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ABSTRACT 

We investigate the tentative evidence for a warp in the Galactic stellar disk, similar to the well-known warp 
seen in the H i gas, using a sample of ~ 90,000 IRAS point sources as disk tracers. The IRAS sources were 
selected on the basis of infrared colors, and most of them are probably evolved, dust-shell stars. Analysis of 
their distribution near the Galactic plane shows a systematic variation of characteristic latitude with the longi- 
tude. The sources are found preferentially above the plane near ln ~ 90o-100°, and below the plane near 
/" - 240o-270°, with the amplitude of the deviation increasing at the fainter flux levels (i.e., for more distant 
sources). Simple sine-wave models provide good fits to the data, whereas the null hypothesis (no variation 
with the longitude) can be rejected with a high degree of significance. This behavior is at least qualitatively as 
expected, if the IRAS sources follow the H i warp. We conclude that the stellar disk of our Galaxy is warped 
at large radii in a way similar to the H i layer, and that the warp is an important characteristic of our Galaxy 
as a whole. Since most of the IRAS stars are relatively old (several Gyr), we propose that the warp is a 
long-lasting phenomenon, possibly caused by asymmetries of the mass distribution in the outer regions of the 
Galactic dark halo. The projected amplitude of the IRAS warp may be lower than expected if the stars and 
the gas trace each other at all radii. We tentatively explain this as a signature of the radial truncation of the 
Galactic stellar disk. We also find that the mean disk plane, as delineated by the IRAS sources, is ~0?l-0?2 
below b11 = 0° ; this may reflect the z-distance of the Sun above the disk plane. 
Subject headings: galaxies: the Galaxy — infrared: general 

I. INTRODUCTION 

One of the principal features of the Galactic hydrogen disk is 
the warp at large galactocentric radii (Burke 1957; Kerr 1957; 
Westerhout 1957; Oort, Kerr, and Westerhout 1958). Good 
reviews of the warp and the morphology of the outer Galaxy 
gas layer are given, e.g., by Weaver (1974a, b), Henderson 
(1979), Kulkarni, Blitz, and Heiles (1982), Henderson, Jackson, 
and Kerr (1982), Burton and te Lintel Hekkert (1986), Burton 
and Deul (1987), and Burton (1988), who list other relevant 
references. Similar H i warps are often seen in other spiral 
galaxies, at radii where the optical isophotes are too faint to 
check whether their stellar disks are also warped (Sancisi 1976, 
1983; van Woerden 1979). Innanen et al. (1982), following an 
early suggestion by Baade (1963) and Arp (1964), detected a 
low-surface brightness feature in M31, which they interpret as 
a signature of a warp of the stellar disk (cf. also Walterbos and 
Kennicutt 1987). Sandage and Humphreys (1980) claimed an 
evidence for the optical warp in M33. A somewhat less per- 
suasive evidence for a warp in the stellar disk of NGC 4565 was 
published by van der Kruit and Searle (1981). Van der Kruit 
(1979) found a very marginal evidence for optical warps in 
three edge-on spirals, and his detection of a warp in NGC 5907 
was subsequently confirmed in an extensive study by Sasaki 
(1987), who also lists many other relevant references. Theoreti- 
cal models are reviewed, e.g., by Saar (1979), Toomre (1983), 
Sparke and Casertano (1988), and references therein. 

To date, it is not clear whether the wrap is a persistent 
feature of the Galaxy, or a transient phenomenon. It is also 
unknown whether the Galactic stellar disk follows the H i 
warp. Optical studies of the young disk (Population I) tracers 
are severely hampered by the interstellar extinction and incom- 

pleteness. Fernie (1968) detected a systematic longitudinal 
deviation in the mean Galactic latitude of Cepheids, and 
Graham (1970) and Garmany (1986) found a similar trend in 
distribution of OB stars, in the same general way as the H i 
layer. Fich and Blitz (1983) found evidence for the warp in the 
distribution of H n region in the outer Galaxy. Miyamoto, 
Yoshizawa, and Suzuki (1988) even tried to address the kine- 
matics of the putative warp in OB stars. However, the incom- 
pleteness of the catalogs used in these studies makes it hard to 
estimate the significance of their results. Also, all of the optical 
Population I tracers used in these studies are young, with the 
ages generally smaller than a single rotation period of the disk, 
and could have formed in situ from the warped H i layer. They 
thus do not answer the question of how persistent is the warp. 
In this Letter, we report the discovery of a feature in IRAS 
point source counts, which we interpret as a signature of the 
warp in the Galactic old stellar disk. 

II. THE IRÁS DATA SETS AND ANALYSIS 

The IRAS satellite (Neugebauer et al. 1984) opened a new, 
unobscured window for studies of Galactic structure. An 
example of an effective use of IRAS point source is the study of 
the Galactic bulge by Habing et al. (1985). Other work is pre- 
sented and reviewed by Habing (1986, 1987a, b, 1988), Chester 
(1986), or Beichman (1987). The principal advantages of the 
IRAS sample are insensitivity to the interstellar extinction, 
uniformity in selection, and completeness in the sky coverage. 

Most IRAS sources identified with stars are asymptotic 
giant branch (AGB) or post-AGB stars with dust shells, 
including many Miras and LPVs (Chester 1986; Glass 1986, 
1988; Habing 1986, 1987a, b, 1988; Herman, Burger, and 
Pennix 1986; Whitelock, Feast, and Catchpole 1986). These 
sources are luminous, with typical luminosities in the range 
Lir ~ 2000-4000 L0 (Habing 1988), although the faint end of Alfred P. Sloan Foundation fellow. 
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their luminosity function is still poorly known. They are easily 
^ detected by IRAS at the distance of the Galactic center—or of 
< the warp ( ~ 10-20 kpc). Habing et al (1985) suggest the follow- 
^ ing approximate formula for IRAS stellar sources : 

Lir ^ 1.5v/v(47rD2) . 

Thus, a source with the flux of 0.5 Jy in the IRAS 12 pm band 
corresponds to an LIR ^ 2350 L0 source (~ a typical shell 
star?) at the distance of 20 kpc, where the warp is prominent. 

As described by those authors, it is possible to use IRAS 
colors to select stars and probable stars from the IRAS Point 
Source Catalog (PSC). Based on the information provided in 
these papers, we decided on the following selection criteria for 
stars or probable stars in the PSC: ^ 0.5, Fi2/F6o > 3 
(if detected at 60 pm), F25/F^0 > 0.5 (if detected at 25 ^m and 
60 pm), where Fx is the flux in the IRAS x-pm band. Further- 
more, we restricted our study to the low latitudes, | h111 < 10°. 
Two regions of the Galactic plane are affected by the incom- 
pleteness in the IRAS sky coverage: we skip the longitude 
ranges 78?5-91° and 2620-269°. Thus, the 80o-90° longitude 
bin disappears. There are enough sources left in the other 
affected bins, that our analysis is not compromised. This 
“ basic ” sample consists of 89,886 sources. Since we wanted to 
examine the global distribution of the sample in many longi- 
tude bins, and look at the relatively distant, and thus faint 
stars, we chose not to discriminate against the sources with 
poorer quality measurements : mere detections are enough for 
our purpose, and the precise fluxes are not really essential. We 
also subdivided the basic sample on the basis of the 12 pm flux, 
F12/F25 infrared color, and Galactic latitude. 

We first verified our conversion of the (a, <5) coordinates 
from the PSC into the new Galactic (/n, b11) system (cf. Lane 
1979). We also established that the numerical errors of the 
conversion are unimportant, typically ~5 x 10"6 degrees. 

For each of the samples, we divide the sources in A/11 =10° 
bins, and compute the median and the mean latitude «h11» in 

each bin. A systematic variation of > with the longitude is 
evident in the basic sample and all of its subsamples, always in 
the sense that there are more sources above the mean plane in 
the ln ~ 90o-100° region, and more sources below the mean 
plane in the ln ~ 240o-270° region, which is at least qualitat- 
ively just as the behavior of the H 1 warp. The mean and the 
median latitudes in bins behave in the same way. Some exam- 
ples are shown in Figure 1. 

We computed the x2 per degree of freedom (x2/dof) for the 
mean bin counts, assuming two models for the data. As the null 
hypothesis, we propose that the mean latitude should be con- 
stant, but not necessarily zero. As a simple model for the warp, 
we fit the counts as a sine wave of the form : 

<hn) = A sin (/»„ — C) — B , 

where ll¿in is the central longitude in each bin. The coefficients 
A, B, and C, and the x2/dof values are listed in Table 1. The 
error-bars shown are the formal statistical 1 o errors from the 
fits. A better model would assume some three-dimensional 
shape of the warp, include the projection effects, the luminosity 
function of the sources, etc., and would necessarily have many 
free parameters. In this preliminary report, we do only a very 
simple analysis of the data as described above, which is ade- 
quate for our purpose, and is easy to understand. It is clear 
from Table 1 that the null hypothesis is a very poor descriptor 
of the data, whereas the sine model is always better, and in 
general provides acceptable fits (x2/dof — 1). 

We also computed running medians of latitudes in groups of 
41 sources as a function of longitude; the results appeared to 
be visually identical to the results from the binned data. 

III. DISCUSSION AND CONCLUSIONS 
The systematic variation in the <frn> as a function of Galac- 

tic longitude is very similar to the projected distribution of the 
H i gas in the outer Galaxy. It persists in different samples of 
probable stellar sources selected from the IRAS PSC. 

Fig. 1.—Variations of the mean Galactic latitude, <hn), as a function of Galactic longitude, in 10° bins. The top panel shows the results for the basic catalog (see 
text): solid squares represent the mean latitudes in bins, and open squares the medians. The bottom panel divides the sources into 12 /un flux: solid circles represent 
the fainter ( ~ more distant) sources, and open circles represent the brighter ( ~ closer) sources. The lines represent the corresponding sine model fits, as marked. 
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TABLE 1 
Model Fits for Different Subsamples 

Sample Nsc B (x2/dof) (x2/dof) 
model null 

Basic (see text) 89886 0.33 ± 0.02 0.17 ± 0.02 4 ± 5 2.17 7.93 
Faint F12 < 1 Jy 45249 0.42 ± 0.04 0.16 ± 0.03 5 ± 6 1.35 5.44 
... Fu < 0.5 Jy 17627 0.61 ± 0.06 0.21 ± 0.05 -1 ± 8 1.59 4.58 
... 0.5 Jy < F12 < 1 Jy 27010 0.30 ± 0.04 0.12 ± 0.04 17 ± 11 1.01 2.51 
... 1 Jy < Fi2 < 2 Jy 20231 0.23 ± 0.04 0.14 ± 0.05 16 ± 15 0.96 1.73 
... F12 > 2 Jy 5018 0.20 ± 0.04 0.19 ± 0.04 4 ± 15 2.84 3.71 
Bright Fi2 > 1 Jy 44637 0.22 ± 0.03 0.17 ± 0.03 7 ± 8 1.95 3.76 
Hot F12 > F25 79963 0.34 ± 0.03 0.18 ± 0.02 2 ± 5 1.58 6.51 
Cold Fi2 < F25 9923 0.36 ± 0.03 -0.04 ± 0.04 41 ± 8 10.3 13.1 
Plane I6//I < 2° 28903 0.04 ± 0.01 0.01 ± 0.02 19 ± 21 1.10 1.28 
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The mean Galactic plane defined by this sample is on the 
average 0? 1-0? 15 below the plane defined by the I AU (Z11, b11) 
system. The cause of this deviation is unclear. We verified that 
it is not an artifact of our coordinate conversions. It may be 
partly caused by the fact that the Sun is above the Galactic 
disk plane (the z-height of -15 pc corresponds to ~0?1 devi- 
ation at the distance of 8 kpc). It may also reflect the imperfect 
match of the IAU (Z11, b11) system to the true physical disk plane. 
The (Z11, b11) system was defined for convenience with some 
roundoff in (a, <5), the coordinates of the Galactic pole and 
inclination of the Galactic equator, and the uncertainty in the 
position of the pole is of the order ~0?1 (Blaauw et al 1960; 
Gum, Kerr, and Westerhout 1960). This finding illustrates the 
potential of the IRAS data base in determining more accu- 
rately the position of the Galactic plane on the sky, and the 
z-height of the Sun, but such considerations are beyond the 
scope of this Letter and will be explored elsewhere. 

The longitudes of the maximum warp are not affected sig- 
nificantly by the IRAS detector hysteresis effects, which are 
important in the central bulge. We repeated the sine fits by 
omitting the four bins closest to the Galactic center, and the 
results did not change appreciably. Another possible effect is 
the Galactic plane “ noise shadowing ” (see the IRAS Explana- 
tory Supplement, Chap. 8), which could cause incompleteness at 
faint flux levels. According to the IRAS Explanatory Supple- 
ment, this effect is not important for 12 pm point sources. If the 
hysteresis or shadowing effects from the scan crossings of the 
plane were important, the observed deviation would have been 
stronger at smaller latitudes, which is the opposite from what is 
observed. We are unaware of any other instrumental artifacts 
which could make spurious warplike deviations in the <hn>, 
similar to those we detected, and we conclude that the effect is 
real. 

The amplitude of the longitudinal variation of <hn) 
increases for the fainter, and thus on the average more distant 
sources, as it would be expected from a continuously warped 
disk. The sine model fit described above is a good descriptor of 
the data, and essentially always better than the null hypothesis. 
The only subsample for which this is not the case in the sample 
of “cold” (F25 > Fi2) sources, where both fits are very poor, 
and some fraction of which may be a confusion from the infra- 
red cirrus, or background galaxies. The “plane” subsample 
(I b111 < 2°) is about equally well described by the sine model 
and the null hypothesis. This is as expected, since the warp 
removes the sources from the mean plane in a roughly sym- 
metric manner and places them at higher latitudes, where the 

asymmetry in the projected source counts should be more 
prominent. 

All these effects argue that we are seeing the same phenome- 
non in both H i and IRAS IR light. A large majority or all of 
the color-selected PSC sources are almost certainly luminous 
dust-shell stars, whose fluxes would place them roughly at the 
distances of the H i warp. We thus conclude that we are detect- 
ing the warp of the Galactic stellar disk, traced by the popu- 
lation of evolved stars. The warp is therefore a feature of our 
Galaxy as a whole, and not only of its H i gas layer. 

Some important differences may be present, however. First, 
the amplitude of the IRAS warp is several times smaller than 
what would be expected of the sources following the H i warp 
exactly, at the distance of 10 kpc or more. Undoubtedly, a part 
of this discrepancy is due to the projection effects: we integrate 
surface density of the sources through the whole disk, and our 
average luminosity estimates provide only a very crude dis- 
tance indicator. Our source counts may be dominated by 
intrinsically fainter sources at distances of < 10 kpc. Until the 
faint end of the luminosity function of IRAS stars is better 
determined, the exact geometry of the IRAS warp will remain 
uncertain. A similar discrepancy between the optical and H i 
warps in NGC 5907 was found by Sasaki (1987). As proposed 
by Sasaki, this may be due to a cutoff in the stellar disk, which 
may be present in many or all disk galaxies (van der Kruit 
1979; van der Kruit and Searle 1981), even if both the stellar 
and the H i warps follow the same curved plane. The H i disks 
generally extend further than the visible stellar disks (Sancisi 
1983), and their warp amplitudes increase with the galactocen- 
tric radius. Thus, one may be able to constrain the radial extent 
of the Galactic old stellar disk, using the IRAS source counts, 
but such investigation is beyond the scope of this Letter. An 
alternative hypothesis is that the two warps do not follow the 
same warped surface, but we consider that option to be less 
likely. 

Another difference here is that whereas the Galactic H i 
warp has a stronger amplitude in its northern side (Z11 ~ 90° 
zone), the IRAS warp appears to be fairly symmetric. That, 
too, can be accomodated in the context of the truncated stellar 
disk hypothesis. Whereas it is reassuring that the stellar disk 
shows a symmetric behavior, we cannot answer why is the 
Galactic H i disk asymmetric. 

Another important result is that the warp is traced by a 
relatively old stellar population. A younger population could 
have formed in situ from the warped gas disk, on time scales 
much shorter than the rotation period of the disk. However, if 
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the warp is traced by an old stellar population, it would have 
to be a long-lived phenomenon. The typical ages of Mira vari- 
ables and LPVs are estimated to be in the range 4-17 Gyr 
(Feast 1986), and the AGB stars in this range of luminosities 
are at least a few Gyr old (Aaronson and Mould 1985). This 
would argue against the mechanisms which explain the warps 
as a sporadic or transient event, due, e.g., to galaxy inter- 
actions. 

Probably the most promising dynamical explanation for 
warps in galactic disks is that they are caused by aspherical, 
massive dark halos: a triaxial or an oblate halo, misaligned 
with a galactic disk, could cause the warping (Binney 1978, 
1981; Petrou 1980; Toomre 1983; Dekel and Shlosman 1983; 
Sparke 1984a, b; Sparke and Casertano 1988). A generic expec- 
tation in many modern models of galaxy formation is that the 
halos should be triaxial, or at least oblate, product of early 
mergers (Frenk et al 1988; Zurek, Quinn, and Salmon 1988). 

The warps would then be common and persistent features of 
galactic disks, and manifest in their old stellar populations. 
However, as shown by Sparke and Casertano (1988), the oblate 
(axisymmetric) halos are sufficient, or even preferable; the 
halos which cause warps need not be triaxial. Further studies 
of the Galactic warp may thus constrain the shape and other 
parameters of the Galactic dark halo. 
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