-on spirals, of which 15 did not show any sign
of a truncation in the azimuthally averaged light profile, he found that the three outermost
isophotes were much more closely spaced than the inner ones, providing clear evidence for
the truncation. The Milky Way disk also shows the truncation, with recent estimates of Rmax

ranging from 10–15 kpc based on near-infrared star counts (Ruphy et al. 1996) and the near-
and far-infrared sky survey of the COBE/DIRBE instrument (Freudenreich 1998; Drimmel

∗Based on MNRAS 2002, 334, 646
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& Spergel 2001). Recently, wide-field surveys have also revealed truncations in the Local
Group galaxies NGC 2403 (Davidge 2003) and NGC 3109 (Demers et al. 2003).

The origin of the truncation of the stellar disk is still unclear and could possibly result
from a number of physical scenarios (Freeman 2002). For example, if there has been no
major re-distribution of the disk angular momentum during its formation and evolution, the
truncation may reflect the maximum specific angular momentum of the protogalaxy (van der
Kruit 1987). This would imply that the H I extending beyond the stellar disk (e.g. Broeils
& Rhee 1997) has been accreted, and that the truncation is associated with a small drop in
the rotation curve (KS3; Bottema 1996). Another interesting possibility is that the truncation
corresponds to the radius at which the gas density drops below a threshold density necessary
for star formation (Fall & Efstathiou 1980; KS3; Kennicutt 1989; Schaye 2002).

In Ch. 2, I-band photometry of 34 edge-on spiral galaxies was used to study the scale pa-
rameters of the old stellar disks. Here, the I-band radial light profiles are further examined for
the presence of a truncation. For the selection criteria and global properties of this sample we
refer to Sect. 2.2 and Table 2.1. The adopted technique is based on a quantitative comparison
between the data at large radii and the extrapolation of the exponential fits obtained for the
inner disk in Ch. 2, and is described in Sect. 3.2. The results of its application to the sam-
ple are reported in Sect. 3.3, giving special attention to the background subtraction and the
viability of alternative explanations for a steepening of the radial light profiles. In Sect. 3.4
the results are further investigated and compared to the predictions of the different scenarios
proposed for the origin of the truncation. Our main findings are summarized in Sect. 3.5.

3.2 The edge-fitting method

The truncation, or cut-off, of a stellar disk can be inferred from a sharp drop (in addition
to the exponential) in the radial light profile (KS1–3). The truncation radius is then defined
by the actual radius at which the light profile disappears asymptotically into the background
noise, i.e. extrapolating the light profile to zero flux. The error made in such an extrapolation
is largely due to Poisson statistics, imperfect sky subtraction and foreground stars (KS1–3).
While truncations are most easily observed in edge-on systems because of their higher sur-
face brightness, there one views the result of a complicated line-of-sight integration across
the truncated disk, which includes the effects of dust extinction and non-axisymmetric com-
ponents such as spiral arms. Additionally, the truncation may not be axisymmetric, such that
in an edge-on spiral the truncation becomes apparent at a different projected radius on either
side (GKW). These considerations, as well as the variety of shapes of the radial light profiles
seen in truncated edge-on spirals (e.g. Näslund & Jörsäter 1997; GKW; Pohlen et al. 2000b),
illustrate the difficulties faced in the construction of a model for the shape of the truncation
from studies of edge-on spirals. For these reasons we did not include a truncation in the
model adopted for the two-dimensional fits (Sect. 2.3).

By applying an edge-fitting method similar to the one used by GKW, it is possible to
objectively determine the truncation radius. The adopted method is as follows. A radial
profile is constructed by first averaging vertically over the range 1.0 hz ≤ z ≤ 2.0 hz on the
least obscured side of the galaxy plane. The choice for this range minimizes the effects of
dust and young stellar populations, while retaining a good signal-to-noise ratio. To further
increase the signal-to-noise in the outer parts the profile is also averaged radially, starting at
the innermost radius at which the signal-to-noise ratio drops below 10. The first bin, at the
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Figure 3.1: The edge-fitting method, illustrated with a close-up of the averaged profile on one side
of an artificial galaxy. This artificial galaxy was constructed as in Sect. 2.3.3 with Rmax = 100 arcsec
and Rmax/hR = 4. (a) – Linear surface brightness as a function of radius after vertical and radial
averaging (open circles). The dashed line shows the profile expected for an untruncated exponential
disk (Eqn. 2.2). The vertical dotted line marks the outermost radius for which data are included in the
trial fits of the truncation region. In this example, the minimum reduced χ2 is reached when including
10 points in the fit (after trying 4 points and 7 points); the corresponding best-fitting straight line is
shown as a solid line. Extrapolation of this fit to zero flux yields Rmax = 100.3±3.6 arcsec. The
difference in surface brightness with the untruncated disk at the outermost radius is marked by the
arrow. It corresponds to 3σ of the background. (b) – as (a) but on a logarithmic scale. In addition, the
vertically averaged profile is shown, shifted by 1.5 mag arcsec−2. The horizontal dotted line, shifted by
the same amount, marks the standard deviation of the background after vertical averaging.

innermost radius of a signal-to-noise ratio of 10, is set to a size b. The nth bin is given a
size bn. The base b was set at a value of 1.2 based on tests of the edge-fitting method on
artificial images. These images were constructed as in Sect. 2.3.3 and included an infinitely
sharp truncation. Care was taken to ensure that this radial averaging does not smooth out the
truncation (e.g. Fig. 3.1).

After averaging, the region of the prepared profile containing flux is defined using the
vertically averaged profile as a mask. In the vertically averaged profile only the emission
above the 1σ level is retained (σ being the standard deviation of the background after vertical
averaging). This mask is then used to define the flux in the prepared profile. By using
this conditional transfer technique the outermost projected radius included in the profile is
determined directly by the data quality. Following this, a series of trial fits of a straight line
is performed in linear surface brightness at the edge of the profile (note that GKW use an
exponential function). This is illustrated in Fig. 3.1. In the first trial fit the four outermost
points are included. Then, in each of the subsequent trial fits the inner fitting boundary is
decreased by three points. Finally, only the fit with the smallest reduced χ2 is retained and
extrapolated to zero flux (Fig. 3.1). The corresponding projected radius is then the truncation
radius, provided it satisfies the criterion outlined in the following.

The edge-fitting method was already applied, although in a different form, to four sample
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galaxies in B, V, and I band by GKW. There, as in all previous studies, the presence of
a truncation is deduced from a qualitative comparison between the observed radial profile
and the exponential disk model. In our sample, which is expected to contain many less
obvious cases, a quantitative criterion is needed to determine its presence. To search for such a
criterion, we performed several tests of the edge-fitting method on artificial images of sharply
truncated galaxies. Not surprisingly, it was found that Rmax is more easily recovered when
the difference between the observed surface brightness and that expected for an untruncated
exponential disk (Eqn. 2.2) is large. In particular, when the difference between the observed
and expected surface brightness at the outermost radius of the profile is larger than about
2σ (σ is the standard deviation of the background in the original image) then Rmax could
always be recovered (within the uncertainty). When the surface brightness difference at the
outermost radius is smaller than 2σ then the recovery often fails. This is caused by either a
low central surface brightness and/or a large Rmax/hR. In what follows, a profile is said to
be truncated if it satisfies this 2σ criterion.

3.3 Results

When measuring the surface brightness in the outer parts of galaxy disks, the accuracy of
the background subtraction is very important. The main factors which limit this accuracy
are large-scale flat-fielding errors and the presence of background sources and foreground
stars; our small-scale flat-fielding errors are within 0.5 percent (de Grijs 1998) and the CCDs
were not affected by fringing. The background emission in the I-band images was originally
estimated by fitting a plane to regions far away from the galaxy (de Grijs 1998). To check
the influence of residual light due to objects within that region, we repeated these fits after
heavily growing our object masks (see Sect. 2.4 for the mask construction). The results
show that the earlier fits slightly overestimated the background, on average by 0.3 times
the standard deviation in the background. Although this over-subtraction is much smaller
than the amplitude necessary to produce artificial truncations (see below), it would affect the
deduced values for Rmax and we have therefore decided to apply the edge-fitting method to
the new background-subtracted images (the over-subtraction has a negligible effect on the
two-dimensional fits of Ch. 2). To estimate the amplitude of remaining variations due to
large-scale flatfielding errors, we inspected the distributions of pixel values in 10×10 sized
boxes at a large number of positions in the sky-subtracted background images. The standard
deviation of the medians of these distributions was adopted as the error in the background
determination.

The results of the application of the edge-fitting method to our sample are shown in Ta-
ble 3.1 and Fig. 2A.1. To calculate the errors two additional images were constructed for
each galaxy by adding/subtracting the 1σ error in the background determination. The fits
were repeated for each of these and the error on Rmax was calculated by quadratically adding
half the difference between the truncation radii found from the two modified images to the
formal error of the original fit. For the galaxies for which no truncation could be determined,
Table 3.2 lists a lower limit for Rmax.

To summarize, a truncation is found in 28 of the 68 profiles (counting each side of each
galaxy separately). At the outermost point in these profiles, the differences between the ex-
ponential disk model and the data are larger than 3σ, clearly satisfying our criterion. These
differences are also much larger than the error in the background determination, i.e. the trun-
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Table 3.1: Results of the successful truncation fits

Galaxy Side Rmax ± Rmax Rmax ± Diff.
(arcsec) (kpc) (hR,I ) (σ)

(1) (2) (3) (4) (5) (6) (7) (8)
ESO 026-G06 W 85 4 14 3.3 0.3 3
ESO 041-G09∗ SE 125 4 34 3.6 0.3 8
ESO 141-G27 SE 104 2 11 2.6 0.3 7

NW 110 10 12 2.8 0.4 8
ESO 142-G24∗ S 130 5 15 3.5 0.3 13

N 126 9 14 3.4 0.3 13
ESO 157-G18 NE 127 18 9 3.5 0.5 5

SW 143 18 10 3.9 0.5 4
ESO 201-G22 NE 102 5 25 4.2 0.5 4

SW 96 7 24 3.9 0.5 6
ESO 202-G35∗ NW 95 6 10 4.1 0.5 6
ESO 240-G11∗ SE 210 14 36 4.3 0.8 11
ESO 269-G15∗ N 97 18 20 3.4 0.9 5
ESO 288-G25∗ NE 91 19 14 5.0 1.5 7
ESO 315-G20 NE 71 4 21 3.1 0.7 6
ESO 321-G10 NE 65 6 12 3.2 0.7 5
ESO 416-G25 NE 74 4 23 3.3 0.4 5

SW 74 3 23 3.3 0.3 5
ESO 435-G14∗ SW 79 12 13 4.5 1.1 6
ESO 446-G18∗ S 84 12 25 3.3 0.6 13
ESO 446-G44 W 79 6 14 2.6 0.3 26

E 88 6 15 2.8 0.3 25
ESO 460-G31∗ W 113 24 42 4.0 1.0 7
ESO 487-G02 NE 113 11 11 4.6 0.6 9

SW 110 5 11 4.5 0.4 10
ESO 509-G19∗ SW 90 12 62 3.6 0.8 8

NE 91 9 62 3.7 0.7 9
ESO 564-G27∗ N 148 11 19 3.9 0.6 8

Notes – Columns: (1) Name (ESO-LV), an asterisk indicates a
galaxy which is not exactly edge-on and shows signs of spiral
structure; (2) Side; (3) and (4) Truncation radius and error, in arc-
sec; (5) Truncation radius in kpc; (6) and (7) Truncation radius and
error, in I-band scalelengths; (8) Difference between the observed
surface brightness and that of the untruncated exponential disk at
the outermost point of the profile, in units of the standard deviation
of the background.

cations are not produced by over-subtracting the sky background (Table 3.1 and Fig. 2A).
The most extreme and clear case is that of ESO 446-G44, which truncates at a mere 2.7
scalelengths. Of the 40 profiles for which no truncation could be found, about half had to
be discarded because of the presence of foreground stars, background objects or a limiting
field of view. In the remaining profiles, the difference between the data and the untruncated
exponential disk at the outermost point is less than 2σ. The 28 truncations are found in 20
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Table 3.2: Lower limits to the truncation radii for the unsuccessful fits

Galaxy (Rmax)min Galaxy (Rmax)min

(arcsec) (kpc) (hR) (arcsec) (kpc) (hR)

(1) (2) (3) (4) (1) (2) (3) (4)
ESO 033-G22 80 21 4.4 ESO 435-G25 200 30 2.1
ESO 138-G14 130 13 3.1 ESO 435-G50 60 10 4.5
ESO 263-G15 113 17 3.6 ESO 437-G62 115 21 3.2
ESO 263-G18 80 19 2.9 ESO 506-G02 65 16 3.4
ESO 322-G87 60 13 3.6 ESO 531-G22 85 18 4.3
ESO 340-G08 70 12 6.1 ESO 555-G36 65 29 6.0
ESO 340-G09 70 11 3.1 ESO 575-G61 55 6 3.4

Notes – Columns: (1) Name (ESO-LV); (2), (3) and (4) Lower limit to the trunca-
tion radius in arcsec, kpc and I-band scalelengths, respectively.

galaxies, 8 of which show a truncation on both sides. In all of these 8 cases the truncation
appears symmetric; any asymmetries are less than 15 percent. Of the 12 galaxies in which a
single truncation is seen, there are only 2 for which the profile on the other side of the galaxy
could be studied as well; ESO 435-G14 and ESO 460-G31. Looking directly at the images
of these, we note that their disks are not perfectly edge-on and show a signature of strong
spiral arms which may be causing the single-sided truncation. Galaxies which are not exactly
edge-on and show signs of spiral structure are marked with an asterisk in Table 3.1. As an al-
ternative possibility, their single truncations may be caused by a lopsided stellar disk in which
the truncation occurs at a smaller projected radius (= higher surface brightness) on one side.
A comparison of the truncation results with the H I kinematics presented in Ch. 5 reveals a
curious fact: the six galaxies with a single-sided truncation that were observed in the H I are
truncated on the receding side. However, three of these spirals could not be studied on the ap-
proaching side either due to interference with foreground stars or because of the limited field
of view. Thus, the finding may be merely a coincidence. Alternatively, further study may
show that in some of these galaxies an apparent truncation is caused by a non-axisymmetric
property which manifests itself differently on the receding side, the obvious candidate being
spiral structure.

Three possible physical mechanisms which can cause an apparent truncation are dust
extinction, disk warping and disk flaring. To assess whether dust extinction is influencing the
results, the fits were repeated using the region below one scaleheight. The resulting Rmax are
consistent with the values of Table 3.1, indicating that dust extinction near the edge of the disk
is small and unimportant. Observations of dust tracers such as CO emission and mm/sub-
mm continuum in the outer parts of spiral galaxies confirm this picture (Neininger et al.
1996; Combes & Becquaert 1997). Other effects which may cause an apparent truncation are
warping or flaring of the stellar disk. Although no strongly warped spirals were included in
our sample (Sect. 2.2), artificial images of warped disks constructed as in Sect. 2.3.3 show
that even a moderate warp can introduce a break in the radial profile similar to the signature
of a truncation. Fig. 3.2 shows an example. A warp can cause a strong asymmetry in radial
profiles taken some distance away from the major axis; a break at a small galactocentric radius
on one side and an upturn followed by a break at a large galactocentric radius on the other.
This causes a large difference between the apparent truncation radii on both sides. While



DISCUSSION 57

Figure 3.2: The effect of a warp on the edge-on surface brightness distribution, illustrated using
a model galaxy. The image was constructed as in Sect. 2.3.3, using hR/hz = 8, a warping onset
Rwarp/hR = 3 and a strong warping rate w = 1.0. (a) – Surface brightness distribution, arbitrary
contour levels. (b) – Radial surface brightness profile (solid line) obtained by vertically averaging
across the shaded area in (a). The dotted line shows the profile of an unwarped exponential disk.

similar upturns in a few of our sample galaxies may be a sign of warping or the effect of spiral
arms, the galaxies having a double-sided truncation show no evidence for such an asymmetry.
To address disk flaring, we also investigated artificial images of flared disks viewed edge-on.
These were constructed as in Sect. 2.3.3, but included a scaleheight increasing linearly with
radius. It turned out that a very strong and localized thickening in the outer parts is required
to produce a feature resembling a radial truncation (a rate larger than 1 hz per hR). For our
sample galaxies, and late-type spirals in general, such extreme thickening is not observed
(Morrison et al. 1994; de Grijs & Peletier 1997; Fry et al. 1999; Neeser et al. 2002). We
conclude that warping and flaring are very unlikely to have caused the truncations.

For the galaxies in common with GKW the determined truncation radii are in good agree-
ment. We can also compare our results to those obtained by Pohlen et al. (2000b), who esti-
mated the truncation radius by visually comparing radial profiles to a truncated model. For
the 5 galaxies in common the results for the truncation radius are consistent (Table 3.3). Thus,
the truncation is seen in different data-sets using different methods, confirming their reality.
Finally, we emphasize that the fraction of galaxies in which a truncation is found, about 60
percent, is clearly a lower limit. The detection of a truncation depends on the edge-on cen-
tral surface brightness and the Rmax/hR of the disk, the limiting magnitude reached by the
observation and, to a lesser extent, on the shape of the truncation.

3.4 Discussion
The truncation radius is an important global disk parameter whose place in theories of disk
galaxy formation and evolution is still under debate. We showed that the stellar disks of
at least 20 out of the 34 galaxies in our sample are radially truncated. These galaxies dis-
play a tight relation between the truncation radius and I-band disk scalelength (Fig. 3.3).
By taking the average Rmax in case of a double-sided truncation, we obtain a sample av-
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erage of Rmax/hR = 3.6 and a 1σ scatter of 0.6. Previous studies have also revealed the
relation between the truncation radius and disk scalelength, but yielded different values for
the ratio Rmax/hR. For example, for 7 nearby spirals KS3 find a mean value Rmax/hR =
4.2±0.5, Pohlen, Dettmar, & Lütticke (2000a) find 2.9±0.7 for a sample of 31 galaxies,
whereas Schwarzkopf & Dettmar (2000) obtain 3.7±0.9 from 61 galaxies (although the lat-
ter two samples have several galaxies in common). Differences may be introduced due to
the use of different passbands: the use of bluer passbands will result in larger scalelengths
due to population gradients and dust attenuation (Peletier et al. 1994), and hence leads to
smaller Rmax/hR. However, this can only be part of the explanation; the study of Pohlen
et al. (2000a) revealed a decrease of the ratio with increasing scalelength for galaxies studied
in the same band (r band).

We show the distribution of Rmax/hR versus scalelength in Fig. 3.4a. For those galaxies
for which no truncation was found, the lower limit is shown (arrows). Figure 3.4a appears
to show a subtle increase in Rmax/hR towards small scalelengths; the average ratio for the
spirals with hR < 4 kpc is 4.4, more than one standard deviation higher than that of the
entire sample. This increase of Rmax/hR may be related to its decrease found at very large
scalelengths by Pohlen et al. (2000a). However, the reality of this feature is not entirely
clear considering the modest sample size and the selection effect against galaxies of small
physical sizes and low surface brightness. We are, for example, still missing small low surface
brightness galaxies, which may have entirely different Rmax/hR. While our view of the
distribution of Rmax/hR is certainly obscured by this selection effect, additional information
can be obtained from face-on samples. We have estimated a lower limit to Rmax for the
spirals in the face-on sample of de Jong & van der Kruit (1994), a sample which is dominated
by spirals of small scalelength. By taking the lowest contour in their R-band contour plots as
a lower limit to Rmax, we find an average (Rmax/hR)min = 4.0±1.1 (1σ). When combining
this lower limit with the results from the present truncation analysis, this suggests that the
ratio of truncation radius to disk scalelength in small scalelength spirals is at least four.

Figure 3.4b shows the dimensionless truncation radius versus the de-projected face-on

Table 3.3: Comparison of the trun-
cation radius with the literature

Galaxy Rmax,I ± Rmax,r

(arcsec) (arcsec)

(1) (2) (3) (4)
ESO 269-G15 97 18 90
ESO 321-G10 65 6 65
ESO 446-G18 84 12 76
ESO 446-G44 84 6 76
ESO 564-G27 148 11 141

Notes – Columns: (1) Name (ESO-LV);
(2) and (3) Truncation radius and error
in the I band (this study), (4) Trunca-
tion radius in the r band (Pohlen et al.
2000b).
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Figure 3.3: The truncation radius ver-
sus disk scalelength. The dotted line is
the linear least-squares fit. The arrows
indicate lower limits for 13 galaxies for
which no Rmax could be determined.

central surface brightness (corrected for Galactic extinction as in de Grijs 1998). The ratio
Rmax/hR appears to be correlated with surface brightness in the sense that lower surface
brightness disks tend to truncate at a smaller number of scalelengths. A Spearman rank cor-
relation test appears conclusive, yielding a correlation coefficient of 0.61 (or a confidence
level greater than 99%). However, this test does not take the errors into account, which are
substantial in many cases. Note that the face-on surface brightnesses are probably under-
estimated, by ∼ 0.7 mag according to a comparison between the Tully-Fisher relations of
edge-on and face-on spirals (Sect. 7.5.4). The large lower limits for ESO 340-G08 and ESO
555-G36 are puzzling (Table 3.2, far above the data points in Fig. 3.4b). The disks of these
spirals appear to be far more extended than the norm.

Figures 3.4a & b combined suggest that in small scalelength, high surface brightness
spirals the truncation occurs at at least four scalelengths. This is important, because small
spirals (hR . 4 kpc) are the most numerous in the local Universe (van der Kruit 1987; de Jong
& Lacey 2000, Sect. 2.5.1). As another corollary, the range in face-on surface brightness
among spirals is narrower at Rmax than at the disk center. If the disks in the current sample
are exponential out to Rmax then the distribution of I-band face-on surface brightnesses at
Rmax has an average of 25.3 mag arcsec−2 and a 1σ scatter of 0.6 mag arcsec−2. This
dispersion is considerably smaller than the 1.1 mag arcsec−2 dispersion in the central surface
brightness. This also implies that in the face-on view, the truncation is just as easily (or
laboriously) detected in LSB as in HSB spirals.

We can compare the observed trends to the predictions of the analytical collapse model
of disk galaxy formation (Fall & Efstathiou 1980; Gunn 1982; Dalcanton et al. 1997). The
two basic assumptions of the collapse model are: (1) the details of the hierarchical merging
process are unimportant for the formation of disks and (2) the angular momentum distribution
of the baryons is unchanged throughout the collapse and subsequent disk evolution. Although
these simple assumptions appear to be in conflict with disk galaxy formation in a cold dark
matter context (e.g. Navarro & Steinmetz 1997), the predictions of the collapse model are
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Figure 3.4: (a) – Rmax/hR versus disk scalelength. The arrows are as in Fig. 3.3. The cross-hatched
region shows the prediction of the collapse model for disk galaxy formation (see text). The dashed lines
show the predicted threshold radii for star formation (Schaye 2002) for disk masses of, from bottom
to top, 7.5 109, 5 × 7.5 109 and 25 × 7.5 109 M�. (b) – Rmax/hR versus face-on central surface
brightness in the I-band. The arrows are as in Fig. 3.3, the cross-hatched region is as in (a). The dashed
line shows the star-formation threshold prediction. The shifted dotted line is obtained when allowing
for an underestimation of the surface brightnesses by 0.7 mag (see text).

in general agreement with many of the basic properties of the structure and dynamics of
disk galaxies (Dalcanton et al. 1997; Mo, Mao, & White 1998; de Jong & Lacey 2000). If
protogalaxies are relatively sharp-edged, then the collapse theory also predicts the outermost
radius of the baryonic disk (van der Kruit 1987). This radius corresponds to the material with
the highest specific angular momentum in the protogalaxy. To quantify this prediction we
calculated model surface density profiles using the method of Dalcanton et al. (1997) for a
range in spin parameter and total mass of the protogalaxy. We assume a constant baryonic
mass fraction F = 0.10 and a constant efficiency for turning the baryons into stars over
the age of the disk at (M/L)disk = 2 (see Sect. 2.5.3 for a more detailed discussion). The
scalelengths were derived using a method similar to the ‘marking-the-disk’ method (Freeman
1970), and the outermost radii were obtained by taking the radius at which the density drops
to zero. The result is indicated by the cross-hatched region in Figs. 3.4a & b.

In the collapse theory, both the outermost radius and the scalelength of the baryonic proto-
disk increase with the mass and angular momentum of the protogalaxy such that their ratio
remains approximately constant at 3–4. Taking a different or non-constant baryon mass frac-
tion does not significantly change this result. The predicted Rmax/hR is slightly smaller than
the ratio of 4.5 predicted by van der Kruit (1987) based on a comparison of the angular mo-
mentum distribution of an exponential disk with that of a uniformly rotating, uniform sphere
with λ = 0.07. Although the prediction of the collapse model roughly coincides with the
average observed Rmax/hR, it can not explain the existence of disks which extend to a rela-
tively large or a small number of scalelengths. In particular, it does not predict an increase of
Rmax/hR toward small scalelengths (Fig. 3.4a), or a decrease towards low surface brightness
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disks (Fig. 3.4b). Taking a different halo density profile and/or angular momentum profile
could change the value of Rmax/hR, but not its constancy. Including additional prescriptions
for mass accretion, star formation and supernova feedback can lead to Rmax/hR ratios that
do change as a function of central surface brightness, but with the opposite sign (van den
Bosch 2001). Perhaps taking a range in angular momentum profiles, as suggested by N-body
simulations in the ΛCDM cosmology (Bullock et al. 2001a), or re-distributing the angular
momentum during and/or after the collapse could solve the discrepancy.

Alternatively, the stellar disk truncation may be caused by the inhibition of widespread
star formation below a critical gas surface density (Fall & Efstathiou 1980; Kennicutt 1989),
if the corresponding critical radius is approximately constant over time. This star formation
threshold is suspected to be related to the stability of the gas disk (Fall & Efstathiou 1980;
KS3). Recently, Schaye (2002) made a prediction for the threshold radius based on simu-
lations of the thermal and ionization structure of the gaseous disks assembled in the galaxy
formation model of Mo et al. (1998). In these simulations the transition to the cold ISM
phase is responsible for the onset of local gravitational instability that triggers star formation.
This transition to the cold phase is independent of the shape of the rotation curve and occurs
at a critical gas surface density, which for reasonable values of the gas fraction, turbulence,
metallicity and the UV radiation intensity attains values in the range Σc ∼ 3–10 M�pc−2

(Schaye 2002). For a disk with an exponential surface density profile (Schaye 2002):

Rmax

hR
= ln

Mdisk

2πh2
RΣc

, (3.1)

where Mdisk is the disk mass (gas and stars) and hR is the mass scalelength. It is easy to
show that when the gas mass is negligible this prediction reduces to:

Rmax

hR
= ln

(M/L)?µ0

Σc
(3.2)

with (M/L)? the stellar mass-to-light ratio and µ0 its central surface brightness (linear units).
The predicted threshold radii according to Eqn. 3.1 are shown in Fig. 3.4a for three disk

masses and Schaye’s (2002) fiducial critical surface density Σc = 5.9 M� pc−2 (NH = 5.6
1020 cm−2). For the adopted disk masses, the threshold model brackets the observations.
Interestingly, the model predicts an increase in Rmax/hR towards small scalelengths. Disks
with a higher central surface density form stars out to a larger radius in terms of scalelengths
before reaching the critical density. Since, for constant total disk mass, a higher surface
density disk has a smaller scalelength, it follows that smaller scalelength disks have larger
Rmax/hR. This anti-correlation, which is similar to the observed trend in the Pohlen et al.
(2000a) sample (Schaye 2002), is also in accordance with the present observations.

Motivated by the observation that the H I gas fraction in the galaxies is small (Ch. 5), we
show Eqn. 3.2 in Fig. 3.4b assuming Σc = 5.9 M�pc−2 and (M/L)? = 2 (constant among
galaxies). Lower surface brightness disks are predicted to be less extended, with a slope
in agreement with the observed trend. The match is better if we take into account that the
inferred disk central surface brightnesses are fainter by about 0.7 magnitudes compared to
their face-on counterparts (Sect. 7.5.4). The scatter and outliers may be explained as being
due to a variation in Σc, e.g. due to a varying UV radiation intensity or metallicity, or due
to a variation of (M/L)?. Altogether, the observations are consistent with a ‘critical surface
brightness’ in the range Σc/(M/L)? = 1.5–4 L�,I pc−2. Saying it differently, for Σc = 5.9
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M�pc−2 the stellar mass-to-light ratio is (M/L)? = 4–1.5 M�/L�,I . The lower part of this
range is reasonable, both from the perspective of stellar population synthesis (Bell & de Jong
2000) and observations of the stellar velocity dispersions in galaxy disks (Bottema 1997).

It has long been known that viscosity driven angular momentum re-distribution within
a star-forming gas disk may drive the resulting stellar disk towards an exponential profile
(Lin & Pringle 1987). Depending on the details of star formation, this process may yield a
stellar disk with a well-defined edge that advances radially outward with time (Ferguson &
Clarke 2001). Unfortunately, the theory has not yet been explicitly investigated with respect
to this truncation radius. The theory of stochastic self-propagating star formation predicts
Rmax/hR = 4 (Seiden et al. 1984) for flat rotation curves. This prediction is similar to that of
the collapse model, suggesting that it too is not responsible for the disk truncation.

3.5 Conclusions
We used an edge-fitting method to analyze the outer parts of the I-band radial light profiles
of 34 edge-on spiral galaxies. In this method the edges of the profiles are fitted with a simple
straight line in intensity and a quantitative criterion is used to establish the reality of the
truncation.

At least 20 galaxies have truncated stellar disks, displaying a tight relation between disk
scalelength and truncation radius. In this sample the truncation occurs at an average number
of 3.6 I-band scalengths, with a 1σ scatter of 0.6. The stellar disk edge seems to occur at a
larger number of scalelengths in galaxies with a smaller scalelength, in agreement with the
decrease of Rmax/hR towards large scalelengths reported by Pohlen et al. (2000a). In ad-
dition, we observe a tentative correlation between the ratio Rmax/hR and the de-projected
face-on central surface brightness of the disk. These observations appear to have two impor-
tant implications. First, high surface brightness spirals with small scalelengths, which are the
most numerous spirals in the local Universe (de Jong & Lacey 2000), have an Rmax/hR of
at least four. Secondly, the face-on disk surface brightness at the truncation radius is roughly
constant among galaxies.

The observed truncation radii were compared to the predictions of several theories pro-
posed for its origin. The data are best reproduced by the star-formation threshold model for
the truncation (Fall & Efstathiou 1980; KS3; Kennicutt 1989; Schaye 2002). In particular,
this model is able to match the correlation between Rmax/hR and surface brightness for rea-
sonable stellar mass-to-light ratios. The collapse model for disk galaxy formation (van der
Kruit 1987; Dalcanton et al. 1997) provides a significantly poorer match to the observations,
requiring perhaps a re-distribution of angular momentum during and/or after the collapse.
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