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DETECTION OF STAR STREAMS AND TURBULENCE IN NEARBY GALAXIES: POWER SPECTRUM
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ABSTRACT

Fourier transform power spectra of azimuthal scans in 33 galaxies imaged with the Infrared Array Camera on
the Spitzer Space Telescope show an approximate power-law structure over a wide range of wavenumbers with
a gradual steepening from 3.6 or 4.5 μm to 8.0 μm, in the order of an increasing contribution from gas and
dust. At radii with active star formation, the average of the slopes of the 8 μm power spectra at intermediate
spatial frequencies is about the same for all galaxies, independent of spiral arm morphology. These power
spectra are reminiscent of turbulence, although the 8 μm slopes, averaging −2.0, are slightly steeper than
expected (−1.7). Reconstructed images using only these intermediate spatial frequencies at 4.5 μm show aging
star complexes distorted by shear. These sheared features illustrate the transition from a hierarchical structure
during star formation into azimuthal star streams like the Pleiades moving group in the Solar neighborhood.
This is the first time that young star streams have been observed in spiral galaxies other than the Milky Way.
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1. INTRODUCTION

Fourier analysis has been applied to galaxy images since the
pioneering work by Kalnajs (1975). Early analyses by several
groups (Iye et al. 1982; Considère & Athanassoula 1982, 1988;
Takase et al. 1984; Puerari & Dottori 1992; Garcı́a-Gómez &
Athanassoula 1993) determined pitch angles for spiral arms
and reconstructed galaxy morphology using low-order modes.
The first complete two-dimensional Fourier transform of galaxy
images was by Krakow et al. (1982). With the advent of digital
arrays, two-dimensional Fourier analysis could be routinely
performed. As a result, low-order Fourier components have
been fitted to spirals and bars in numerous studies (for early
work, see, e.g., Elmegreen & Elmegreen 1985; Buta 1986; Ohta
et al. 1990; Odewahn 1991; Puerari 1993; Saraiva Schröder
et al. 1994). The first low-order mode fits to infrared images
were made in the K ′ band by Block & Puerari (1999) and H
band by Puerari et al. (2000).

Fourier transform power spectra to high order in galaxies
were first studied by Stanimirović et al. (1999) for H i gas the
Small Magellanic Cloud and by Elmegreen et al. (2001) for H i

in the Large Magellanic Cloud (LMC). Both were found to be
power laws, suggesting wide-spread turbulence in the H i (see
also Dickey et al. 2001 and references therein). The LMC study
included one-dimensional power spectra of azimuthal intensity
profiles, which have a power-law form too for an intermediate
range of wavenumbers. Power spectra of azimuthal profiles of
dust absorption in the nuclear regions of two galaxies showed
similar power laws over a limited range (Elmegreen et al. 2002).
Analogous studies of optical images of galaxies were made
by Elmegreen et al. (2003a, 2003b). They found the power-
law structures in the starlight and suggested that stars follow a
turbulent gas when they form. Such hierarchies in young star
fields have been observed for a long time using a variety of
other methods too (e.g., Feitzinger & Braunsfurth 1984; see
references in Elmegreen et al. 2003a).

Here, we examine the power spectra of azimuthal intensity
scans in Spitzer IRAC images of 33 nearby galaxies. Channel
4 at 8.0 μm contains emission from warm dust and polycyclic
aromatic hydrocarbon (PAH) macromolecules and should give
a power spectrum close to that of the gas emission, which is
usually a power law over intermediate wavenumbers having a
slope comparable to that from a passive tracer in Kolmogorov
turbulence, i.e., −5/3 for a one-dimensional scan. Channels 1
and 2 are dominated by emission from old stars but should still
show red supergiants from aging star complexes. Channels 1 and
2 may contain a small amount of PAH and warm dust emission
as well (Draine & Li 2007).

Fourier transforms give a different impression of a galaxy than
visual inspection. Power spectra bring out the high-frequency
structure, such as hierarchical patterns in star formation and
small characteristic lengths, while visual inspection emphasizes
the low-frequency structure, such as spiral arms and the largest
star complexes. Azimuthal profiles have another advantage over
whole images in that shear does not affect an azimuthal profile.
An aging star complex may get washed out by shear in a whole
galaxy image, making it difficult to see after one or more disk
rotations, but shear does not affect the complex size at any given
radius. The intensity peak from a young complex can persist
in an azimuthal profile for a long time, first spreading out to
the epicyclic dimension for the initial random velocities of the
stars, and then slowly diffusing to larger azimuthal widths as the
guiding center positions for the stars scatter. Power spectra of
azimuthal profiles can therefore probe the structure of aging star
fields. Star streams of several hundred million years old should
therefore be visible in the power spectra of Spitzer emission at
3.6 and 4.5 μm.

We discuss the observations and data reductions in Section 2,
while sources of emission in the different IRAC bands form the
focus of Section 3. In Section 4, we discuss the mathematical
formulation of power-spectral analysis and the effects of both
noise and point sources (e.g., foreground stars) on a synthetic
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Kolmogorov spectrum. The galaxy power spectra are presented
in Section 5, wherein changes of slope between the different
IRAC filters are also discussed. A discussion of star streams
follows in Section 6, and our conclusions are presented in
Section 7.

2. OBSERVATIONS AND DATA REDUCTIONS

Our database is drawn from images secured using the IRAC
(Fazio et al. 2004) on board the Spitzer Space Telescope (SST).
The IRAC instrument is composed of four detectors that operate
at 3.6 μm (channel 1), 4.5 μm (channel 2), 5.8 μm (channel 3),
and 8.0 μm (channel 4). All four detector arrays are 256 × 256
pixels in size with mean pixel scales of 1.221, 1.213, 1.222,
and 1.′′220 pixel−1, respectively. The IRAC filter band centers
are at 3.548, 4.492, 5.661, and 7.87 μm, and the adopted zero
magnitude fluxes are 280.9 Jy (channel 1), 179.7 Jy (channel
2), 115.0 Jy (channel 3), and 64.1 Jy (channel 4) as described in
the IRAC Data Handbook V3.0 (see Gehrz et al. 2007).

The galaxies in Table 1 were imaged with IRAC; 4.5 and
8.0 μm images of six galaxies are illustrated in Figures 1 and
2. We selected a sample of nearby spiral galaxies with large
angular diameters. While most of our sample comes from the
Spitzer Infrared Nearby Galaxy Survey (SINGS) database (now
public domain), our team also had access to Spitzer Guaranteed
Time Observing Programs (SGTOP), with one of us (G.G.F.)
serving as PI of the IRAC, and another (R.D.G.) serving as PI
of the Gehrz GTO Program (GGTOP).

For galaxies larger than the 5′ size of the IRAC detectors,
SINGS observations were taken in a mosaic pattern, offsetting
the field of view by ∼50% each time. This process was repeated
twice, with observations separated by at least 24 hr to best
correct for asteroids and detector artifacts. Points in the central
mosaic regions were therefore imaged eight times. Galaxies
which fit into a single IRAC field were imaged using two sets
of four dithered observations, again resulting in points being
observed eight times over the bulk of the final images.

The SINGS IRAC images are created from multiple Spitzer
images in either a mosaic or single-field dither pattern. Full
details of the SINGS program are described by Kennicutt et al.
(2003). The Basic Calibrated Data (BCD) images were produced
by the Spitzer Science Center (SSC) and have been subjected
to a number of processing steps including flat fielding and bias
subtraction. The SINGS IRAC pipeline further processes these
data to deal with a number of issues including frame geometric
distortion and rotation, residual flat fielding, cosmic rays, frame
alignment, and bias drift. Frames are finally combined using the
drizzle algorithm to maximize resolution from the individual
subsampled images.

The Triangulum Spiral Galaxy NGC 598 (M33) formed part
of a separate imaging program; it does not belong to the SINGS
database. Observations of M33 were made using an IRAC as
part of an SGTOP (Program ID 5) conducted by Spitzer Science
Working Group member R.D. Gehrz and the GGTOP team. The
M33 mapping sequence consisted of 438 frames per channel,
including a three-point 1/2 pixel dither for each map position.
The integration time was 12 s per frame.

The raw Spitzer data of M33 were processed and flux
calibrated with version 11.0.2 of the SSC pipeline. Post-BCD
processing was carried out using an artifact mitigation algorithm
developed by S. Carey7 and the 2005 September 30 Linux
version of the SSC MOPEX software (Makovoz & Khan

7 http://spider.ipac.caltech.edu/staff/carey/irac_artifacts/

2005). The artifact mitigation algorithm alleviates the effects of
muxbleed, column pull-down/pull-up, electronic banding, and
bias variations between the images. Three additional corrections
were implemented with MOPEX: background matching, outlier
detection, and mosaicing. Background matching was performed
by minimizing the pixel differences in overlapping areas with
respect to a constant offset computed by the program. Cosmic
rays and other outliers were detected and eliminated with the
outlier detection module. In the final step, the images were re-
interpolated to a pixel scale of approximately 1.′′224 pixel−1 and
mosaiced to create a final image of M33 spanning approximately
1.◦2 × 1.◦4.

3. GAS AND DUST EMISSION IN THE IRAC BANDS

The IRAC images at 8.0 μm contain emission from ultrasmall
grains and macromolecules. One proposed macromolecule is a
PAH, with emission bands at 3.3, 6.2, 7.7, 8.6, and 11.3 μm.
UV radiation excites PAHs in photodissociation regions at the
interfaces between dense clouds and early-type stars, but stars
as cool as 3000 K may also excite PAH emission at 6.2, 7.7, 8.6,
and 11.3 μm (Li & Draine 2002), so the 8 μm band traces more
than hot stars. Ultrasmall grains emit in IRAC bands when their
temperatures spike to 1000 K or 2000 K after absorbing a single
photon (Greenberg 1968; Greenberg & Li 1996; Sellgren et al.
1996; Li 2004).

IRAC channel 2 (4.5 μm) is least contaminated by PAH emis-
sion, since these bands fall outside of its response. Continuum
emission from dust could also be present in the 1–5 μm regime
(Li & Draine 2001). For example, spectral energy distribution
models by B. T. Draine (2007, private communication) suggest
that the 3.3 μm PAH feature contributes ∼ 20% of the flux in
the 3.6 μm band, and dust continuum contributes ∼ 15% of the
flux in the 4.5 μm band.

4. POWER SPECTRUM ANALYSIS: TESTING THE
EFFECTS OF NOISE AND STARS

The power spectrum, P (k), of an azimuthal intensity scan,
I (n), at a given radius is the quadratic sum of the Fourier cosine,
Îc(k), and sine, Îs(k), transforms

Îc(k) =
N∑

n=1

cos(k2πn/N )I (n)

Îs(k) =
N∑

n=1

sin(k2πn/N )I (n)

P (k) = Îc(k)2 + Îs(k)2,

where N is the number of pixels in the azimuthal scan, and k is
the wavenumber.

To better understand the power spectra of galaxies, we studied
the effects of noise and point sources (e.g., foreground stars)
on model power spectra in a 1024×1024 array. To represent
noise, we first generated a synthetic Kolmogorov distribution
(see McFaden 2000) in (kx, ky) space by weighting each real
and imaginary k−5/3 coefficient (where k2 = k2

x + k2
y) with a

random number uniformly distributed between −1 and 1. This
k-space array was then Fourier transformed in two dimensional
to get a random Kolmogorov distribution in real (x, y) space.
The result is shown on the left in Figure 3. The distribution in
real space has a mean of 0.6 and a standard deviation of 0.3.
We then selected a radius of 150 pixels, took azimuthal profiles,

http://spider.ipac.caltech.edu/staff/carey/irac_artifacts/
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Table 1
Data Sample

Galaxy Hubble Typea D25(′)b Scale (′′/pixel) Scale (pc/pixel) Dist. (Mpc)c ACd P.A.(◦)b Incl.(◦)b (Min,Max)e

NGC 0300 Sc ii.8 21.9 0.86 5.00 1.2 5 111 45 (238,1196)
NGC 0598 Sc(s) ii–iii 70.8 1.224 4.98 0.84 5 23 54 (543,4360)
NGC 1058 Sc(s) ii–iii 3.0 0.86 37.94 9.1 3 91† 21 (31,263)
NGC 2841 Sb 8.1 0.86 50.03 12.0 3 147 64 (87,709)
NGC 3031 Sb(r) i–ii 26.9 0.8626 13.59 3.25 12 157 58 (292,2349)
NGC 3198 Sc(rs) i–ii 8.5 0.86 45.03 10.8 - 35 67 (91,744)
NGC 3344 SBbc(rs) i 7.1 0.86 25.43 6.1 9 175† 24 (75,618)
NGC 3351 SBb(r) ii 7.4 0.86 33.77 8.1 6 13 48 (78,647)
NGC 3368 Sab(s) ii 7.6 0.86 33.77 8.1 8 5 46 (81,662)
NGC 3486 Sc(r) i–ii 7.1 0.86 30.85 7.4 9 80 42 (75,618)
NGC 3521 Sb(s)II–III 10.9 0.86 30.02 7.2 3 163 62 (119,958)
NGC 3621 Sc(s)II.8 12.3 0.86 29.60 7.1 3 159 55 (131,672)
NGC 3627 Sb(s)II.2 9.1 0.86 27.52 6.6 7 173 63 (97,697)
NGC 3646 Sbc(r)II 3.9 0.86 236.82 56.8 4 50 55 (40,339)
NGC 3938 Sc(s)I 5.4 0.86 70.88 17.0 9 52† 24 (56,468)
NGC 4136 Sc(r) i–ii 4.0 0.86 40.44 9.7 9 96† 21 (40,348)
NGC 4242 SBdIII 5.0 0.86 31.27 7.5 1 25 41 (53,436)
NGC 4254 Sc(s)I.3 5.4 0.86 70.05 16.8 9 62† 29 (56,468)
NGC 4303 Sc(s)I.2 6.5 0.86 63.37 15.2 9 127† 27 (69,565)
NGC 4321 Sc(s)I 7.4 0.86 70.05 16.8 12 30 32 (78,647)
NGC 4450 Sab pec 5.2 0.86 70.05 16.8 12 175 42 (56,458)
NGC 4536 Sc(s)I 7.6 0.86 55.45 13.3 - 130 65 (81,662)
NGC 4569 Sab(s)I–II 9.5 0.86 70.05 16.8 4/7 23 63 (103,731)
NGC 4579 Sab(s) ii 5.9 0.86 70.05 16.8 9 95 37 (62,515)
NGC 4654 SBc(rs)II 4.9 0.86 70.05 16.8 4 128 55 (53,427)
NGC 4725 Sb/SBb(r)II 10.7 0.86 51.70 12.4 6 35 45 (116,703)
NGC 4736 RSab(s) 11.2 0.86 17.93 4.3 3 105 36 (122,983)
NGC 5055 Sbc(s)II–III 12.6 0.86 30.02 7.2 3 105 55 (135,1102)
NGC 5194 Sbc(s)I–II 11.2 0.765 28.56 7.7 12 163 52 (122,983)
NGC 5668 Sc(s) ii–iii 3.3 0.86 112.16 26.9 2 164† 24 (34,289)
NGC 6946 Sc(s)II 11.5 0.86 22.93 5.5 9 81† 32 (125,753)
NGC 7331 Sb(rs)I–II 10.5 0.86 59.62 14.3 - 171 69 (113,688)
NGC 7793 Sd(s)IV 9.3 0.86 11.67 2.8 2 98 47 (100,713)

Notes.
aSandage & Tammann (1987).
bde Vaucouleurs et al. (1991), † from Grosbøl (1985).
cTully (1988).
dElmegreen & Elmegreen (1982, 1987).
eNumber of frequencies calculated in the smaller (min) and larger (max) radii.

and calculated the mean of the power spectra from nine of these
profiles at nearby radii (150, 151, . . . , 158 pixels). The results
are in curve “a” of Figure 3. The relative spatial frequency (RSF)
is computed using RSF = k/(N/2), where N is the number of
pixels in any circular 2πR swath. We have multiplied the spectra
by a factor of k5/3, so that Kolmogorov turbulence will appear
horizontal in this representation.

We next added 10,000 point sources at random positions in the
real-space Kolmogorov distribution and took the average power
spectrum of the same nine azimuthal scans near 150 pixels. The
stars have a FWHM of ∼ 2.3 pixels to mimic those seen in the
IRAC images. In curve “b,” the stars have an amplitude between
0 and 0.5, while in curve “c,” the star amplitudes range between
0 and 10. Stars obviously affect the Kolmogorov spectra at high
spatial frequencies (there is a more pronounced dip for brighter
stars) and at very low k (increasing the noise).

We also tested the effect of noise in our synthetic Kolmogorov
distribution. The results are shown in curves “d” and “e” of
Figure 3. Power spectrum “d” is the result of adding noise
ranging between −0.1 and 0.1 to all pixels in the real-space
random Kolmogorov distribution, while curve “e” shows the
result of adding a greater amount of noise, which reaches

amplitudes in modulus as high as 0.5. The arrow beneath curve
“e” represents the slope of pure noise. Curve “f” shows the
results of a Kolmogorov distribution perturbed by high-intensity
noise and bright stars.

Evidently, stars and pixel noise influence the power spectra
in predictable ways. The stars produce a dip at high spatial
frequency and add noise to lower frequencies, so the range of
this dip is avoided in all of our fits to power laws. Pixel noise
makes a flatter power spectrum than Kolmogorov turbulence.
Presumably, random stars in the observed galaxy produce noise
somewhat like pixel noise along with the dip at high frequency
from the brighter stars. Thus, we expect that the observed power
spectrum will flatten (i.e., before normalization by k5/3) as
the image noise and galactic star noise increase relative to the
correlated hierarchies from gas and young stellar emission.

5. GALAXY POWER SPECTRA

5.1. A Trend in Slope

We determined the power spectra of azimuthal intensity
profiles at regularly spaced radii in channels 1, 2, and 4 of all
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Figure 1. Images obtained using the IRAC on board the SST . NGC 2841 and NGC 5055 are optically flocculent galaxies, belonging to Elmegreen & Elmegreen
(1987) arm class 3. The Triangulum Spiral Galaxy (NGC 598) is arm class 5. Images at 4.5 μm are least affected by contamination of PAH emission and principally
show stars, while images secured at 8 μm trace the emission of warm dust grains and of PAHs.

the Spitzer images of nearby galaxies. Bright foreground stars
in the azimuthal profile from the Milky Way were automatically
clipped at a level above the running average that is three times the
Gaussian σ . Each galaxy was deprojected using the parameters
in Table 1.

Figures 4–9 show power spectra of azimuthal intensity
profiles at various radii for the six galaxies in Figures 1 and
2. The curves are shifted vertically for comparison. Each curve
is from a different radius separated by 0.1 R25, where R25
is the radius at which the surface brightness is 25 B mag
arcsec−2 (de Vaucouleurs et al. 1991). Along each azimuthal
profile, the IRAC image was sampled at 1 pixel spacing with
no interpolation. Each plotted curve is from an average of nine
power spectra generated from nine azimuthal scans separated
in radius by 1 pixel. As above, the RSF is computed using
RSF = k/(N/2), where N is the number of pixels in any circular

2πR swath. The wavelength size, in parsecs, is computed using
2 pixels/RSF and multiplying this by the scale (Table 1, Column
5). The scale on the top axis of Figures 4–9 corresponds to the
spatial scale in parsecs.

Each power spectrum has been multiplied by k5/3, so it is
easier to see a Kolmogorov-like power law, which will be
horizontal with this normalization. Noise then corresponds
to a slope of +5/3. In this paper, we use the term “hi-
erarchical structure” to characterize the power-law portion
of the power spectrum regardless of the power value. In
most of the figures, the slope of the power spectrum be-
comes more noiselike at larger radii, which makes sense
given the lower surface brightness of the disk there (see
Figure 10).

Following Willett et al. (2005), we restrict our measurement
of the power-spectrum slope to a range of k-space roughly
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Figure 2. Famous grand design galaxies imaged by IRAC and subjected to power-spectral analysis include NGC 4321 (M100), NGC 5194 (M51), and NGC 3031
(M81). All three galaxies belong to arm class 12 of Elmegreen & Elmegreen (1987).

associated with the power-law part, which for our observations,
is between RSF= 0.03 and 0.2. These limits appear as vertical
lines in Figures 4–9. The cutoff at RSF= 0.2 is to avoid point
sources, and the cutoff at RSF= 0.03 is to avoid low-order
modes where the slope of the power spectrum changes. Large-
scale, low-order modes are responsible for global asymmetries
(k=1), spiral arm structures (k ∼ 1–5), and bars (k = 2).
Between these RSF limits, the 8.0 μm power spectrum is often
defined by a power law; the associated hierarchical structure
may extend to the pixel scale at the highest k values, but we
cannot observe this here because of the contamination from
point sources at high k. Power laws determined by least-squares
fits over the RSF = 0.03–0.2 range are shown superposed on
each power spectrum.

The slope of the power spectrum would be −5/3 for the
density structure that traces incompressible three-dimensional

Kolmogorov turbulence observed in a one-dimensional scan;
the slope would be zero for the type of pixel noise discussed in
Section 4. We find for all of our galaxies a systematic trend
toward a more negative slope in channel 4 (8 μm) than in
channels 1 or 2 for radii with prominent star formation. Figure
10 shows power-spectrum slopes as a function of radius for
six galaxies. The systematically smaller slopes at small radii in
channel 4 are also evident from this figure.

Figure 11 shows the systematic shift in slope with passband
for all galaxies in Table 1. On the abscissa is the IRAC channel
number, and on the ordinate is the slope of the power spectrum
between RSF = 0.03 and 0.2, averaged over three adjacent radii
with the most star formation activity in the Spitzer images. These
radii lie in the range from 0.1 to 0.6R25 (see Table 2, Column 2).
The short horizontal lines on the left indicate the Kolmogorov
slope of −5/3 for the power spectrum. The curves are shifted
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Figure 3. Left panel: synthetic Kolmogorov distribution in real space. The circle represents the radius in which an azimuthal profile was taken. Right panel: power
spectra of the azimuthal profile of the synthetic Kolmogorov distribution. (a) Only Kolmogorov distribution. (b) Kolmogorov distribution perturbed by faint stars.
(c) Kolmogorov distribution perturbed by bright stars. (d) Kolmogorov distribution perturbed by low-intensity noise. (e) Kolmogorov distribution perturbed by
high-intensity noise. (f ) Kolmogorov distribution perturbed by high-intensity noise and bright stars. The arrow beneath curve “e” shows the slope of pure noise power
spectra. See text for a description.

Figure 4. Spitzer/IRAC power spectra of the optically flocculent galaxy NGC 2841. The left-most panel is generated from the IRAC 3.6 μm image, followed by the
4.5 μm (middle panel) and the 8.0 μm image (right panel). The y-axis has been multiplied by a factor of k5/3 so that a Kolmogorov slope of k−5/3 would be horizontal
in such a representation. The power spectra are sequentially shown at increasing radii, in units of 0.1R25. The innermost radius shown lies at 1.4 kpc, and the outermost
radius at 11.31 kpc, corresponding to a 0.8R25. Adopted distances are presented in Table 1. Each power spectrum shows the Fourier modes k increasing sequentially
to the right, from k = 1 (extreme leftmost point in the spectrum) to k = (2πR)/2 at the Nyquist limit (extreme rightmost point of the spectrum). Slopes have been
fitted to the power spectra between the two vertical lines, corresponding to an RSF range between 0.03 and 0.2. Values of the slopes (all negative) are indicated to the
right of each curve below the appropriate radii in kpc; the actual least-squares linear fit is shown using a solid line at each radius. At the top of every panel is found
the wavelength size, in parsecs. The arrow indicates the slope of pure noise.

vertically for clarity. They are in order of galaxy distance, with
the closest galaxies at the top left, and increasing distance from
top to bottom on the left and then top to bottom on the right.
The figure illustrates the trend toward lower (more negative)
slope in channel 4 compared to either channels 1 and 2, and it

suggests a change with the galaxy distance too. Table 2 gives
all the average slopes at the prominent star-forming radii.

Figure 12 shows histograms of the average slopes at an
intermediate RSF for the same three star-forming radii in
channels 4 (shaded) and 2. The mean slope for channel 4 is
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Figure 5. Power spectra of the optically flocculent galaxy NGC 5055, generated as in Figure 4. The sources of emission at 3.6 and 4.5 μm are not randomly distributed,
as might be expected in a galactic disk of field stars. Rather, they are seen to obey power laws. Clearly seen is the grand design stellar disk of NGC 5055 at 3.6 μm
and 4.5 μm, as deduced from the pronounced power of the k = 2 mode in the left-most and middle panels. The tendency is for the mean slopes of the power spectra
at 8 μm to be more negative than those observed at 4.5 μm, the channel least contaminated by PAH emission.

Figure 6. Power spectra of the Triangulum Spiral Galaxy NGC 598. Values of the slopes of the power spectra on both the left-hand and in the middle panels are very
close to the Kolmogorov value of −5/3. Hierarchically ordered structures are observed from about 50 parsecs up to ∼1 kpc.

∼ −2.0, and the mean for channel 2 is ∼ −1.4. The channel
4 result is slightly steeper than expected from a Kolmogorov
spectrum in a one-dimensional scan. If it is from turbulence
with a velocity–separation relation v ∝ k−α , then the one-
dimensional slope should be 1 + 2α and α = 0.5 instead of
the usual α = 0.33 for incompressible turbulence. More likely,
there are observational limitations in our analysis, such as the
lack of resolution. Figure 13 shows the average slope again as a
function of distance to the galaxy. There is clearly a trend toward
steeper slopes at greater distances in channels 1 and 2. Channel
4 is still steeper than channels 1 and 2, but the extrapolation
of the channel 4 slope to zero distance gives a value ∼ −2.1
that is not significantly different from the average of ∼ −2.0.
The channel 4 results are generally steeper than expected from

Kolmogorov turbulence, which means less power on smaller
scales.

Other tests were made to check the effects of slight errors in
the inclination and position angles. We took the 8 μm image of
M51 and subjected it to changes in the inclination and position
angles of Δ(i) = ±5◦ and Δ(P.A.) = ±10◦. Power spectra were
generated from these new images. Instead of a mean slope of
−1.995 at 8 μm, the slope changed to a minimum of −2.297,
which is a 13% difference. We also took the 4.5 μm image
of NGC 2841 and subjected it to changes of Δ(i) = ±4◦
and Δ(P.A.) = ±3◦. The mean slope changed from −1.276,
to values between −1.074 and −1.372, representing a 15%
variation. These tests suggest the inclination and positional
angle errors are not the cause of the steep slope at 8 μm.
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Figure 7. Power spectra of the grand design ScI spiral NGC 4321 in the Virgo cluster. The sources of emission at 3.6 and 4.5 μm are clearly seen to obey power laws;
the slopes may be close to Kolmogorov (the mean slopes in the middle panel, at R = 10.86 and R = 12.68 kpc, are −1.66 and −1.44 respectively). The slope of pure
noise in this representation (5/3) is again indicated by an arrow in all three panels. An intercomparison between the middle and right-hand panels again shows the
tendency for the mean slopes of the power spectra at 8 μm to be more negative than those at shorter IRAC wavelengths.

Figure 8. Power spectra of Spitzer images of the Whirlpool Galaxy, NGC 5194. The unusual behavior of the uppermost curve at a galactocentric radius of 10.05 kpc
(0.8 R25) is due to the presence of the companion galaxy NGC 5195. The grand design stellar disk of NGC 5194 is clearly evident in the observed power of the low
order k = 2 Fourier mode. At 8 μm, the tendency of the power spectra to have a more negative slope is clearly evident.

One possible explanation for the steep 8 μm power spectrum
is that the dust contributing to channel 4 is in a disk with a
thickness comparable to the transverse dimension of the lowest
wavenumber in the power-law part of the power spectrum. We
noted in Elmegreen et al. (2001) that the slope in the power
spectrum of an azimuthal scan of H i emission from the LMC
makes a transition from −5/3 at low wavenumber to −8/3
at high wavenumber. The transition occurs at a wavenumber
corresponding to a transverse dimension that is comparable to
the disk thickness, which is ∼ 150 pc in the case of the LMC.
Low wavenumber turbulence is intrinsically two dimensional in
a disk, because the transverse dimension is much larger than the
disk thickness, and high wavenumber turbulence is intrinsically

three dimensional, because the observed scale is smaller than the
disk thickness. The transition in power-spectrum slope follows
this transition in dimensionality of the turbulence. This result
was confirmed by Padoan et al. (2001). Elmegreen et al. (2003a,
2003b) suggested that the same transition occurred in optical
light from NGC 5055. Here, we measure the steep slope up
to a transverse distance of ∼ 1 kpc. If this is not a result of
resolution or other problems, then it suggests the full thickness
of the diffuse ISM contributing to 8 μm is around 1 kpc.

The slope difference between channels 2 and 4 is interpreted
as a result of gas and dust dominating the 8 μm emission
in channel 4, and red starlight, including stellar positional
noise, contributing more to the emission in channel 2. The gas
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Figure 9. Power spectra of the extreme grand design spiral NGC 3031 (Messier 81). The number of Fourier modes plotted in the lowermost curve, at a radius of 1.26
kpc, is 292, while the corresponding number of Fourier modes seen in the uppermost curve (radius 10.17 kpc) is 2349. At 8 μm, the slopes of the power spectra at
many galactocentric radii are almost horizontal, indicative of Kolmogorov turbulence.

Figure 10. For the six galaxies represented in Figures 1 and 2, we plot the slopes of the power spectra at each galactocentric radius. Dotted lines, solid lines and
dashed-dotted lines correspond to IRAC channel 1 (3.6 μm), channel 2 (4.5 μm), and channel 4 (8.0 μm), respectively. Also indicated by horizontal lines are the
values of the slope corresponding to Kolmogorov incompressible turbulence in two dimensions for a one-dimensional scan, −5/3, and in three dimensions for a
one-dimensional scan, −8/3. At outermost radii, the values of the slope tend toward zero, becoming more noisy due to low signal-to-noise ratio in the IRAC images.
The notable exception of a strong dip at R ∼10 kpc for NGC 5194 is due to the presence of its companion galaxy NGC 5195.
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Figure 11. Mean slopes of the power spectra in IRAC channel 1 (3.6 μm), channel 2 (4.5 μm), and channel 4 (8.0 μm) for all galaxies in Table 1. The galaxies are
ordered in terms of increasing distance from NGC 598 to NGC 3646. We visually selected three radii per galaxy which pass through star-forming regions at 8.0 μm;
these radii are listed in Table 2 (column 2). We then compute the mean slope corresponding to these radii in channels 1, 2, and 4. Short horizontal lines indicate the
Kolmogorov slope of −5/3 for the power spectrum. For all 33 galaxies in Table 1, the mean slope of the power spectra in channel 4 (8.0 μm) is always more negative
than the mean slope computed in channel 2 (4.5 μm). Dust grains and PAHs are clearly distributed in the greatest degree of a hierarchical structure.

Figure 12. These histograms show the average slopes for the same three star-
forming radii in channel 4 (shaded) and channel 2. The mean slope for channel
4 is ∼ −2.0 and the mean for channel 2 is ∼ −1.4. The two vertical lines are
drawn at −5/3 and −8/3 for comparison with slopes commonly discussed in
Kolmogorov turbulence.

and dust emission has a power spectrum that is steeper than
the Kolmogorov value, perhaps from disk thickness effects,
but it still suggests a hierarchical interstellar medium (ISM)
where turbulence and scale-free gravitational fragmentation are
significant. The channel 4 results also imply that star formation,
which powers the emission, follows the same general structure
as the ISM.

In channel 2, the red stellar emission has a normalized power
spectrum between RSF = 0.03 and 0.2 that is nearly flat in some
cases (NGC 2841), and inclined upward in other cases (NGC
598, NGC 5194, NGC 3031). For the curved or highly inclined
cases, the power spectrum changes from a noiselike rise at low
RSF to a point-source like fall at high RSF, without showing
any power-law part in between. There are many foreground
stars in the NGC 598 image, for example, and if their angular
size includes the scales of a hierarchical structure in channel
2, then the hierarchy will not be in the power spectrum (see
curve “c” in Figure 3). Generally, it is important to have spatial
resolution much finer than 1 kpc to see the power-law part of an
interstellar power spectrum.
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Figure 13. Plotted is the mean power-spectrum slope as a function of distance for IRAC channels 1, 2, and 4. Least-squares fits are indicated and the value of each
fitted slope is shown in the upper right hand corner of the panels. Also shown is the σ in the least square fit.

5.2. Individual Galaxies

5.2.1. NGC 2841

NGC 2841 is a prototype optically flocculent galaxy with a
weak k = 2 component from a two-arm spiral in both the left-
most panel (3.6 μm) and middle panel (4.5 μm) of Figure 4.
The k = 2 component is the point that is second from the left
in each line. Two arm spirals were also observed in the infrared
by Block & Elmegreen (1996). The power-spectrum slopes at
intermediate radii are slightly lower for 8 μm than in the other
bands, although all bands have approximately flat power spectra
in the figure. The hierarchical structure is observed in the range
from ∼ 500 pc to ∼ 3000 pc at small radii.

5.2.2. NGC 5055

The power spectra of NGC 5055, another optical flocculent
galaxy (Figure 5) are similar to those of NGC 2841, flat or
slightly falling at low radii and slightly steeper at 8 μm than 3.6
or 4.5 μm. The hierarchical structure extends from 300 to 2000
pc. In the optical Hubble Space Telescope images, it is flat down
to 20 pc (Elmegreen et al. 2003a). The optical bands show no
k = 2 component from a spiral wave like those in Figure 5.
NGC 5055 is a good example of the duality of a spiral structure
(Block et al. 1994; Block & Freeman 2008): short patchy arms
dominate the optical bands, but a global grand design spiral is
weakly visible at 3.6 and 4.5 μm. These m = 2 spirals were
also seen at 2 μm by Thornley (1996).
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)detcartbus 0=k( 2.0<FSR<30.0)detcartbus 0=k( 2.0<FSR<30.0 4 lennahC 1482CGN2 lennahC 1482CGN

M81 Channel 4 0.03<RSF<0.2 (k=0 subtracted)M81 Channel 2 0.03<RSF<0.2 (k=0 subtracted)

Figure 14. In these four deprojected images, we have added only a select number of modes, corresponding to relative spatial frequencies between 0.03 and 0.2. In
other words, one is viewing the structure of the disk with low-order modes (k = 1, 2, 3, ...) and high-order modes (approaching the Nyquist limit) suppressed. To
enhance the contrast of the azimuthally stretched swaths, we subtracted the axisymmetric Fourier component k = 0.

5.2.3. NGC 598

In NGC 598, the hierarchical structure at 8 μm is found in
the interval spanning ∼50 parsecs–300 parsecs and beyond,
up to ∼1 kpc (Figure 6). The slope of the power spectra
remains approximately constant in that range. In their study
of hierarchical star formation in NGC 598, Bastian et al. (2007)
show the size distribution of star-forming complexes in their
Figure 5; the largest associations in their UBVI survey are also
∼1 kpc in extent. The power spectra in Figure 6 are similar to
those in BVR bands after the influence of foreground stars are
considered (Elmegreen et al. 2003b). The 8 μm power spectra
are significantly different from the 3.6 and 4.5 μm spectra;
point sources (both foreground and from within NGC 598
itself) are indeed numerous. The 8 μm image contains no point
source emission from stars and is a better representation of the
distribution of gas.

5.2.4. NGC 4321

NGC 4321 typifies an optically grand design galaxy. It is a
prototype of the van den Bergh (1960a, 1960b) luminosity class
I and is a Hubble type Sc i. The two-arm global spiral structure
is evident in the power spectra of channels 1 and 2 (k = 2 in
Figure 7). The slopes at 3.6 and 4.5 μm are somewhat horizontal
in the figure, and shallower than at 8 μm, where they are −1.97,
−2.18, −1.85, and −1.72 at galactocentric radii of 5.39, 7.21,
9.04, and 10.86 kpc.

5.2.5. NGC 5194

NGC 5194 presents an extraordinary rich and complex
“bubble-like” ISM (see Block et al. 1997 for a map which shows
dust grains of all temperatures in this galaxy). The global two-
arm spiral at 4.5 μm in Figure 2 clearly manifests its presence in
the increased power of the k = 2 Fourier mode (Figure 8). As for
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NGC5194 Channel 2

NGC5194 Channel 40.03<RSF<0.2NGC5194 Channel 2 0.03<RSF<0.2

)detcartbus 0=k( 2.0<FSR<30.0)detcartbus 0=k( 2.0<FSR<30.0 NGC5194 Channel 4

Figure 15. Top two panels: channels 2 and 4 images of NGC 5194 wherein only the Fourier modes corresponding to relative spatial frequencies between 0.03 and 0.2
are used, as in Figure 14. In the lower 2 panels, the axisymmetric Fourier component k = 0 is subtracted to best display the numerous star streams in channel 2. The
prominent circle in each of the panels is the residual of the companion galaxy NGC 5195.

the other galaxies, the slopes at 3.6 and 4.5 μm are somewhat
shallower than at 8 μm. The power-law range extends up to
∼ 1 kpc at 8 μm. The unusual shape of the uppermost power
spectrum, at a galactocentric radius of 10.05 kpc, is from the
companion NGC 5195.

5.2.6. NGC 3031

The grand design optical morphology in NGC 3031 persists
at 4.5 μm (Figure 9): the low-order k = 2 Fourier mode is
present at radii from 1.29 kpc (0.1R25) to 8.90 kpc (0.7R25).
There is a large difference between the power spectra in channel
4, which is flat in Figure 9, and the power spectra in channels 1
and 2. This channel 4 spectrum looks like the optical spectrum
in Elmegreen et al. (2003a): both are flat with this normalization
at low radii and for scales less than 1000 pc.

In summary, the power spectra at 8 μm tend to be steeper than
those at shorter wavelengths. They are close to a power law for
small radii on scales less than 1 kpc, where star formation is

most prominent. The power-law slope at 8 μm ranges from −1
to ∼ −2.8.

Spiral density waves and shear have little effect on the high-
frequency power spectrum of stars at 3.6 and 4.5 μm. The effect
of shear at fixed radius is small, as is the effect of radial forces
from a tightly wound stellar wave. Azimuthal compression of
stars is not large in a spiral density wave. Also, the mean
slope of the power spectrum at high frequency does not depend
on whether the galaxy is flocculent or grand design. The star
formation structures appear to be about the same, independent
of stellar waves.

6. STELLAR STREAMS

There is a considerable structure in the 3.6 and 4.5 μm images
from spiral density waves on large scales and sheared star
complexes on small scales. Star complexes are usually viewed
optically where they define the largest scale of star formation as
conglomerates of OB associations and young star clusters. They
have sizes up to 1 kpc and ages up to 100 Myr (Efremov 1995).
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Table 2
Mean Slopes

Mean Slope Mean Slope Mean Slope
Galaxy Radiia 3.6 μm 4.5 μm 8.0 μm

NGC 0300 1,2,3 −0.856 −0.987 −2.270
NGC 0598 2,3,4 −0.718 −0.804 −1.850
NGC 1058 2,3,4 −1.350 −1.097 −1.147
NGC 2841 4,5,6 −1.098 −1.111 −1.875
NGC 3031 2,3,4 −0.709 −0.844 −1.985
NGC 3198 2,3,4 −2.015 −1.883 −2.256
NGC 3344 2,3,4 −1.486 −1.336 −1.574
NGC 3351 2,3,4 −1.641 −1.648 −1.915
NGC 3368 1,2,3 −1.535 −1.268 −2.431
NGC 3486 2,3,4 −1.412 −1.414 −2.118
NGC 3521 2,3,4 −1.841 −1.425 −2.610
NGC 3621 2,3,4 −1.636 −1.517 −2.332
NGC 3627 3,4,5 −1.694 −1.788 −2.365
NGC 3646 3,4,5 −1.345 −1.547 −1.652
NGC 3938 3,4,5 −1.405 −1.350 −1.880
NGC 4136 2,3,4 −0.976 −0.929 −1.165
NGC 4242 2,3,4 −1.049 −1.009 −1.739
NGC 4254 3,4,5 −1.441 −1.504 −1.749
NGC 4303 2,3,4 −1.602 −1.574 −1.678
NGC 4321 3,4,5 −1.690 −1.638 −1.999
NGC 4450 2,3,4 −1.660 −1.495 −2.728
NGC 4536 4,5,6 −1.666 −1.543 −2.402
NGC 4569 1,2,3 −2.172 −2.080 −2.696
NGC 4579 3,4,5 −1.389 −1.306 −1.966
NGC 4654 3,4,5 −1.802 −1.698 −1.988
NGC 4725 3,4,5 −1.522 −1.195 −1.784
NGC 4736 3,4,5 −0.827 −0.651 −1.508
NGC 5055 3,4,5 −1.607 −1.474 −2.436
NGC 5194 3,4,5 −1.452 −1.501 −1.915
NGC 5668 3,4,5 −1.410 −1.277 −1.567
NGC 6946 2,3,4 −1.484 −1.306 −1.934
NGC 7331 3,4,5 −1.806 −1.674 −2.522
NGC 7793 2,3,4 −1.468 −1.452 −2.228

Note.
aTriad of radii in units of 0.1R25.

At 3.6 and 4.5 μm, their emission is probably dominated by red
supergiants.

As a star complex ages, it makes a transition from a two-
dimensional hierarchically structured star field to a shear-
distorted trail or flocculent spiral. This transition occurs on the
shear time, (ΔRdΩ/dR)−1 for galactocentric radius R, radial
extent of the complex ΔR, and angular rate Ω. For a complex
1 kpc in radial extent and a flat rotation curve with a speed of
200 km s−1, the shear time at 5 kpc from the galactic center is
125 Myr. In this time, the inner and outer radii of the complex
move in azimuth relative to each other by 1 rad. It is a timescale
typically associated with the youngest stellar streams in the solar
neighborhood.

Figures 14 and 15 show the structure of three spiral galax-
ies in the RSF range spanning from 0.03 to 0.2 for 3.6 μm
and 4.5 μm passbands. This range of RSF was chosen from
the power-law part of the 8 μm power spectrum, where the
origin of the emission is dust with the hierarchical struc-
ture; the corresponding structure in the stellar disk is shown
in the figures. The stellar images do not generally have the
same level of the hierarchical structure as the dust. The images
were made by adding the sine and cosine Fourier amplitudes
in this wavenumber range, and then normalized by subtract-
ing out the average radial profiles of the result. At 4.5 μm,

the emission at intermediate wavenumbers comes mostly from
stellar complexes, including a few thin spiral arms made from
sheared complexes. The emission is more continuous at 8 μm
than 4.5 μm, because dust and gas in the 8 μm image fill in the
regions between the star complexes. For NGC 2841 in Figure
14, Δθ ∼ 0.2 radians for many of the little arcs and ΔR ∼ 0.2
kpc, making the shear age T ∼ 100 Myr. This age is consistent
with emission from red supergiants in the 4.5 μm image.

The azimuthal spread of a young complex at any one radius is
the sum of the initial extent plus the time-dependent extent of the
epicycles of its stars. Stellar diffusion is a negligible contribution
to the azimuthal width for the short times of interest here.
For an azimuthal velocity extent of Vθ , the azimuthal epicyclic
diameter is Vθ/κ . The one-dimensional velocity dispersion of a
star stream in the solar neighborhood may be estimated from de
la Fuente Marcos & de la Fuente Marcos (2008). Their Figure 8
(top panel) shows the velocities of grouped clusters. The vertical
spread for the youngest of these groups is 30 km s−1. Klement
et al. (2008) identify star streams from the first RAVE public data
release. Their Figure 10 shows that for the Sirius star stream,
the velocity width is approximately 20 km s−1 in both the U
and V directions. For a flat rotation curve, where κ = 1.4V/R,
a velocity spread of 20 km s−1 corresponds to an epicyclic
diameter of 350 pc if V = 200 km s−1 and R = 5 kpc. This
diameter is also about the initial size of a star complex (Efremov
1995). Thus, aging complexes should have an azimuthal extent
of several hundred parsecs to a kiloparsec at any one radius, a
radial extent (ΔR) that is about the same, and a shear stretch
at different radii equal to RT ΔRdΩ/dR for age T. With the
above numbers and ΔR = 500 pc, the shear stretch is ∼ 2
kpc in azimuthal after 100 Myr. This is comparable to what we
see in Figures 14 and 15, which suggests we are viewing the
transition from star complexes to stellar streams in the form of
shear-distorted groupings at 3.6 and 4.5 μm.

It has long been known that several young groups of stars
pervade our solar neighborhood. The youngest and best docu-
mented groups are the Hyades supercluster Eggen (1958, 1960a,
1984, 1992b, 1996, 1998a) associated with the Hyades clus-
ter (600 Myr), and the Ursa Major Group (Sirius supercluster;
Eggen 1960b, 1983, 1992a, 1998b; Soderblom & Mayor 1993a,
1993b) associated with the UMa Cluster of stars (500 Myr).
A younger kinematic group known as the local association or
Pleiades moving group appears to consist of a coherent kine-
matic stream of young stars with embedded clusters and asso-
ciations. These include the Pleiades, NGC 2516, IC 2602, and
Scorpius-Centaurus stream Eggen (1975, 1995a). The age of the
stars in this association ranges from approximately 20 to 150
Myr. Two other young moving groups of stars are the IC 2391
supercluster (35–55 Myr; Eggen 1991, 1995b) and the Castor
Moving Group (200 Myr; Barrado y Navascués 1998).

These local streams result from spiral arm and bar resonances
and from aging star complexes. The youngest streams are
probably in the latter category. They are very difficult to map
locally, because they span a wide range of distances from the
Sun; in fact they are detected through their common velocities.
In the synthesized images at 4.5 μm, however, shear-stretched
groups are fairly easy to see. This wavelength selects an age
range for stars that is comparable to the shear time, and the
intermediate spatial frequencies filter the image to remove point
sources (at high k) and underlying stellar waves and symmetries
(at low k). What remains is the spatial range of the hierarchical
ISM structure seen at 8 μm, but viewed with the aging stars,
whose power spectrum may no longer be a power law.
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7. CONCLUSIONS

Fourier transform power spectra of azimuthal scans in 33
galaxies imaged with the IRAC onboard the SST show an ap-
proximately power-law structure over a wide range of wavenum-
bers, particularly at 8 μm. The slope of the power spectrum
steepens from the shorter wavelengths, 3.6 μm or 4.5 μm, to
8.0 μm, in the order of increasing contribution from the ISM.
At 8 μm, there is often a power law at intermediate wavenum-
bers, usually on scales smaller than 1 kpc. The power-law slope
at 8 μm averages ∼ −2.0, which is slightly steeper than the Kol-
mogorov slope for one-dimensional scans typically observed in
other data. The steep slope here could result from a disk thick-
ness for turbulent diffuse gas that is comparable to the maximum
scale length of the power law, which is about 1 kpc.

Reconstructed images at 4.5 μm using the wavenumber range
of the power-law part of the power spectrum at 8 μm show
spiral-like or azimuthal chains of aging star complexes that are
interpreted as stellar streams. These streams are not evident
in the direct images because of confusion from thick spiral
arms and stellar point sources. Power-spectrum synthesis offers
a unique opportunity to detect the signature of the azimuthal
elongation and dissociation of aging star complexes, as their
members are seeded into galactic disks.
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