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Galaxy SEDs: the link between 
stars and dustA simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 ! f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
! (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute ! using the probability
density function p(! ) = 1 ! tanh (8 ! ! 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr!1 and drops expo-
nentially to zero around ! = 1 Gyr!1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 " 107

and 3 " 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, "̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute "̂V according to the probability density
function p("̂V ) = 1 ! tanh(1.5 "̂V ! 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around "̂V = 6. For µ, we adopt the same probability density
function as for ! above, i.e. p(µ) = 1 ! tanh (8 µ ! 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which "̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, # BC

W . For each
random drawing of # BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw # BC

MIR from a uniform distribution
between 0 and 1 ! # BC

W , and we set # BC
PAH = 1 ! # BC

W ! # BC
MIR. While

this procedure does not exclude values of # BC
MIR and # BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution # ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions # ISM

PAH, # ISM
MIR and # ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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“Obvious” global 
optical-(mid)IR correlations

Global correlations between optical-optical, optical-IR 
and IR-IR colors are now well established



f !!;"" equal to the number of redshifts of galaxy targets
obtained in the region divided by the number of galaxy
targets in the region. In regions covered by a single tile,
where incompleteness is defined by the 5500 lower limit on
the separation between fibers, typically 0:85 < f < 0:9; in
multiple plate regions, where a certain number of these fiber
collisions can be recovered, typically f > 0:95. These
completenesses average to 0.92.

With Vmax, we calculate the global number and
luminosity density contributions of any group of galaxies asP

i 1=Vi;max and
P

i Li=Vi;max.

4. RESULTS

4.1. Results for All Galaxies

4.1.1. Overview

Our primary results on the distributions of colors, surface
brightnesses, profile shapes, luminosities, and local densities
of galaxies are shown in Figures 7–9. Each of these plots is a
multipanel figure showing some form of the bivariate distri-
bution of every pair of galaxy properties in the o!-diagonal
plots. The plots on the diagonal show the univariate
distribution of each quantity.

Fig. 7.—Projection of the number density of galaxies in our seven-dimensional space onto each pair of dimensions. All images have a square root stretch
applied to increase the dynamic range of the plot. Contours indicate the regions containing 68% and 95% of the total number density of galaxies in this sample.
The top and bottom triangles are identical mirror images. The histograms along the diagonal show the distribution of galaxies in each dimension. The data
corresponding to Fig. 7 are available in a tar file in the electronic edition of theAstrophysical Journal.
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Optical colors, correlated → shape of stellar cont., 
sensitive to age (plus Z and dust)



features in the [7.8] band. Red galaxies are old and dead; they
have no material from which to make stars; therefore, they have
no dust or PAH features.
Visually red galaxies with red infrared colors tend to be dusty,

edge-on galaxies, with high inferred visible attenuations. Figure 3
shows the same data as Figure 1 but dereddened by assuming the
best-fit attenuation amplitude (described above) and the trivial
k!0.7 attenuation law. This procedure is crude and not expected to
be correct in detail for any of the sample galaxies.
It is remarkable that the crude and uniform galaxy-by-galaxy

attenuation correction does a very good job of placing the visually
red but infrared blue galaxies back into the main trend in Figure 1.
This is a strong endorsement of the attenuations inferred from the
SDSS spectrum analysis and suggests that simple attenuation cor-
rections work well for most galaxies.
Figure 3 also shows a second-order inverse variance–weighted

linear fit (first-order fits are not good here) of the infrared [3.5]!
[7.8] color to the visible 0:1"g! r# color over the color range
0:15 mag< 0:1 "g! r# < 0:85 mag, with 4 ! !-clipping. At
0:1"g! r# $ 0:5, this fit yields the values "3:5# "7:8# $ 1:14mag,
slope !3.19 mag mag!1, and second derivative !2.80 mag
mag!2. The scatter about this fit is about 0.6 mag in the [3.5]!
[7.8] direction, depending on the details of the outlier rejection.
The only remaining outliers on Figures 1 and 3 are visually

blue galaxies with bluer than typical infrared colors for their
visible color. The symbol sizes on the figures show that these
galaxies are low-luminosity galaxies. Evidently, low-luminosity
galaxies tend to be deficient in PAH-producing (and visually
extinguishing) dust. This fits very well with the results on SBS
0335!052, which show a dwarf galaxy deficient in mid-infrared
PAH emission. Indeed, it has been found in visible observations
that there is a strong relationship between a disk galaxy’s mass
and its apparent interstellar medium content or state (Dalcanton
et al. 2004).

Fig. 1.—Spitzer IRAC observed-frame [3.5]![7.8] color (aperture fluxes
explained in text) as a function of rest-frame visible 0:1"g! r# color (blueshifted
SDSS bandpasses explained in text). The major axis of the symbol (horizontal
extent) is linearly related to the logarithm of the luminosity in the 0.1i band
(smaller symbols indicate lower luminosities; compare to Fig. 2), and the shape of
the symbol shows the galaxy shape as observed on the sky. Symbols for galaxies
with very low luminosities (M0:1i > !19 mag) are filled with gray. Visually blue
galaxies tend to have high dust-to-star ratios and therefore red [3.5]![7.8] colors;
visually red galaxies tend to have low dust-to-star ratios and therefore blue
[3.5]![7.8] colors. Exceptions are in the outlined regions: Red galaxies with high
dust-to-star ratios tend to be edge-on disk galaxies reddened by their own dust.
Blue galaxies with low dust-to-star ratios tend to be low-luminosity galaxies.

Fig. 2.—Spitzer IRAC observed-frame color as a function of rest-frame
visible absolute magnitude (in the z $ 0:1 frame SDSS 0.1i bandpass explained
in text). Symbols are the same as in Fig. 1.

Fig. 3.—Same as Fig. 1, but with reddening corrections applied (see text for
details). The edge-on galaxies are no longer outliers from the main trend, but the
low-luminosity galaxies remain outliers. Shown also is the best-fit second-order
curve, plotted over the 0:1"g! r# color range over which it was fitted. The errors
were used in the fit, and 4 ! (and larger) outliers were clipped out.
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Galaxies are more than a “point”

Strong SED variations within galaxies: different physical 
conditions, stellar populations, SF, dust

Color correlations hold on “local” scales?

Physical mechanisms affecting optical and IR are concurrent 
and contrary: dust emission is powered by UV-blue luminous 
stars, which in turn are reddened by the dust!

once stars and dust clumps are resolved (tens of pc) relations 
must break down

What about scales of approx. 0.1 to 1 kpc?

Will this teach us anything about how homogeneous are 
galaxies and “mixing” timescales?



Setting up the experiment...

7 galaxies covering the full range of morphologies, 
D<20 Mpc, observed in

optical (ugriz SDSS)

H-band (1.65µm, CAHA/GOLDMine, UKIDSS)

3.6-4.5-5.7-8µm (Spitzer-IRAC, in SINGS)

Hα (SINGS ancillary)

Bands matched in resolution, approx. 200 pc, and

enhanced S/N (adaptsmooth-ed, SZ09)



The sample in full color

SZ, Charlot & Rix (2009, MNRAS)

**

*

4 Zibetti & Groves

Table 2. Physical properties of the sample galaxies.

Denomination Morph. type Inclination M! SFR sSFR Z(gas) Nuclear classification
degrees log M" log M" yr#1 log yr#1 12 + log (O/H)

(1) (2) (3) (4) (5) (6) (7) (8)

NGC3521 SAB(rs)bc 64 10.52 0.33 !10.19 9.01 LINER
NGC4254 SA(s)c 30 9.71 0.82 !8.89 9.17 LINER
NGC4321 SAB(s)bc 32 10.46 0.55 !9.91 9.11 LINER
NGC4450 SA(s)ab 43 10.80 0.03 !10.77 9.13 LINER
NGC4536 SAB(rs)bc 67 9.59 0.49 !9.10 9.00 Nonea

NGC4552 E0-1 . . . 10.97 . . . . . . 9.12 LINER
NGC4579 SAB(rs)b 38 10.06 !0.06 !10.12 9.22 LINER

Notes. Columns: (1) NGC name. (2) Morphological type according to NED/RC3 (de Vaucouleurs et al. 1991), following the classification
scheme of de Vaucouleurs (1959): S indicates spiral, E elliptical followed by a number indicating the ellipticity (0 means perfectly round);
A is normal unbarred spiral, B barred, AB weakly barred; (s) is s-shaped, (r) indicates the presence of a ring, (rs) both ringed and s-
shaped; a, b, c, d are the same as in the classical Hubble spiral classification. (3) Inclination (for spirals only), according to de Vaucouleurs
et al. (1991); Jarrett et al. (2003). (4) Stellar mass from Skibba et al. (ApJ in press) assuming a Kroupa (2001) IMF, except NGC4450
and NGC4552. Stellar masses for these two galaxies have been computed multiplying the total H-band luminosity given by 2MASS-LGA
(Jarrett et al. 2003) times the M!/LH computed according to ZCR09 using the g ! i, i ! H colours measured from our images and
corrected to a Kroupa (2001) IMF. (5) Star formation rate from Skibba et al. (ApJ in press), based on H! + 24µm luminosity, except
for NGC4450 which is from Calzetti et al. (2010). (6) Specific star formation rate, sSFR=SFR/M!. (7) Gas phase metallicity, from the
characteristic oxygen abundance from Moustakas et al. (2010) based on the Kobulnicky & Kewley (2004) calibration, except for NGC
4450, NGC 4552, and NGC 4579, which are use the luminosity-metallicity relation. (8) Nuclear activity, from NED.

a Moustakas et al. (2010) find line ratios consistent with very low-level AGN activity.

paper we discuss the analysis and the results for the full
sample, but we show specific figures and plots only for two
galaxies which are representative of late star-forming spirals
(NGC4254) and early type galaxies (NGC4450), with the
remaining five being presented in online appendices.

3 SPATIALLY RESOLVED SEDS: INTERNAL
TRENDS WITHIN GALAXIES

3.1 Pixel-by-pixel SEDs and colour-colour
relations

The processing described in the previous Section provides
us with an optical to mid-IR SED for each valid pixel, de-
scribed by an array of values for the SB in MJy Sr#1 in
ten broad bands (u, g, r, i, z, H, 3.6, 4.5, 5.7 and 8µm)
plus the surface brightness in erg cm#2 sec#1 arcsec#2 for
the H! line emission. At each pixel we normalize log "f! in
each band to H band in order to be able to compare on the
same scale the SED of pixels spanning about two orders of
magnitude in SB and hence to study the spatial variations
of the SED shape across the galaxies.

The choice of H band is dictated by three main rea-
sons which make it the natural point of normalization: i)
1.65µm divides the SED into one part of pure stellar emis-
sion (possibly dust extincted), shortward of it, and one part
a!ected by dust emission, longward of it. ii) the H band is
the one that minimizes the e!ects of dust both in emission
(see e.g. Fig. 5 of da Cunha et al. 2008) and in absorption, as
the extinction is always smaller at longer wavelengths. The
z band is equally una!ected by dust emission, but is more
sensitive to extinction; on the other hand, 3.6µm, although
even less a!ected by extinction than the H band, is severely
a!ected by dust emission, as we show below. iii) H-band
luminosity is probably the best proxy to stellar mass, as

shown e.g. in ZCR09, showing the minimum dependence of
M/L on age, metallicity and dust; therefore normalizing to
H-band is close to normalizing to the stellar mass density at
each pixel, a much more fundamental parameter than any
surface brightness.

The distribution of pixels in SED for each galaxy is
given for reference in the bottom right panels of Figs. A1
to A7, respectively, in the online Appendix A. The num-
ber of pixels per bin of normalized log "f! in each band is
represented by the colour coding. Galaxy SED distributions
display di!erent amount of scatter, which vary upon mor-
phology and wavelength considered. As we show in more
detail in the following analysis, most of the scatter is con-
tributed by the mid-IR and the u bands. It is interesting
to note that the integrated SED of a galaxy (flux-weighted
average of pixels, ‘+’ signs in the figures) does not perfectly
correspond to the (number-weighted) mean pixel SED (‘!’)
or the most frequent SED (peaks of the distributions). A
similar e!ect was already noted by ZCR09, where it turned
out to cause a significant bias in stellar mass estimates, and
can be simply explained by the fact that regions of di!erent
brightness are often characterized by systematically di!er-
ent SEDs1.

As a first step, we study the correlations between the
normalized fluxes in all possible pairs of bands for all pix-
els within each galaxy. This is shown in Fig. 1 and 2 for
NGC4254 and NGC4450, respectively, with the remain-
ing galaxies shown in the online figures B1 to B5. In each
panel of the figures we plot the distribution of pixels in

1 A typical example occurs in spiral galaxies with a bright central
bulge: the pixels dominated by the red bulge light are fewer but
brighter than the more numerous but dimmer pixels in the disc
where the SED is bluer. As a result, the flux-weighted SED will
be redder than the number-weighted one.

c" 2011 RAS, MNRAS 000, 1–25
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Normalize SEDs to H-band

describe SED shape independent of brightness

H-band (1.65µm) is a convenient boundary between 
stellar-light and dust-emission dominated wavelengths

Mostly sensitive to stellar mass, minimum contamination 
by dust either in emission or absorption

Definition of “color”: 
color [X]=Log νfν(X) - Log νfν(H)

H band-normalized SEDs
A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 ! f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
! (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute ! using the probability
density function p(! ) = 1 ! tanh (8 ! ! 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr!1 and drops expo-
nentially to zero around ! = 1 Gyr!1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 " 107

and 3 " 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, "̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute "̂V according to the probability density
function p("̂V ) = 1 ! tanh(1.5 "̂V ! 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around "̂V = 6. For µ, we adopt the same probability density
function as for ! above, i.e. p(µ) = 1 ! tanh (8 µ ! 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which "̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, # BC

W . For each
random drawing of # BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw # BC

MIR from a uniform distribution
between 0 and 1 ! # BC

W , and we set # BC
PAH = 1 ! # BC

W ! # BC
MIR. While

this procedure does not exclude values of # BC
MIR and # BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution # ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions # ISM

PAH, # ISM
MIR and # ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Global color-color plots
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Local color-color plots: NGC 4254
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Local color-color plots: NGC 4450
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by the colour coding. Galaxy SED distributions display dif-
ferent amount of scatter, which vary upon morphology and
wavelength considered. As we show in more detail in the
following analysis, most of the scatter is contributed by the
mid-IR and the u bands. It is interesting to note that the
integrated SED of a galaxy (flux-weighted average of pix-
els, ‘+’ signs in the figures) does not perfectly correspond
to the (number-weighted) mean pixel SED (‘!’) or the most
frequent SED (peaks of the distributions). A similar e!ect
was already noted by ZCR09, where it turned out to cause
a significant bias in stellar mass estimates.

As a first step, we study the correlations between the
normalized fluxes in all possible pairs of bands for all pix-
els within each galaxy. This is shown in Fig. 1 and 2 for
NGC4254 and NGC4450, respectively, with the remain-
ing galaxies shown in the online figures B1 to B4. In each
panel of the figures we plot the distribution of pixels in
the (log !Y f!Y " log !Hf!H ) vs. (log !Xf!X " log !Hf!H )
space (where X and Y are any two broad bands among
u, g, r, i, z, 3.6, 4.5, 5.7 and 8µm), which is e!ectively
a colour-colour space (Y " H) vs. (X " H), modulo a
linear transformation. The panels on the diagonal display
the distribution of the fraction of pixels as a function of
(log !Y f!Y " log !Hf!H ), which allows to directly derive a
more quantitative information about the relative contribu-
tions of pixels at di!erent colour. In all following discus-
sion we refer to (log !Xf!X " log !Hf!H ) as “[X] colour” for
brevity.

By comparing Fig. 1 and 2 it is immediately clear that
the late-type, star-forming galaxy NGC4254 spans a much
broader range of colours than the early type NGC4450,
which is overall very uniform. Apart from this, both galaxies
display common features in the colour-colour distributions,
such that one can divide up these figures into three distinct
regions, corresponding to di!erent spectral correlations. In
the upper left panels we observe very significant correlations
between optical colours, from [u] to [z]. Similarly, the bottom
right panels display significant correlations between IRAC
colours, from 3.6 to 8µm. The third region includes the bot-
tom left corner and shows IRAC colours vs. optical colours:
correlations in this region are very weak if present at all. In
star forming galaxies an exception to this is the [u] colour,
which appears to (weakly) correlate with IRAC colours as
well. This visual impression is quantitatively confirmed by
the Spearman rank correlation coe"cients, which we com-
puted for each colour-colour distribution and are listed in
the lower-right corner of each corresponding panel.

From this analysis we can conclude that, on the local
scales probed by our actual pixellation (from 200 pc up to
! 1kpc when the e!ects of the smoothing are maximal), the
shapes of the SED in a given galaxy in the optical range
can be described, to first order, as a 1-parameter family
and the same holds true for the IR range. The two parts
of the SED shortwards and bluewards of 1.65µm appear to
be largely uncorrelated. The optical SED is mainly driven
by light-weighted mean stellar age (and secondarily by dust
extinction and metallicity, see e.g. Fig. A1 in ZCR09 and
MacArthur et al. 2004) while the mid-IR SED probed by
IRAC is determined by PAH features and hot dust, which
trace on-going star formation (e.g. Calzetti et al. 2007). This
tells us that on local scales light-weighted mean stellar ages
and actual on-going star formation are largely uncorrelated,

most likely because stellar aging and star formation are sub-
ject to very di!erent time scales, namely # 108!9 and # 107

years, respectively.
It is also very notable that in star-forming galaxies the

colours of the two shortest-wavelength IRAC bands at 3.6
and 4.5µm correlate extremely well with those of the longer-
wavelength bands, which are dominated by PAH features,
but are very weakly correlated with the z and i bands which
are very good tracers of the stellar mass (e.g. ZCR09). This
is in agreement with the finding of Mentuch et al. (2010),
who show, using pixel-by-pixel analysis, that the colour ex-
cess at 3.6 and 4.5µm with respect to pure stellar emission
extrapolated from J-band (1.25µm) is related to star for-
mation. Therefore caution should be used when adopting
images at 3.6µm alone to trace the stellar mass distribution
in galaxies with no correction for the ‘dust’ contribution.

3.2 Principal Component Analysis of resolved
SEDs

In this section we use principal component analysis (PCA) of
the SEDs of all pixels, galaxy by galaxy, to show i) that the
variation of the optical part and of the IR part of the SED
are uncorrelated and ii) that these independent variations
are spatially related to the structure of a galaxy.

We refer the reader to Jolli!e (2002) for a thorough de-
scription of principal component analysis. For the present
purpose it is su"cient to say that the goal of PCA is to “re-
duce the dimensionality of a data set consisting of a large
number of interrelated variables, while retaining as much
as possible of the variation present in the data set. This
is achieved by transforming to a new set of variables, the
principal components (PCs), which are uncorrelated, and
which are ordered so that the first few retain most of the
variation present in all of the original variables” (Jolli!e
2002). In our specific application, for each pixel i of the
Npix pixels in a galaxy we consider the 9-dimensional SED
vector given by the H-band normalized log !f! , i.e. SEDi =
{log !Xf!X ,i " log !Hf!H ,i}X=u,g,r,i,z,3.6,4.5,5.7,8µm. The set
of these Npix SED vectors is then decomposed into principal
components using the pcomp function in IDL. Each SEDi can
be then represented as SEDi = SEDmean +

!
j=1,9 ai,jPCj,

where SEDmean is the arithmetic mean of SEDi taken over
all pixels, PCj are the principal component vectors, which
are obtained as eigenvectors of the correlation matrix of the
dataset, and ai,j are the corresponding coe"cients for ith
pixel and jth component. In Fig. 3 and 4 we illustrate the
results of the PCA on our reference galaxies (corresponding
figures for the complete sample are available in the online
only appendix, figures C1 to C5). Figure a) (top left) shows
the pixel distribution of SEDs, with the arithmetic mean
marked with blue crosses for reference. Figures b), c) and d)
(to the right) display the pixel distribution in the SED space
when only PC1, PC2 and PC3, respectively, are used in ad-
dition to the mean, such that SEDi,j = SEDmean + ai,jPCj,
for j = 1, 2, 3 respectively. As apparent from these plots,
the majority of the scatter is accounted for by the first two
PCs. This holds true for the two examples shown here and
in general for the full sample. The variance in each PC is
given by the number in parenthesis next to the PC label in
each plot. We find that typically $90% of the variance is
contained in the first 2 PCs (with PC1 typically contribut-
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by the colour coding. Galaxy SED distributions display dif-
ferent amount of scatter, which vary upon morphology and
wavelength considered. As we show in more detail in the
following analysis, most of the scatter is contributed by the
mid-IR and the u bands. It is interesting to note that the
integrated SED of a galaxy (flux-weighted average of pix-
els, ‘+’ signs in the figures) does not perfectly correspond
to the (number-weighted) mean pixel SED (‘!’) or the most
frequent SED (peaks of the distributions). A similar e!ect
was already noted by ZCR09, where it turned out to cause
a significant bias in stellar mass estimates.

As a first step, we study the correlations between the
normalized fluxes in all possible pairs of bands for all pix-
els within each galaxy. This is shown in Fig. 1 and 2 for
NGC4254 and NGC4450, respectively, with the remain-
ing galaxies shown in the online figures B1 to B4. In each
panel of the figures we plot the distribution of pixels in
the (log !Y f!Y " log !Hf!H ) vs. (log !Xf!X " log !Hf!H )
space (where X and Y are any two broad bands among
u, g, r, i, z, 3.6, 4.5, 5.7 and 8µm), which is e!ectively
a colour-colour space (Y " H) vs. (X " H), modulo a
linear transformation. The panels on the diagonal display
the distribution of the fraction of pixels as a function of
(log !Y f!Y " log !Hf!H ), which allows to directly derive a
more quantitative information about the relative contribu-
tions of pixels at di!erent colour. In all following discus-
sion we refer to (log !Xf!X " log !Hf!H ) as “[X] colour” for
brevity.

By comparing Fig. 1 and 2 it is immediately clear that
the late-type, star-forming galaxy NGC4254 spans a much
broader range of colours than the early type NGC4450,
which is overall very uniform. Apart from this, both galaxies
display common features in the colour-colour distributions,
such that one can divide up these figures into three distinct
regions, corresponding to di!erent spectral correlations. In
the upper left panels we observe very significant correlations
between optical colours, from [u] to [z]. Similarly, the bottom
right panels display significant correlations between IRAC
colours, from 3.6 to 8µm. The third region includes the bot-
tom left corner and shows IRAC colours vs. optical colours:
correlations in this region are very weak if present at all. In
star forming galaxies an exception to this is the [u] colour,
which appears to (weakly) correlate with IRAC colours as
well. This visual impression is quantitatively confirmed by
the Spearman rank correlation coe"cients, which we com-
puted for each colour-colour distribution and are listed in
the lower-right corner of each corresponding panel.

From this analysis we can conclude that, on the local
scales probed by our actual pixellation (from 200 pc up to
! 1kpc when the e!ects of the smoothing are maximal), the
shapes of the SED in a given galaxy in the optical range
can be described, to first order, as a 1-parameter family
and the same holds true for the IR range. The two parts
of the SED shortwards and bluewards of 1.65µm appear to
be largely uncorrelated. The optical SED is mainly driven
by light-weighted mean stellar age (and secondarily by dust
extinction and metallicity, see e.g. Fig. A1 in ZCR09 and
MacArthur et al. 2004) while the mid-IR SED probed by
IRAC is determined by PAH features and hot dust, which
trace on-going star formation (e.g. Calzetti et al. 2007). This
tells us that on local scales light-weighted mean stellar ages
and actual on-going star formation are largely uncorrelated,

most likely because stellar aging and star formation are sub-
ject to very di!erent time scales, namely # 108!9 and # 107

years, respectively.
It is also very notable that in star-forming galaxies the

colours of the two shortest-wavelength IRAC bands at 3.6
and 4.5µm correlate extremely well with those of the longer-
wavelength bands, which are dominated by PAH features,
but are very weakly correlated with the z and i bands which
are very good tracers of the stellar mass (e.g. ZCR09). This
is in agreement with the finding of Mentuch et al. (2010),
who show, using pixel-by-pixel analysis, that the colour ex-
cess at 3.6 and 4.5µm with respect to pure stellar emission
extrapolated from J-band (1.25µm) is related to star for-
mation. Therefore caution should be used when adopting
images at 3.6µm alone to trace the stellar mass distribution
in galaxies with no correction for the ‘dust’ contribution.

3.2 Principal Component Analysis of resolved
SEDs

In this section we use principal component analysis (PCA) of
the SEDs of all pixels, galaxy by galaxy, to show i) that the
variation of the optical part and of the IR part of the SED
are uncorrelated and ii) that these independent variations
are spatially related to the structure of a galaxy.

We refer the reader to Jolli!e (2002) for a thorough de-
scription of principal component analysis. For the present
purpose it is su"cient to say that the goal of PCA is to “re-
duce the dimensionality of a data set consisting of a large
number of interrelated variables, while retaining as much
as possible of the variation present in the data set. This
is achieved by transforming to a new set of variables, the
principal components (PCs), which are uncorrelated, and
which are ordered so that the first few retain most of the
variation present in all of the original variables” (Jolli!e
2002). In our specific application, for each pixel i of the
Npix pixels in a galaxy we consider the 9-dimensional SED
vector given by the H-band normalized log !f! , i.e. SEDi =
{log !Xf!X ,i " log !Hf!H ,i}X=u,g,r,i,z,3.6,4.5,5.7,8µm. The set
of these Npix SED vectors is then decomposed into principal
components using the pcomp function in IDL. Each SEDi can
be then represented as SEDi = SEDmean +

!
j=1,9 ai,jPCj,

where SEDmean is the arithmetic mean of SEDi taken over
all pixels, PCj are the principal component vectors, which
are obtained as eigenvectors of the correlation matrix of the
dataset, and ai,j are the corresponding coe"cients for ith
pixel and jth component. In Fig. 3 and 4 we illustrate the
results of the PCA on our reference galaxies (corresponding
figures for the complete sample are available in the online
only appendix, figures C1 to C5). Figure a) (top left) shows
the pixel distribution of SEDs, with the arithmetic mean
marked with blue crosses for reference. Figures b), c) and d)
(to the right) display the pixel distribution in the SED space
when only PC1, PC2 and PC3, respectively, are used in ad-
dition to the mean, such that SEDi,j = SEDmean + ai,jPCj,
for j = 1, 2, 3 respectively. As apparent from these plots,
the majority of the scatter is accounted for by the first two
PCs. This holds true for the two examples shown here and
in general for the full sample. The variance in each PC is
given by the number in parenthesis next to the PC label in
each plot. We find that typically $90% of the variance is
contained in the first 2 PCs (with PC1 typically contribut-
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by the colour coding. Galaxy SED distributions display dif-
ferent amount of scatter, which vary upon morphology and
wavelength considered. As we show in more detail in the
following analysis, most of the scatter is contributed by the
mid-IR and the u bands. It is interesting to note that the
integrated SED of a galaxy (flux-weighted average of pix-
els, ‘+’ signs in the figures) does not perfectly correspond
to the (number-weighted) mean pixel SED (‘!’) or the most
frequent SED (peaks of the distributions). A similar e!ect
was already noted by ZCR09, where it turned out to cause
a significant bias in stellar mass estimates.

As a first step, we study the correlations between the
normalized fluxes in all possible pairs of bands for all pix-
els within each galaxy. This is shown in Fig. 1 and 2 for
NGC4254 and NGC4450, respectively, with the remain-
ing galaxies shown in the online figures B1 to B4. In each
panel of the figures we plot the distribution of pixels in
the (log !Y f!Y " log !Hf!H ) vs. (log !Xf!X " log !Hf!H )
space (where X and Y are any two broad bands among
u, g, r, i, z, 3.6, 4.5, 5.7 and 8µm), which is e!ectively
a colour-colour space (Y " H) vs. (X " H), modulo a
linear transformation. The panels on the diagonal display
the distribution of the fraction of pixels as a function of
(log !Y f!Y " log !Hf!H ), which allows to directly derive a
more quantitative information about the relative contribu-
tions of pixels at di!erent colour. In all following discus-
sion we refer to (log !Xf!X " log !Hf!H ) as “[X] colour” for
brevity.

By comparing Fig. 1 and 2 it is immediately clear that
the late-type, star-forming galaxy NGC4254 spans a much
broader range of colours than the early type NGC4450,
which is overall very uniform. Apart from this, both galaxies
display common features in the colour-colour distributions,
such that one can divide up these figures into three distinct
regions, corresponding to di!erent spectral correlations. In
the upper left panels we observe very significant correlations
between optical colours, from [u] to [z]. Similarly, the bottom
right panels display significant correlations between IRAC
colours, from 3.6 to 8µm. The third region includes the bot-
tom left corner and shows IRAC colours vs. optical colours:
correlations in this region are very weak if present at all. In
star forming galaxies an exception to this is the [u] colour,
which appears to (weakly) correlate with IRAC colours as
well. This visual impression is quantitatively confirmed by
the Spearman rank correlation coe"cients, which we com-
puted for each colour-colour distribution and are listed in
the lower-right corner of each corresponding panel.

From this analysis we can conclude that, on the local
scales probed by our actual pixellation (from 200 pc up to
! 1kpc when the e!ects of the smoothing are maximal), the
shapes of the SED in a given galaxy in the optical range
can be described, to first order, as a 1-parameter family
and the same holds true for the IR range. The two parts
of the SED shortwards and bluewards of 1.65µm appear to
be largely uncorrelated. The optical SED is mainly driven
by light-weighted mean stellar age (and secondarily by dust
extinction and metallicity, see e.g. Fig. A1 in ZCR09 and
MacArthur et al. 2004) while the mid-IR SED probed by
IRAC is determined by PAH features and hot dust, which
trace on-going star formation (e.g. Calzetti et al. 2007). This
tells us that on local scales light-weighted mean stellar ages
and actual on-going star formation are largely uncorrelated,

most likely because stellar aging and star formation are sub-
ject to very di!erent time scales, namely # 108!9 and # 107

years, respectively.
It is also very notable that in star-forming galaxies the

colours of the two shortest-wavelength IRAC bands at 3.6
and 4.5µm correlate extremely well with those of the longer-
wavelength bands, which are dominated by PAH features,
but are very weakly correlated with the z and i bands which
are very good tracers of the stellar mass (e.g. ZCR09). This
is in agreement with the finding of Mentuch et al. (2010),
who show, using pixel-by-pixel analysis, that the colour ex-
cess at 3.6 and 4.5µm with respect to pure stellar emission
extrapolated from J-band (1.25µm) is related to star for-
mation. Therefore caution should be used when adopting
images at 3.6µm alone to trace the stellar mass distribution
in galaxies with no correction for the ‘dust’ contribution.

3.2 Principal Component Analysis of resolved
SEDs

In this section we use principal component analysis (PCA) of
the SEDs of all pixels, galaxy by galaxy, to show i) that the
variation of the optical part and of the IR part of the SED
are uncorrelated and ii) that these independent variations
are spatially related to the structure of a galaxy.

We refer the reader to Jolli!e (2002) for a thorough de-
scription of principal component analysis. For the present
purpose it is su"cient to say that the goal of PCA is to “re-
duce the dimensionality of a data set consisting of a large
number of interrelated variables, while retaining as much
as possible of the variation present in the data set. This
is achieved by transforming to a new set of variables, the
principal components (PCs), which are uncorrelated, and
which are ordered so that the first few retain most of the
variation present in all of the original variables” (Jolli!e
2002). In our specific application, for each pixel i of the
Npix pixels in a galaxy we consider the 9-dimensional SED
vector given by the H-band normalized log !f! , i.e. SEDi =
{log !Xf!X ,i " log !Hf!H ,i}X=u,g,r,i,z,3.6,4.5,5.7,8µm. The set
of these Npix SED vectors is then decomposed into principal
components using the pcomp function in IDL. Each SEDi can
be then represented as SEDi = SEDmean +

!
j=1,9 ai,jPCj,

where SEDmean is the arithmetic mean of SEDi taken over
all pixels, PCj are the principal component vectors, which
are obtained as eigenvectors of the correlation matrix of the
dataset, and ai,j are the corresponding coe"cients for ith
pixel and jth component. In Fig. 3 and 4 we illustrate the
results of the PCA on our reference galaxies (corresponding
figures for the complete sample are available in the online
only appendix, figures C1 to C5). Figure a) (top left) shows
the pixel distribution of SEDs, with the arithmetic mean
marked with blue crosses for reference. Figures b), c) and d)
(to the right) display the pixel distribution in the SED space
when only PC1, PC2 and PC3, respectively, are used in ad-
dition to the mean, such that SEDi,j = SEDmean + ai,jPCj,
for j = 1, 2, 3 respectively. As apparent from these plots,
the majority of the scatter is accounted for by the first two
PCs. This holds true for the two examples shown here and
in general for the full sample. The variance in each PC is
given by the number in parenthesis next to the PC label in
each plot. We find that typically $90% of the variance is
contained in the first 2 PCs (with PC1 typically contribut-
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Figure 8. IRAC IR colour correlations. a), b) and c): mid panels show the distributions of pixels in the plane given by the flux at 3.6,
4.5 and 5.7 µm (a, b and c respectively) relative to the flux at 8 µm vs. the flux at 8 µm relative to the flux in H-band (all fluxes are
expressed in units of log !f!). NGC3521 and NGC4552 are represented by the blue and the red points respectively, while the density
distribution of pixels belonging to the other five galaxies are represented by the grey scale shading (log scaling). For reference the
global colours of the seven galaxies are plotted as filled circles, coloured according to the key in Fig. 7. The five orange
lines show the running median and 2.5, 16, 84 and 97.5 percentiles of the pixel distribution for the five galaxies represented by the grey
scale shading. The solid black curve is a 4th-degree polynomial fitting to these pixels, whose coe!cients are given in Table 3. The solid
black straight line to the lower-left shows a slope of !1 to guide the eye. It is immediately clear that NGC3521 and NGC4552 are both
outliers with respect to the rest of the sample. The points with error bars represent the pure stellar colours derived in Sec.
5.2. Theoretical predictions from CB07 for stellar population of ages > 2Gyr and " 1Gyr are marked with a # and a +,
respectively, while the Starburst99 predictions adopted by Helou et al. (2004) are marked with solid horizontal lines.
In the bottom panels we plot the r.m.s. (the half-widths of the 16–84 percentile range) of the pixel distributions along the y-axis for the
five galaxies, as a function of [8µm] ! [H]. The horizontal dashed line indicates the maximum r.m.s. possible due to measurement and
photometric errors. In the top panels the local slope of the fitting polynomial is plotted. For reference, the slopes of 0 (corresponding to
constant flux ratio to 8µm) and !1 (corresponding to constant flux ratio to H) are marked as dotted lines. d): for each pixel we define
the quantity “max " log !f!” as the maximum of the absolute deviation between log !f! observed and predicted based on the respective
fitted polynomial functions, at 3.6µm, 4.5µm and 5.7µm (see text for details). The fraction of pixels for which such a maximum deviation,
", is less than some di#erence, x, is plotted as solid lines, with blue showing the result for all galaxies, while black shows the result when
the outliers NGC3521 and NGC4552 are excluded. The dotted lines show the fraction of H-band flux contained in pixels for which the
maximum log !f! deviation is less than x, with blue for all and black excluding the outliers as for the other curves.
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highly scattered clouds of points, the barycentres of the dis-
tributions follow well defined relations. This can be seen in
the colour-colour relations of the integrated points, where
all galaxies, with the only notable exception of NGC3521
(the blue point), follow very well defined sequences. In other
words, we see that the shapes of the integrated SEDs are
very correlated between galaxies: IR colours are very tightly
linked to each other; by enhancing the IR flux relative to H,
bluer optical-H colors results, which, in turn, are very well
correlated with each other. This is a natural consequence of
galaxies’ SFHs being typically smooth, such that a higher
current rate of star formation (which causes enhanced IR
flux) is generally accompanied by a higher abundance of
young blue stars, formed in the recent past and already lib-
erated from their dusty birth cloud (Charlot & Fall 2000).
The only outlier in our sample to most of these correlations
is NGC3521, whose aspect and geometrical distribution of
dust result in a complex and peculiar interplay between the
attenuation and scattering of photons and hence in the ob-
served anomalous colours (see also Sec. 3.2.1 and 5.3).

We note that not only is the relation between IR colours
extremely tight for the integrated SEDs and for the average
pixel distribution, but also almost all pixels, no matter which
galaxy they belong to, appear to follow extremely tight uni-
versal relations, whose observed scatter is consistent with
or just slightly larger than pure measurement errors. We
analyze this in more detail in Sec. 5.

The degree of correlation between the [8µm] colour and
other colours reaches a minimum with the SDSS z and i
bands (Spearman rank correlation coe!cient of +0.31 and
+0.51 respectively), with the correlation with the z band
being the lowest for all colour combinations. This can be
understood by considering that the z colour ([z]! [H]) and
the i colour ([i]! [H]) are almost insensitive to stellar age,
marginally sensitive to dust extinction and are mainly driven
by metallicity (e.g. ZCR09), while the [8µm] colour is essen-
tially a sSFR indicator (as we showed above), whose rela-
tion with metallicity is not obvious (see e.g., Calzetti et al.
2007; Gordon et al. 2008). Colours at shorter wavelengths
are increasingly related to stellar age and therefore it is not
surprising that a better correlation with the [8µm] colour
is observed. This reaches a maximum with the correlation
of the [8µm] colour with the [u] colour (for which a signifi-
cant correlation was already observed within some individ-
ual galaxies), as this colour (e"ectively u ! H) can be also
used as a rough proxy of sSFR.

One last point to make about Fig. 7 is that in these
colour-colour diagrams galaxies appears to be ordered in
their integrated SEDs according to their morphological type
(coded by the colours of the symbols). While this is not al-
ways exactly the case when one looks at optical colours, the
order is exact in the IR colours. Li et al. (2007) also observed
similar trends of 8µm (corrected for stellar contamination)
vs. 3.6µm with morphology. This might be surprising since
morphologies are determined at optical wavelengths, not IR.
In physical terms, this implies that the morphology of galax-
ies reflects primarily their sSFR, rather than the properties
of their optical SED.

Table 2. Polynomial fit coe!cients to the IR colour-colour rela-
tions presented in Fig. 8. The y color named in column 1 can be
obtained from [8µm]![H] = x as y = c0+c1x+c2x2+c3x3+c4x4

Colour c0 c1 c2 c3 c4
(1) (2) (3) (4) (5) (6)

[3.6µm]! [8µm] -0.564 -0.639 0.420 0.291 0.079
[4.5µm]! [8µm] -0.840 -0.572 0.471 0.321 0.091
[5.7µm]! [8µm] -0.312 -0.114 0.201 0.092 0.060

5 MID-IR COLOUR RELATIONS

5.1 A universal sequence of mid-IR colours and
its predictive power

In this section we analyze in more detail the relation between
IR colours and demonstrate that the SEDs in this spectral
window are a one-parameter family to very high accuracy. In
the mid panels of Figures 8a), b) and c) we plot the flux at
3.6, 4.5 and 5.7 µm, respectively, relative to the flux at 8 µm
as a function of the [8µm]![H] colour. Greyscale levels repre-
sent the log of pixel densities in the colour-colour spaces for
the five “normal” galaxies: NGC4552 and NGC3521 are an-
alyzed separately, because of their anomalous natures (see
also Sec. 5.3). The red lines show the running percentiles
for this distribution: 2.5, 16, 50, 84 and 97.2%, from the
bottom to the top, respectively. The pixels of the elliptical
NGC4552 and the inclined dusty spiral NGC3521 are rep-
resented separately by the coloured points, with NGC4552
the compact cloud of green points top left in each figure
(very low 8 µm flux relative to H and to all other IRAC
bands), while NGC3521 is the extended sequence of blue
points partly o"set from the sequence defined by the main
sample. These plots suggest that the ratio between 8 µm and
H-band luminosities can be used to predict the luminosities
in the other three IRAC bands with high accuracy.

The bottom panels of Figures 8a) to c) show the half-
width of the 16–84% percentile range, a robust proxy for the
r.m.s., of the pixels belonging only to the five normal galax-
ies. The horizontal dotted line corresponds to the maximum
r.m.s. that is expected for null intrinsic scatter and the mini-
mum S/N of 20 in each band. At low [8µm]![H] < !0.6, the
scatter in the [3.6µm] ! [8µm] and [4.5µm] ! [8µm] colours
is lower than the maximum possible contribution from mea-
surement error, namely 0.02 dex or 5%, and the relation is
close to linear. At higher [8µm]![H] the relations flatten and
the scatter increases up to 0.035–0.040 dex (8–10%), thus re-
quiring significant intrinsic scatter to be explained. As far as
scatter is concerned, for the [5.7µm]![8µm] colour the situa-
tion is reversed: [8µm]![H] can be used to predict this colour
to typical accuracy better than 7% at [8µm]! [H] > !1, but
its performance is significantly worse (10–12% accuracy) at
lower relative flux intensity. The slope of the relation also
changes significantly from almost !1 at low [8µm]! [H] to
0 at high values.

We fit fourth degree polynomials to the relations ob-
served for the five normal galaxies. The coe!cients are given
in Table 2. The fits are shown as solid black lines in the mid
panels of the Figures 8a) to c), where they almost perfectly
overlap to the running median lines. These relations enable
the generation of maps of the galaxies at 3.6, 4.5 and 5.7
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Figure 8. IRAC IR colour correlations. a), b) and c): mid panels show the distributions of pixels in the plane given by the flux at 3.6,
4.5 and 5.7 µm (a, b and c respectively) relative to the flux at 8 µm vs. the flux at 8 µm relative to the flux in H-band (all fluxes are
expressed in units of log !f!). NGC3521 and NGC4552 are represented by the blue and the red points respectively, while the density
distribution of pixels belonging to the other five galaxies are represented by the grey scale shading (log scaling). For reference the
global colours of the seven galaxies are plotted as filled circles, coloured according to the key in Fig. 7. The five orange
lines show the running median and 2.5, 16, 84 and 97.5 percentiles of the pixel distribution for the five galaxies represented by the grey
scale shading. The solid black curve is a 4th-degree polynomial fitting to these pixels, whose coe!cients are given in Table 3. The solid
black straight line to the lower-left shows a slope of !1 to guide the eye. It is immediately clear that NGC3521 and NGC4552 are both
outliers with respect to the rest of the sample. The points with error bars represent the pure stellar colours derived in Sec.
5.2. Theoretical predictions from CB07 for stellar population of ages > 2Gyr and " 1Gyr are marked with a # and a +,
respectively, while the Starburst99 predictions adopted by Helou et al. (2004) are marked with solid horizontal lines.
In the bottom panels we plot the r.m.s. (the half-widths of the 16–84 percentile range) of the pixel distributions along the y-axis for the
five galaxies, as a function of [8µm] ! [H]. The horizontal dashed line indicates the maximum r.m.s. possible due to measurement and
photometric errors. In the top panels the local slope of the fitting polynomial is plotted. For reference, the slopes of 0 (corresponding to
constant flux ratio to 8µm) and !1 (corresponding to constant flux ratio to H) are marked as dotted lines. d): for each pixel we define
the quantity “max " log !f!” as the maximum of the absolute deviation between log !f! observed and predicted based on the respective
fitted polynomial functions, at 3.6µm, 4.5µm and 5.7µm (see text for details). The fraction of pixels for which such a maximum deviation,
", is less than some di#erence, x, is plotted as solid lines, with blue showing the result for all galaxies, while black shows the result when
the outliers NGC3521 and NGC4552 are excluded. The dotted lines show the fraction of H-band flux contained in pixels for which the
maximum log !f! deviation is less than x, with blue for all and black excluding the outliers as for the other curves.
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highly scattered clouds of points, the barycentres of the dis-
tributions follow well defined relations. This can be seen in
the colour-colour relations of the integrated points, where
all galaxies, with the only notable exception of NGC3521
(the blue point), follow very well defined sequences. In other
words, we see that the shapes of the integrated SEDs are
very correlated between galaxies: IR colours are very tightly
linked to each other; by enhancing the IR flux relative to H,
bluer optical-H colors results, which, in turn, are very well
correlated with each other. This is a natural consequence of
galaxies’ SFHs being typically smooth, such that a higher
current rate of star formation (which causes enhanced IR
flux) is generally accompanied by a higher abundance of
young blue stars, formed in the recent past and already lib-
erated from their dusty birth cloud (Charlot & Fall 2000).
The only outlier in our sample to most of these correlations
is NGC3521, whose aspect and geometrical distribution of
dust result in a complex and peculiar interplay between the
attenuation and scattering of photons and hence in the ob-
served anomalous colours (see also Sec. 3.2.1 and 5.3).

We note that not only is the relation between IR colours
extremely tight for the integrated SEDs and for the average
pixel distribution, but also almost all pixels, no matter which
galaxy they belong to, appear to follow extremely tight uni-
versal relations, whose observed scatter is consistent with
or just slightly larger than pure measurement errors. We
analyze this in more detail in Sec. 5.

The degree of correlation between the [8µm] colour and
other colours reaches a minimum with the SDSS z and i
bands (Spearman rank correlation coe!cient of +0.31 and
+0.51 respectively), with the correlation with the z band
being the lowest for all colour combinations. This can be
understood by considering that the z colour ([z]! [H]) and
the i colour ([i]! [H]) are almost insensitive to stellar age,
marginally sensitive to dust extinction and are mainly driven
by metallicity (e.g. ZCR09), while the [8µm] colour is essen-
tially a sSFR indicator (as we showed above), whose rela-
tion with metallicity is not obvious (see e.g., Calzetti et al.
2007; Gordon et al. 2008). Colours at shorter wavelengths
are increasingly related to stellar age and therefore it is not
surprising that a better correlation with the [8µm] colour
is observed. This reaches a maximum with the correlation
of the [8µm] colour with the [u] colour (for which a signifi-
cant correlation was already observed within some individ-
ual galaxies), as this colour (e"ectively u ! H) can be also
used as a rough proxy of sSFR.

One last point to make about Fig. 7 is that in these
colour-colour diagrams galaxies appears to be ordered in
their integrated SEDs according to their morphological type
(coded by the colours of the symbols). While this is not al-
ways exactly the case when one looks at optical colours, the
order is exact in the IR colours. Li et al. (2007) also observed
similar trends of 8µm (corrected for stellar contamination)
vs. 3.6µm with morphology. This might be surprising since
morphologies are determined at optical wavelengths, not IR.
In physical terms, this implies that the morphology of galax-
ies reflects primarily their sSFR, rather than the properties
of their optical SED.

Table 2. Polynomial fit coe!cients to the IR colour-colour rela-
tions presented in Fig. 8. The y color named in column 1 can be
obtained from [8µm]![H] = x as y = c0+c1x+c2x2+c3x3+c4x4

Colour c0 c1 c2 c3 c4
(1) (2) (3) (4) (5) (6)

[3.6µm]! [8µm] -0.564 -0.639 0.420 0.291 0.079
[4.5µm]! [8µm] -0.840 -0.572 0.471 0.321 0.091
[5.7µm]! [8µm] -0.312 -0.114 0.201 0.092 0.060

5 MID-IR COLOUR RELATIONS

5.1 A universal sequence of mid-IR colours and
its predictive power

In this section we analyze in more detail the relation between
IR colours and demonstrate that the SEDs in this spectral
window are a one-parameter family to very high accuracy. In
the mid panels of Figures 8a), b) and c) we plot the flux at
3.6, 4.5 and 5.7 µm, respectively, relative to the flux at 8 µm
as a function of the [8µm]![H] colour. Greyscale levels repre-
sent the log of pixel densities in the colour-colour spaces for
the five “normal” galaxies: NGC4552 and NGC3521 are an-
alyzed separately, because of their anomalous natures (see
also Sec. 5.3). The red lines show the running percentiles
for this distribution: 2.5, 16, 50, 84 and 97.2%, from the
bottom to the top, respectively. The pixels of the elliptical
NGC4552 and the inclined dusty spiral NGC3521 are rep-
resented separately by the coloured points, with NGC4552
the compact cloud of green points top left in each figure
(very low 8 µm flux relative to H and to all other IRAC
bands), while NGC3521 is the extended sequence of blue
points partly o"set from the sequence defined by the main
sample. These plots suggest that the ratio between 8 µm and
H-band luminosities can be used to predict the luminosities
in the other three IRAC bands with high accuracy.

The bottom panels of Figures 8a) to c) show the half-
width of the 16–84% percentile range, a robust proxy for the
r.m.s., of the pixels belonging only to the five normal galax-
ies. The horizontal dotted line corresponds to the maximum
r.m.s. that is expected for null intrinsic scatter and the mini-
mum S/N of 20 in each band. At low [8µm]![H] < !0.6, the
scatter in the [3.6µm] ! [8µm] and [4.5µm] ! [8µm] colours
is lower than the maximum possible contribution from mea-
surement error, namely 0.02 dex or 5%, and the relation is
close to linear. At higher [8µm]![H] the relations flatten and
the scatter increases up to 0.035–0.040 dex (8–10%), thus re-
quiring significant intrinsic scatter to be explained. As far as
scatter is concerned, for the [5.7µm]![8µm] colour the situa-
tion is reversed: [8µm]![H] can be used to predict this colour
to typical accuracy better than 7% at [8µm]! [H] > !1, but
its performance is significantly worse (10–12% accuracy) at
lower relative flux intensity. The slope of the relation also
changes significantly from almost !1 at low [8µm]! [H] to
0 at high values.

We fit fourth degree polynomials to the relations ob-
served for the five normal galaxies. The coe!cients are given
in Table 2. The fits are shown as solid black lines in the mid
panels of the Figures 8a) to c), where they almost perfectly
overlap to the running median lines. These relations enable
the generation of maps of the galaxies at 3.6, 4.5 and 5.7
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Table 3. Pure stellar emission flux ratios derived from IR colour-colour relations presented in Fig. 8. A comparison to the predictions
from stellar population synthesis models is given in the three bottom rows (see text for details).

Slope from relation [3.6] ! [H] [4.5] ! [H] [5.7] ! [H] [8] ! [H] [4.5] ! [3.6] [5.7] ! [3.6] [8] ! [3.6]

(1) (2) (3) (4) (5) (6) (7) (8)

[3.6µm] ! [8µm] !0.742 !1.044 !1.194 !1.491 !0.301 !0.453 !0.749

[4.5µm] ! [8µm] !0.740 !1.046 !1.178 !1.384 !0.306 !0.437 !0.644

[5.7µm] ! [8µm] !0.741 !1.038 !1.199 !1.572 !0.297 !0.458 !0.832

mean !0.741 ± 0.001 !1.043 ± 0.003 !1.190 ± 0.009 !1.482 ± 0.077 !0.301 ± 0.004 !0.449 ± 0.009 !0.742 ± 0.077

Helou et al. (2004) ... ... ... ... !0.225 !0.399 !0.635

CB07 (> 2Gyr) !0.745 !1.047 !1.321 !1.687 !0.302 !0.576 !0.942

CB07 (" 1Gyr) !0.644 !0.893 !1.158 !1.514 !0.249 !0.514 !0.870

which is never actually reached (no galaxy is fully dust-free)
and because photometric errors and intrinsic SED variations
of the stellar component (which are predicted by SPS mod-
els) increase the uncertainties. We use the simple analytical
formulae that fit the empirical relations of Fig. 8 a), b) and
c) to extrapolate the flux ratios to the limit of pure stellar
emission, which we determine as the point ([8µm]! [H]) at
which the derivative of the relation is ! = !1, according
to the argument given previously. The determination of the
purely stellar [8µm]! [H] depends on the relation one con-
siders: for [3.6µm]![8µm] and [5.7µm]![8µm] the solution is
actually found by extrapolation, whereas for [4.5µm]![8µm]
! = !1 occurs within the range covered by the data1. The
variations in this “stellar point” among the three di!erent
determinations provides some direct empirical estimate of
the uncertainty of this flux ratio. Flux ratios between the
other bands are obtained by plugging the resulting “stellar”
[8µm] ! [H] colour into the corresponding 4th order poly-
nomials from Table 2. The resulting three determinations of
the stellar flux ratios are given in Table 3, along with their
mean and standard deviation. Our determinations are ac-
curate at < 0.01 dex (2%) level for all bands except [8µm],
whose ratio with respect to shorter wavelength cannot be
estimated better than 20%. We also report the IR flux ra-
tios from SPS models: the wide-spread Helou et al. (2004)
values, which were computed using starburst99 (Leitherer
et al. 1999), and those we derive from a preliminary 2007
version (CB07 hereafter) of the Bruzual & Charlot (2003)
SPS models, which includes an improved treatment of TP-
AGB stars. These models predict little dependence on stel-
lar metallicity and age for ages larger than 2 Gyr, while
variation up to 30% or more can be expected for younger
populations. For this reason we report the ratios for simple
stellar populations (SSPs) older than 2 Gyr and for an SSP 1
Gyr old, both using solar metallicity and Salpeter IMF. The
Helou et al. (2004) values typically over-estimate by " 20%
the IR flux ratios to [3.6µm] with respect to our empirical
estimates. By contrast, the old CB07 SSPs are in excellent
agreement with observed estimates between H and 4.5µm,
while it appears that fluxes at longer wavelengths are signif-
icantly under-estimated by up to " 50%. In consideration of
the apparent disagreement between SPS models, the empir-

1 This is possibly due to the fact that the 4.5µm band is the only
band not directly including PAH features and therefore might
reach a constant ratio to H at higher [8µm] ! [H] than for the
two other bands.

ical ratios derived from our analysis are of great importance
to improve the SED modeling of this spectral region.

5.3 Mid-IR colour relations of the “anomalous”
galaxies NGC4552 and NGC3521

The two galaxies that stand out due to their anomalous
principal component analyses also have evident anomalies
when we look at their IR colour-colour relations (i.e. green
and blue clouds in Fig. 8).

As expected from the lack of current star-formation,
the elliptical galaxy NGC4552 has the lowest ratio of 8 µm
luminosity to H and also the lowest ratios of luminosities
in the three shorter IRAC bands with respect to [8µm], as
one can see from the green points in Fig. 8. However, a
substantial fraction of those points appear to lie above the
extrapolated colour relations for all other galaxies. Stellar
population synthesis models of these spectral regions are
unfortunately still too inaccurate to provide an explanation
for these deviations of the order of 20–30%. The observed
phenomenon can be summarized by saying that the lumi-
nosity at shorter IR wavelengths is (increasingly) suppressed
with respect to longer wavelengths. As we verify using the
stellar population synthesis models with dust attenuation of
ZCR09, these mid-IR colours could be explained by invok-
ing a substantial amount of reddening by dust, which can
in principle move the data points above and to the right of
the relations of Fig. 8. However, our maps show that the
outer regions of the galaxy are the most a!ected by this
e!ect and that there is a suppression of NIR emission also
with respect to optical wavelengths. In addition, NGC4552
is not detected at 160 µm with Spitzer (Draine et al. 2007),
thus implying a negligible amount of dust. All these facts
argue against dust reddening as a cause of the anomalous
IR colours. We also explore the possibility that a radial vari-
ation of the stellar mass function originates such an e!ect:
using CB07 SPS models we find that for stellar populations
older than a couple of Gyr (as it is the case for NGC4552),
the IR colours di!er by less than a few per cent going from
a Salpeter to a Chabrier IMF. According to the spectral
indices measured by Trager et al. (2000) in di!erent aper-
tures and the Sauron index maps of Kuntschner et al. (2006),
NGC4552 is iron-enriched and !-enhanced to supersolar val-
ues (by comparison with, e.g., the Thomas et al. 2003, mod-
els). [!/Fe] appears to moderately increase at large radii,
while the decrease in the strength of the iron indices toward
larger radii hints at a moderate decrease in metallicity. Ac-
cording to the CB07 SPS models, the decrease in metallicity
could a!ect the mid-IR colours in the required direction. We
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Conclusions

Optical-IR relations contain informations on physics of 
galaxy evolution, in particular how SF, heating of dust, 
aging of stellar populations relate to each other

Global relations break down on small (few 100 pc) 
scales, probably because locally the evolution of the 
distinct physical parameters (having different time 
scales) which govern the emission in the optical and IR 
regimes is not as smooth as it is globally

MIR relations are almost universal even for local 
scales: but why?

see SZ & Groves, arXiv:1106.2165, MNRAS in press


