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ABSTRACT

We investigated the star formation rates (SFRs) of selected elliptical galaxies using the infrared data from the Wide-
field Infrared Survey Explorer (WISE). The elliptical galaxies were selected from the Sloan Digital Sky Survey (SDSS)
MPA-JHU catalog and morphology classified by Galaxy Zoo catalog. We used the 3.4-um emission (W1) of WISE to
represent the stellar mass of the galaxies and the 12- and 22-pm emission (W3 and W4) of WISE to represent the star
formation activity of the galaxies. The W3- and W4-based star formation rates are usually overestimated due to
the star emission in low star-forming galaxies. Stellar continuum emission could contribute to MIR fluxes of elliptical
galaxies with an average overestimation of ~ 13.95 and ~ 0.77% from the observed fluxes of WISE W3 and W4-bands,
which determined by using the estimated WISE W3 and W4 flux correction factors. Better SFRs can be obtained by
subtracting the stellar contribution of the sources. Our result highlights the possibility of the existence of unknown
mechanisms triggering the continuous star formation activities in elliptical galaxies.
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ABSTRAK

Kami mengkaji kadar penghasilan bintang dalam galaksi elips terpilih menggunakan data inframerah daripada Wide-
field Infrared Survey Explorer (WISE). Galaksi dipilih daripada katalog Sloan Digital Sky Survey (SDSS) MPA-JHU dan
disaring mengikut bentuk berdasarkan katalog Galaxy Zoo. Gelombang 3.4-um (W1) daripada WISE digunakan
bagi mewakili jisim bintang galaksi dan gelombang 12- and 22-um (W3 dan W4) mewakili aktiviti penghasilan bintang.
Kadar penghasilan bintang berdasarkan W3 dan W4 seringkali dianggarkan lebih tinggi disebabkan isyarat
daripada bintang dalam galaksi yang kadar penghasilan bintangnya adalah rendah. Purata lebihan anggaran
daripada WISE W3 adalah ~ 13.95 dan W4 adalah ~ 0.77% bagi galaksi elips, diukur berdasarkan anggaran daripada
faktor pembetulan untuk WISE W3 dan W4. Kadar penghasilan binatang yang lebih tepat diperoleh dengan menolak
sumbangan daripada bintang tersebut. Keputusan kami menunjukkan bahawa tidak mustahil wujudnya satu mekanisme
yang menghasilkan bintang secara berterusan dalam galaksi elips.

Kata kunci: Galaksi; pembentukan bintang; punca inframerah

INTRODUCTION galaxies are dominated by early-type galaxies. The study

Star formation rate (SFR) is one of the most important
parameters in determining galaxy formation and
evolution. The SFR of galaxies is strongly correlated
with the morphology of the galaxies along the Hubble
sequence. Active star-forming galaxies are normally
related to late-type galaxies while non-star forming

done by Kennicutt et al. (1983) showed that the H-a
equivalent width increases along the early-type to late-
type galaxies, suggesting that the early-type galaxies are
lacking in young, bright stars and star-forming regions.
The study on SFR indicators has been carried out
in various frequencies. For example, radio continuum
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emission at 1.4 GHz (21 cm) is a good SFR tracer at radio
wavelengths (Condon et al. 1992; Murphy et al. 2011;
Rieke et al. 2009). Hydrogen recombination emission
lines and forbidden lines (H-a and [O,]) are widely
used in optical observations. Dust emission at infrared
(Hayward et al. 2014; Kennicutt et al. 2012, 1998) and
X-ray binary emission (Calzetti et al. 2005; Schmitt et al.
2006) were also commonly used in SFR studies.

Optical lines and UV continuum are widely studied
SFR tracers because the emission comes directly
from the ionizing photons of young and massive stars.
However, these tracers could be strongly affected by
dust extinction as most of the star formation takes place
in the obscured regions. Thus, infrared observations
were performed to trace the star-forming activity as the
emission originates from the dust heated by hot and young
stars. There have been a number of studies that derived
SFR indicators from MIR emission (Calzetti et al. 2007;
Helou et al. 2004; Lee et al. 2013; Wu et al. 2005; Zhu et
al. 2008). However, those works do not exclude stellar
emissions from their derivation, which is the strength of
this paper. It is unclear whether these SFR indicators are
applicable to galaxies with low star-forming activities.
Boselli et al. (2003) showed that the MIR emission
of optically selected normal, early-type galaxies are
dominated by the Rayleigh-Jeans (R-J) tail of old stellar
populations. As a consequence, the contamination from
the stellar continuum can severely bias the derivations of
SFRs for early-type galaxies using MIR emission.

In this study, we investigated the SFRs of elliptical
galaxies selected from the Sloan Digital Sky Survey
Max Plank Institute for Astronomy — Johns Hopkins
Umiversity (MPA-JHU) catalogue (Tremonti et al. 2004).
The elliptical galaxies were identified using the Galaxy
Zoo morphology parameters (Lintott et al. 2008)
and the data were cross-matched with the catalogue
of the Wide-field Infrared Survey Explorer (WISE,
Wright et al. 2010). We used the WISE 12- and 22-pum
emission to obtain the SFRs of the sources derived from
MIR indicators. We adopt the ACDM cosmological
parameters with Q =0.3,Q,=0.7 and H =70 km s™ Mpc!
throughout this paper.

OBSERVATIONAL DATA SDSS AND WISE CROSS-
MATCHED DATA

We constructed a sample of galaxies selected from the
MPA-JHU value-added galaxy catalogue, (VAGCs). We
then matched the galaxies to the WISE objects from the
WISE All-Sky Data Release catalogue (Wright et al.
2010).

We choose the galaxies with spectroscopic redshifts
within restricted ranges of 0.01 <z <0.2. Thus, this results
in 679,342 SDSS-WISE matched galaxies in our primary
sample. WISE has mapped the entire sky with four MIR
bands centred at 3.4, 4.6, 12, and 22-um (hereafter W1,
W2, W3, and W4, respectively). Our samples with 3o
detections have been limited to have signal-to-noise
ratios > 3 (for all the WISE bands) and have a reliable
detection of spectroscopic emission lines of Ha and
Hp. This cut left us with 168,448 galaxies (24.8% of the
primary sample).

DATA SELECTION AND DATA REDUCTION

We removed the galaxies with active galactic nuclei
(AGN) to avoid the AGN contamination in our samples
by determining the optical spectral type based on the
Baldwin-Phillips-Terlevich (BPT) diagnostic diagram
(Baldwin et al. 1981). We also excluded the broad-line
AGN based on spectral identification using the QSO
template. In addition, we also removed the broad-
line AGN by detecting the candidates of galaxies or
quasars that have lines detected at the 10c level with
> 200 km s at the 5o level. To ensure negligible AGN
contamination, we have excluded all the AGN sources that
could be enshrouded by dust by limiting the samples to
have a WISE colour of [3.4] — [4.6] < 0.8 (Vega mag); as
AGNSs are identified to have [3.4]- [4.6] > 0.8 mag from
MIR colour diagram (Stern et al. 2005). This yielded us
with 148,118 galaxies after the AGN colour and emission
line cuts.

The above samples were then morphologically
classified into the elliptical and spiral galaxy by using
the Galaxy Zoo catalogue (Lintott et al. 2011, 2008).
To avoid uncertainties in categorizing the samples,
we chose the samples with debiased fraction votes
> 0.8 for more than 10 voters for both elliptical and
spiral classifications. We put another selection criteria
for elliptical galaxies by requiring the SDSS parameter
fracDeV > 0.9 from the optical r-band. This parameter
represents the bulge fraction in the profile fitting using
the de Vaucouleur’s 1/4 law. Fulfilling every criterion
mentioned above, there are 2,337 elliptical galaxies and
36,842 spiral galaxies in our final galaxy samples.

Besides that, the flux densities for all filters
have been corrected for redshift effects based on their
spectroscopic redshift. This study involves many star
forming ellipticals, which probably cannot be considered
as typical galaxies. To avoid any assumption added on
the properties of these galaxies, the flux densities from



W1, W3, and W4 filters have been corrected for redshift
effects by using linear interpolation and extrapolation of
the observed flux densities (Caccianiga et al. 2015). Our
computed k-correction value at a specific redshift bin is
consistent with a very low variation, ~ 0.02.

MIR emission could originate from various
mechanisms (Da et al. 2008; Draine et al. 2007)
including warm dust continuum and polycyclic aromatic
hydrocarbons (PAH) emissions (Li et al. 2001; Panuzzo
et al. 2011; Rieke et al. 2009; Smith et al. 2007), dust
continuum from very small grains (VSGs) (Contursi et
al. 2000; Schreiber et al. 2004), AGN heated hot dust
continuum (Mullaney et al. 2011; Netzer et al. 2007),
and Asymptotic Giant Branch (AGB) circumstellar dust
(Bressan et al. 1998, Piovan et al. 2003). To properly
measure the star formation activities in the galaxies,
the emission of circumstellar dust and AGNs need to be
subtracted as they could potentially give an impact on
MIR SFRs. In addition, the circumstellar dust emission
has been proposed as an age tracer of old stellar
populations and showed to be ubiquitous in early-type
galaxies (Davis et al. 2014; Simonian et al. 2017; Temi
et al. 2007). Simonian et al. (2017) have assumed that
these galaxies have no or lesser diffuse, interstellar dust
compared to regular dustless galaxies. This effect on
the star-forming galaxies (with Specific Star-Formation
Rate, SSFR ~ 10! yr') seems negligible, however, it
is more significant in galaxies with relatively little
diffuse dust, including low-metallicity and/or non-star
forming galaxies (Villaume et al. 2015). This method
quantifies the effect of circumstellar dust by using ‘color-
cut’ dustless galaxies, which is defined as having [W1]-
[W4] < 1.52 mag and [W1]-[W3] <0.67 mag. Simonian
and Martini (2017) have assumed that these galaxies
have no or lesser diffuse, interstellar dust compared to
regular dustless galaxies. This effect on the star-forming
galaxies (SSFR ~ 10 yr') seems negligible, however, it
more significant in galaxies with relatively little diffuse
dust, including low-metallicity and/or non-star forming
galaxies (Villaume et al. 2015). The estimated average
contribution of AGB circumstellar dust obtained in spiral
galaxy samples are ~ 8.47 x 102 and ~1.103 x 10" at 12-
and 22-um, respectively. Meanwhile, this effect shows
a quite higher contribution in elliptical galaxy samples,
with an average AGB dust contribution ~0.45 and
~0.32 at 12- and 22-um, respectively. We have also
removed all the AGN-dominated galaxies and those with
a tiny sign of AGN activities (~20,000 galaxies) based on
their optical spectrum features and MIR colour.
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RESULTS AND ANALYSIS

WISE SFR INDICATORS

WISE W3 and W4 bands were used as MIR SFR
indicators because of the good sensitivity towards the
typical features of ongoing star formation such as warm
dust and 11.3-um PAH (Chang et al. 2015; Donoso et al.
2012; Jarrett et al. 2012; Lee et al. 2013; Shi et al. 2012).
The MIR emission attributed only from the star-forming
regions in the galaxy gives a good correlation between
the two SFR indicators. However, there are other factors
that can significantly contribute to the MIR spectrum of
the source that could overestimate the SFRs. From the
galaxy samples described in the previous section, we
examined the correlation between SFRs derived from
WISE W3 and W4 luminosities using SFRs conversion
factor by Lee et al. (2013) and can be refer from equation

(1) and (2):

SFR,,(MO yr')=9.54 x 10" L' (LO) (1)

SFR,, (MO yr') =4.25 x 10° L, (LO) )

The top panels of Figure 1 show the comparison
between two WISE SFR indicators, W3 and W4 bands
for spiral (left) and elliptical (right) galaxies. The black
solid lines indicate the one-to-one relation. The colour
scale indicates an increasing redshift covering 0.01 <z <
0.2. We also estimated the residuals of each comparison,
as shown at the bottom of every plot. As can be seen
clearly from Figure 1 (top), both of the WISE SFR
indicators show a good correlation. There is also a pattern
where most of the data lie just below the one-to-one
relationship with an average residual scattering of ~0.45
dex for both galaxy morphology classes. This suggests
that the SFRs derived by the W3 band are consistently
giving a higher value compared to the SFRs derived by
the W4 band. There are a few possibilities that can
cause this situation; one of them is the stellar continuum
emission in the MIR spectrum, which contributes more
significantly at the rest-frame of the W3 band but much
weaker in the W4 band. We specifically examine this
effect in the next subsection.

STELLAR CONTRIBUTION AT 12- AND 22-MM
LUMINOSITIES

The existence of an offset in the SFR, -SFR, relation
might be due to the contamination of the other
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The error bars represent the 16 uncertainties for the sample

FIGURE 1. Top: comparison between W3-based SFR and W4-based SFR for spiral
(left) and elliptical (right) galaxies, and bottom: comparison between the corrected
stellar contribution of SFR; and SFR_, for spiral (left) and elliptical (right) galaxies

components in the MIR SFR indicators. Besides the heat
from the old stellar population and AGN activities, the
stellar continuum at MIR wavelength could also lead to
an overestimation of the true SFRs. The effect of AGN
activities and AGB circumstellar dust emission are already
considered to be almost negligible in our calibration. In
this study, we propose to prevail over the contamination

of stellar contribution by deriving the correction factors
at W3- and W4-band. The derivation is estimated from
the emission at the WISE W3 and W4 bands relative to
the fraction of the stellar continuum at the W1 band. We
estimated the stellar correction factors for W3 and W4
bands relative to W1 band (denoted as n_, and n , by
using WISE signal (Wright et al. 2010) as equation (3):



_J R() AFA (i) dA
ni= / [ RCW1) AFA (W1) dA )

where i = W3 and W4, R(i) is the WISE Relative
Spectral Response and AF, represents the integrated
flux density.

From the calculations, we obtained the average
values for W3 and W4 correction factors to be n .=
0.130 0.005 andn_, = 0.010 0.001. This bigger value
of m, possibly corresponds to a wider W3 bandpass
and closer to the NIR windows, which prominently
makes the contribution of the stellar continuum is higher
in the W3 compared to the W4 band. The value of stellar
correction factor for the W3 band, n_, from this study is
comparable to the scaling factors obtained by Jarrett et al.
(2012) and Lee et al. (2013), which are ~0.15 and ~ 0.1,
respectively. The stellar continuum contributes a higher
percentage in the elliptical galaxy samples, which is ~
13.95% at the W3 band and ~ 0.77% at the W4 band.
However, in the most extreme cases for the non-star
forming elliptical galaxy, the stellar contribution can
contribute nearly 89.5 and 10% at W3 and W4 bands,
respectively. The W3 emission of these extremities might
not be suitable to estimate their star formation rate and
they are also excluded from the samples as we derived
the SFR later.

Consequently, we re-examined the correlation of
the corrected stellar contribution SFR at 12- and 22-um
(hereafter SFR,; . and SFRy, . respectively). This
correlation is graphically illustrated in the bottom
panels of Figure 1; the left panel for the spirals and
right for ellipticals. We then analysed the differences
between the uncorrected (top) and corrected (bottom)
WISE SFRs for the stellar continuum. First of all, the
distribution of the corrected SFRs show almost the same
pattern, where most of the data lie just below the one-to-
one relation. Nevertheless, the distribution of corrected
SFRs show a slightly tight correlation for both spiral and
elliptical galaxies with an average overall scatter in the
residuals of ~ 0.43 and ~ 0.41 dex, respectively.

For the spiral galaxies, the slope of the SFR
relations does not change much after the corrections
have been applied. This indicates that the stellar
contribution in spiral galaxy is almost insignificant over
the redshift range of 0.01z 0.2. In contrast, the slope
of SFR relations for elliptical galaxies has changed
significantly after the stellar correction from m = 0.92
to m = 0.8 and the average offset reduced to ~ 0.41
dex. This change is substantially contributed by the
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elliptical galaxies that are located at redshift z 0.1 (~
63.5% from our total elliptical galaxy samples). This
population has converged the SFR relation towards the
one-to-one relation and shows a smaller offset after we
subtracted out the excess stellar contribution. The RMSE
for elliptical galaxies at the lower redshift bin (z 0.1)
reduced significantly from 0.44 to 0.38 dex, whilst for
those at the higher redshift bin (0.1z 0.2) only a slight
change of RMSE from 0.47 to 0.46 dex is seen. This
scenario illustrates that the SFRs for the lower redshift
galaxies are more affected by the contamination of the
stellar continuum in the MIR spectrum compared
to those at higher redshift. Although there may be an
uncertainty in the SFR calibration due to metallicity, this
is unlikely as our sample is massive (> 10'° M)

The D, spectral index is important to show the
significance of subtracting the stellar contribution in
elliptical galaxies. This spectral index determines the
strength of the 4000 A breaks, which is used to estimate
the mean age of the stellar population in a galaxy
(Kauffmann et al. 2003b; Zaritsky et al. 1995). A higher
value of D, index indicates that the galaxy has an
abundance of the old stellar population, whereas the
younger stellar population in the galaxy gives a smaller
index (Kauffmann et al. 2003b; Westra et al. 2010).
Brinchmann et al. (2004) shows that most of the star
formation process takes place in the galaxy with a low
D,,,, index. The D, index used in this study is adopted
from the SDSS MPA-JHU spectroscopic catalogue with
the definition and measurement performed following
the Balogh et al. (1999) method.

Referring to Figure 2, we showed that the
relationship between the age of the stellar population
and the corrected (bottom) and uncorrected (top) WISE
SFRs of the elliptical galaxies. The black solid line
indicates the one-to-one relation and the dashed line
acts as a separator between high star-forming (SFR >
I Mg yr'!) and low star-forming galaxies (SFR 1 1 Mg
yr'). We have categorized the elliptical galaxy samples
into two distinct populations, where the first one is the
galaxy dominated by the young stellar population with
D,,,, 1.5 (left panel) and the second group is the galaxy
dominated by the old stellar population with D, > 1.5
(right panel). Noted that the galaxies with the young
stellar population have a small offset similar to the spiral
galaxies have. Meanwhile, the galaxy population with
older stars demonstrates a better correlation between
the corrected WISE SFRs. The relation of SFR, . -
SFR ;o deviates toward the one-to-one relation and
reduces the offset of the relation from ~ 0.42 to ~ 0.33
dex. Specifically, the galaxies that experienced an obvious
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FIGURE 2. Comparison between the uncorrected (top) and corrected (bottom)
stellar contribution of SFRW4-SFRW3 relation for elliptical galaxies with the
young stellar population (left) and the old stellar population (right)

change in their corrected SFRs are mostly distributed
below the dashed lines. This indicates that the stellar
continuum has a highly significant contribution in the
elliptical galaxy population that is dominated by the old
stellar population with low star-forming activities.

DISCUSSION

Comparisons on WISE-derived SFRs conversion factors
have been done between this study and two other

previous studies, Chang et al. (2015) and Jarrett et
al. (2012). This is shown in Table 1. Figure 3 shows
the comparison of the uncorrected (top) and corrected
(bottom) WISE W4 - W3 SFR relations with D,
colour-coded. In Chang’s case, the RMS relative to the
one-to-one relation changes from ~0.42 to ~0.35 dex.
Meanwhile, for Jarrett, the RMS reduces from ~0.34 to
~0.29 dex. The reduction in the data scattering shows a
better correlation of the corrected SFRs for the old stellar
population galaxies in both studies.

TABLE 1. SFR Calibration for WISE W3- and W4-based luminosities

Reference Jarrett (2012) Chang (2015) This study

Sample size 17 well-resolved ~858365 ~2337
galaxies
Range of redshift ~ Nearby (60 Mpc) Reliable redshift 0.01-0.2
SFR range M_ y™! 0.03-4 1073 - 100 107 - 101
. Star-forming Optically classified

Morphology diverse galaxies elliptical galaxies.
Calibrator 24pm UV-MIR SED Ha

modelling




The derived correction factors have given out a
consistent result even though different approaches were
applied in these previous studies to calibrate their SFR
formulas. Besides the differences in sample selection,
modelling technique also contributes to systematic
differences. The calibration carried out by Jarrett et al.
(2012) uses the SFRs of GALEX UV fluxes and standard
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Spitzer/MIPS 24-um, which are adopted from Rieke et
al. (2009). The conversions done by Lee et al. (2013) are
based on the SFRs estimated from Ha luminosities. This
illustrates that the contribution of the stellar continuum
could be significant in the MIR spectrum and strongly
signifies that extra caution is needed in the calibration
of SFRs using 12- and 22-um emission.
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FIGURE 3. Comparison between the uncorrected (top) and corrected (bottom) stellar
contribution of SFRW4-SFRW3 relation derived by Chang et al. (2015) (left) and Jarrett et
al. (2012) (right)

CONCLUSION
We have studied a large sample of star-forming
galaxies from the SDSS MPA-JHU catalogue with unique
matching to the WISE data with MIR detection. Stellar
continuum emission could contribute in MIR fluxes of
elliptical galaxies with an average overestimation of
~ 13.95% and ~ 0.77 % from the observed fluxes of
WISE W3 and W4-bands, which determined by using
the estimated WISE W3 and W4 flux correction factors,
n,, = 0.1300.005 and n_, = 0.0100.001, respectively,
for the galaxies within redshift bin of 0.01 <z < 0.2.
Low star-forming elliptical galaxy with the old stellar

population (SFR <1 Mg yr' and D, 1.5) gives a good

correlation between SFR, and SFR, after the correction
of stellar contribution is applied. For the case of the
elliptical galaxies with high star-forming and/or young
stellar population, stellar contribution seems negligible.
Not all star-forming galaxy populations suit the SFRs
conversion factors derived in the literature. Their
SFRs could be overestimated when applying the SFRs
conversion factor, which is derived not specifically for
the population.
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