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ABSTRACT

This letter utilizes composite spectral energy distributions (SEDs) constructed from NEWFIRM
Medium-Band Survey photometry to constrain the dust attenuation curve in 0.5 < z < 2.0 galaxies.
Based on similarities between the full SED shapes (0.3-8uum), we have divided galaxies in 32 different
spectral classes and stacked their photometry. As each class contains galaxies over a range in redshift,
the resulting rest-frame SEDs are well-sampled in wavelength and show various spectral features
including Ha and the UV dust bump at 2175A. We fit all composite SEDs with flexible stellar
population synthesis models, while exploring attenuation curves with varying slopes and UV bump
strengths. The Milky Way and Calzetti law provide poor fits at UV wavelengths for nearly all
SEDs. We find a strong correlation between the best-fit slope and the bump strength, with steeper
laws having stronger UV bumps. Moreover, the attenuation curve correlates with the specific star
formation rate (SFR), such that galaxies with higher specific SFRs have shallower dust curves with
weaker UV bumps. There is also a weak correlation with inclination, which may be suggestive of a
two-component dust model. A varying grain size distribution, as a result of differences in UV radiation
fields may also contribute to the observed trends. Our results have several implications for galaxy
evolution studies. First, the assumption of a universal dust model will lead to biases in derived galaxy

properties. Second, the presence of a dust bump may result in underestimated values for the UV

slope, used to correct SFRs of distant galaxies.

Subject headings: dust, extinction — galaxies: stellar content

1. INTRODUCTION

After dark matter, dust may be the most mysterious
component of galaxies. Aside from the Milky Way (MW)
and a few well-studied galaxies, we know little about the
types of grains, the distribution of dust with respect to
stars, the dust to gas or dust to star ratio, or the dust
production and destruction cycle. Consequently, the role
of dust within the baryon cycle of galaxies is poorly un-
derstood. We know that dust affects the energy balance
in the interstellar medium (ISM), the cooling of gas, and
hence star formation. However, dust is currently not in-
cluded in theoretical galaxy evolution models, and appro-
priate observations needed to constrain these processes
are still missing. Moreover, in order to study the stellar
populations of galaxies, we must have a solid understand-
ing of the properties and spatial distribution of dust.

When deriving the properties of distant galaxies from
photometric or spectroscopic observations, we commonly
assume a uniform attenuation law, often implemented as
a simple screen. Yet we know that the dust attenua-
tion law is not universal. For example, the MW and
the Large Magellanic Cloud (LMC) extinction curve to a
lesser extent exhibit a dust absorption feature around
2175 A (Steched [1965), which is absent in 4 out of 5
sight-lines toward the Small Magellanic Cloud (SMC)
and in an empirical attenuation curve for starburst
galaxies (Calzetti et all 2000). This feature has been
seen in other galaxies as well, out to z ~ 1 or even
higher, though not as strong as for the Milky Way (e.g.,
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Burgarella et _al!2003; Noll et _al.2009; Elfasdottir et all
2009; |Conroy et. all 2010H; [Conroy | 2010; Wild et all
[2011; Buat et all [2011). The slope of the attenuation
curve also varies among different sight-lines and galax-
ies.

Variations in the dust attenuation curve are expected
on theoretical grounds (Witt & Gordonl[2000). However,
the origin of the observed differences between the var-
ious laws are poorly understood. For example, we do
not know what types of grains are responsible for the
2175A dust bump (e.g., Draine & Malhotra [1993), nor
what physical process governs its strength. We stress
that dust attenuation and extinction are distinct con-
cepts; attenuation includes dust geometry and radiative
transfer effects, which may in part explain the observed
differences.

In order to understand the role of dust and to cor-
rect the integrated light from galaxies, we need to gain
a better understanding of the processes shaping the dust
attenuation curve. The dust attenuation curve can be
derived from the stellar light of galaxies, but it requires
wide wavelength coverage and sufficient spectral reso-
lution. Both requirements are needed to break degen-
eracies with other modeling parameters, such as stellar
age and star formation timescale (e.g.,[Labbé et alll2005)
and to directly detect the UV dust bump. This com-
bination has recently become feasible with the comple-
tion of the NEWFIRM Medium-Band Survey (NMBS;
Whitaker et al! [2011; lvan Dokkum et all 2009). In
this Letter we use well-sampled composite SEDs con-
structed from the NMBS photometry (Kriek et all2011]),
in combination with the flexible SPS models (FSFS;

\Conroy et all 2009, [2010a; (Conroy & Gunn 2010), to
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Figure 1. Composite SEDs for three arbitrarily chosen galaxy types, ordered by increasing value of Ay . The top panels show the full
wavelength range and the middle panels zoom in on the gray open box in the rest-frame UV. The gray shaded area indicates the region
around Ha. The best-fit SPS models for different dust attenuation curves are overplotted. We explore the Calzetti law (light blue), the
MW law (purple), and a dust law in which the slope (§) and strength of the UV bump (E}) are free parameters (red). The corresponding
attenuation curves are shown in the bottom panel. The explored range in values for the slope (§ = [—0.8,0.2]) and UV bump strength
(Ep = [0,4]) are represented by the dashed-dotted and solid gray curves in the bottom panels. Both the Calzetti and the MW dust law

provide poor fits in the rest-frame UV.

constrain the dust attenuation curve in 0.5 < z < 2.0
galaxies.

2. DATA

The NMBS is a 0.5 square degree photometric sur-
vey in the COSMOS and AEGIS fields, unique for its
5 customly designed medium-band near-infrared filters.
The photometry of these filters is combined with optical-
to-MIR photometry. For this study we make use of
the NMBS catalogs in the COSMOS field, which in-
clude medium-band photometry at optical wavelengths
as well. When no spectroscopic redshifts are available,
we use photometric redshifts (EAzY; [Brammer et all
2008), which have an accuracy of Az/(1 + z) < 0.02
(Whitaker et alll2011; [Kriek et all[2011; [Brammer et all

2011). The high quality of the NMBS photometry
has been illustrated in van Dokkum et al! (2010) and
Whitaker et all (2010, [2012).

In [Kriek et all (2011) we divided all NMBS galaxies
at 0.5 < z < 2.0 and with a S/Ng > 25 into differ-
ent spectral classes, based on their observed optical-to-
IRAC SEDs. Each spectral class contains 22-455 indi-
vidual galaxies of similar spectral shape. For each class
we constructed a composite SED, by de-redshifting and
scaling the observed photometry. These composite SEDs
are basically low-resolution spectra (R < 25, Fig. [),
and show many spectral features among which Ha which
is blended with [N11] and [S11] and the blended [O 111]
and HS lines. Continuum and absorption features are
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Figure 2. a) The best-fit values for the bump strength (Eg) and the slope (§) of the dust attenuation curve for the different SED types.
The size of the symbol reflects the number of galaxies used to construct the composite SED, and the color indicates the best-fit value for
Ay (given the best-fit dust law). Galaxy types with Ay < 0.5 (which have primarily quiescent stellar populations) are not included in this
figure, as the dust law could not be constrained well. There is a clear correlation between the slope of the attenuation curve and the UV
bump strength. The Calzetti, MW, LMC and SMC attenuation and extinction curves are indicated by the open circles, and the small gray
squares represent the MW sight-lines by [Valencic et all (2004). b-c) The bump strength and slope as a function of the total equivalent
width of Ha. The dust attenuation is shallower and smoother in galaxies with higher Wy, (i.e., higher specific SFRs).

also visible, among which Mg 11, the Balmer and 4000 A
break, and the dust absorption feature at 2175 A.

3. CONSTRAINING THE DUST ATTENUATION LAW

We constrain the dust attenuation curve by fitting the
composite SEDs with the FSPS models in their default
setting. These settings include a low contribution from
thermally-pulsing asymptotic giant branch stars (e.g.,
Conroy & Gunn 2010; [Kriek et al!l 2010; |Zibetti et all
2013). We assume a (2003) IMF and an expo-
nentially declining star forming history (SFH), though
our results are robust against the choice of IMF or pa-
rameterization of the SFH. We explore a grid of stellar
ages, star formation timescales and three different metal-
licities (0.0096, 0.019 (Zg), & 0.03). We use the stellar
population fitting code FAST (Kriek et all[2009), which
is based on a simple x? minimization. For the photo-
metric uncertainties we assume a flat error in F) of 3%
of the average flux, in order to ensure that the full SED
shape will be taken into account in the fit. If we would
use the formal errors, the fit would be driven completely
by the very small error bars at longer wavelengths. The
region around Ha is masked in the fit. The confidence
intervals are calibrated using Monte Carlo simulations.

First, we explore both the MW and the Calzetti dust
attenuation curves, and find the best-fit stellar popula-
tion model when allowing all other parameters to vary.
Next, we parameterize the dust attenuation curve follow-

ing the prescription by Noll et all (2009):

Ay A\’
AN = — (K D — 1
W=EEw+om () o
with D the Lorentzian-like Drude profile to parameterize
the UV bump, defined as:

Ey(AAN)? )
(A2 =222 + (AAN)2 @

For the central wavelength of the dust feature Ag we
adopt 2175 A. A is the full width at the half maximum
of the feature and we assume a value of 350 A as found
by Noll et all (2009) from a stack of a spectra of high-
redshift galaxies and by (1979) for the MW UV
bump. We explore a grid of values for E}, and §, while
leaving all other fitting parameters free.

In Figure[Mlwe show the best-fit stellar population mod-
els for three composite SEDs, for the three different at-
tenuation laws. This figure illustrates that for all three
SEDs the Calzetti and MW law provide poor fits at rest-
frame UV wavelengths. When leaving both the slope
and bump strength as free parameters, we can reproduce
their full SED shapes.

The best-fit values for E}, and § for all composite SEDs
with Ay > 0.5 are shown in Figure 2h. There is a clear
correlation between both properties, described by the fol-
lowing linear fit:

Ey = (0.85+0.09) — (1.9 +0.4) (3)

D(\) =
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Figure 3. The difference in derived galaxy properties (Ay, stellar mass, specific SFR) between a free dust attenuation curve and the
Calzetti law. The symbols are similar as in Figure These panels illustrate that a universal dust law, implemented as a simple screen,

may result in large systematic biases in derived galaxy properties.

SED types with steeper attenuation curves have stronger
UV bumps, while shallower attenuation curves go to-
gether with weaker UV bumps.

4. CORRELATIONS WITH SPECTRAL TYPE

In the previous section we found a large variety in dust
attenuation curves among the different SED types. In
order to examine whether the shape of the dust law cor-
relates with spectral type, we show both F} and ¢ as
a function of the equivalent width of Ha (Wg, ) in Fig-
ures @b and c. Similar to the specific SFR, Wy, is a
measure of the present to past star formation in a galaxy.
This measurement directly follows out of the composite
SEDs, and thus is independent of the SPS modeling. We
do note that Wy, may include some contamination by
[N11] and [S11], and thus may be slightly overestimated.

Figures Pb and c¢ show that the shape of attenua-
tion curve is correlated with spectral type. Star-forming
galaxies with high values for Wy, have shallower atten-
uation curves with weaker UV bumps than galaxies with
a quiescent star-forming mode. The only significant out-
lier to this trend is SED type 8, which is best fit by a
shallow dust law (& ~ 0.2), while having a very low Wy,,.
The least square fits give the following relations:

Ey=(2240.3) — (1.1 £0.3) <Fggg) (4)

§ = (0.33+0.04) (F/H“) —(0.41+0.04)  (5)

00A

Our findings suggest that the dust attenuation curve
should not be treated as a universal function, but should
be related to the spectral type. In the next section we
examine the implications of our results.

5. IMPLICATIONS

Comparing broadband SEDs or spectra with SPS mod-
els is a popular method to derive galaxy properties. In
this procedure, the shape of the dust attenuation curve
is almost always held fixed. Here we examine possible
biases introduced by assuming the popular Calzetti dust
attenuation law. FigureBlshows the difference in best-fit
galaxy properties for a free dust law compared to when
assuming the Calzetti dust law. This figure illustrates

that systematic biases may be introduced, when a uni-
versal dust law is assumed. Ay and the specific SFR
may be significantly overestimated for galaxies with high
Whia, while stellar mass may be slightly underestimated.
For lower values of Wy, we may find the opposite effect.
However, this effect is driven by only one SED type (12),
which was already noticed in Kriek et all (2011) as being
poorly fit by any SPS model, and thus is not significant.

At high redshift dust attenuation corrections are fre-
quently derived from the UV 3 slope (Fy o« A?), adopt-
ing the relation of [Meurer er all (1999). This relation was
based on a UV slope measured by masking the UV bump
and other features. In contrast, the measurements at
high redshift are based on a small number of broadband
filters (e.g., Reddy et all|2010; Bouwens et al! 2012). In
Figure[d we use the composite SEDs to assess how the UV
bump may influence the measurement of the UV slope,
and hence the dust correction. In the top panel we show
an example composite SED, the corresponding photo-
metric measurements for two rest-frame UV filters for
this SED, and the slopes based on the composite SED
(dashed line) and photometric datapoints (dotted lines).
In the lower panel we show the difference in the derived
attenuation correction — based on the two UV slopes —
versus the strength of the dust feature, for all compos-
ite SEDs with Ay > 0.5. This figure illustrates that the
presence of a dust feature may lead to the underestima-
tion of the dust correction, and thus the SFR. Stronger
dust features clearly result in larger biases.

However, the illustration in Figure M is probably a
worst case scenario, where only two filters are used, and
the reddest filter completely overlaps with the UV bump.
Several studies use three to four photometric bands (e.g.,
Bouwens et all[2012) to measure the UV slope, resulting
in more robust measurements. Furthermore, Wy, in-
creases with increasing redshift (e.g., [Stark et all 2013),
and thus at a redshift of z = 6 (used in the illustra-
tion in Fig. M) or higher the bump may be insignificant.
We do note though, that the utility of the UV slope for
estimating dust attenuation has been called into ques-
tion before (e.g., [Kong et all 2004; [Johnson et all [2007;
Conroy et all [2010b; |Gonzalez-Perez et _all[2013).

6. DISCUSSION
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Figure 4. Implication for the dust correction based on the UV
slope. The gray dashed line in the top panel represents the best-fit
UV slope to the composite SED while masking the dust absorption
feature. The datapoint sin the gray shaded area are included in
the fit, following the prescription by [Meurer er all (1999). The
gray dotted line shows the best-fit UV slope if we only had two
photometric bands. In the lower panel we show the difference in
derived values for A1600 using the relation by [Meurer er all (1999)
versus the strength of the dust feature for all composite SEDs with
Avy> 0.5. This figure illustrates that dust corrections based on
photometric measurement, may be significantly underestimated,
resulting in underestimated SFRs. However, the choice of filters
in this illustration may possibly represent the worst case scenario,
and different filters, redshifts, or the availability of multiple filters
will lead to smaller biases.

The primary result of this Letter is that the shape
of the dust attenuation curve varies with spectral type.
This trend may be explained in part by a two-component
dust model (e.g., [Calzetti et all [1994; |Charlot & Fall
2000; [Granato et all[2000; [Wild et all[2011)), in which all
stars are attenuated by the diffuse ISM, while younger
stars experience additional attenuation due to dust in
their short-lived birth clouds. This model predicts that
the shape of the attenuation curve should vary with spe-
cific SFR and galaxy inclination. In Figure Bl we plot
Ey, vs. 60, with HST morphologies instead of symbols
(Scoville et all 2007). This plot illustrates that face-
on galaxies in general have shallower attenuation curves
with weaker UV bumps. The slope is steepest and UV
dust bump strongest for edge-on galaxies with low spe-
cific SFRs. Similar trends are also seen in local galaxies
(Wild et all[2011)). Only SED type 8 (to the right of the
diagram), which we mentioned before, does not seem to
follow any of the trends.
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Figure 5. The bump strength (Ep) vs. the slope (6) of the
best-fit attenuation curve for all composite SEDs with Ay > 0.5
mag. Instead of symbols, we show the i-band HST images of 2-4
galaxies per SED type. The galaxies are chosen to be closest in
redshift to z = 0.9, thus the images show the rest-frame optical
morphologies. The images are color coded by the equivalent width
of Ha (i.e, the specific SFR). This figure illustrates that galaxies
with low Wy, and/or edge-on galaxies have steeper attenuation
curves with stronger UV bumps, while face-on and/or high Wy,
galaxies have shallower curves with weaker UV bumps.

The observed correlation between the attenuation
curve and the specific SFR may also be due to variation
in the UV radiation field (e.g., [Gorden et all 2003). In
this picture, galaxies with high specific SFRs have harder
UV radiation fields, which could destroy the grain popu-
lation responsible for the UV bump. See|Conroy | (2013)
for more discussion on the two proposed explanations for
the observed trends.

Our values for Ej, and 0 are in the same range to those
found by [Buat et all (2012), who fit the photometry of
individual galaxies in the GOODS-S field. They also find
weaker UV bump strengths in galaxies with larger spe-
cific SFRs (see alsoWild et alll2011). [Buat et all (2012)
find no correlation though between the slope and the
dust bump for their sample. This may not be surprising,
as for individual galaxies the photometric resolution and
S/N may not be sufficient to resolve the bump and to
break modeling degeneracies. As a result the scatter in
the measurements will be large, and possible trends may
be washed out.

While the study presented in this Letter has been en-
abled by stacking SEDs of similar type, this is also a
weakness, as we may be combining galaxies with dif-
ferent attenuation curves. Furthermore, the rest-frame
wavelength coverage is not the same for all redshifts,
and at bluer wavelengths the SEDs are dominated by the
higher redshift galaxies in our sample. Thus, extending
this study to shorter wavelengths, using GALEX data
will give a more robust and representative measurement
of the UV attenuation curve. Another drawback is that
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we only look at the attenuated and not at the re-emitted
light. In a future study we will extend the composite
SEDs to longer wavelengths as well, so that we can si-
multaneously study the dust attenuation and emission as
a function of spectral type.

7. SUMMARY

In this Letter, we use composite SEDs, constructed
from NMBS photometry, to study variations in the dust
attenuation curve in 0.5 < z < 2.0 galaxies. Based on
similarities between the full SED shapes, we have di-
vided galaxies in different spectral classes and stacked
the photometry. As each spectral type contains galaxies
which span a range in redshift, the resulting SEDs are
well sampled in wavelength and show various spectral
features among which Ho and the 2175 A dust feature.

We fit all composite SEDs by FSPS models, while ex-
ploring attenuation curves with varying slopes and UV
bump strengths. The MW and Calzetti law provide poor
fits at UV wavelengths for nearly all SED types. We find
that the strength of the UV bump and the slope of the
curve are strongly correlated, with steeper slopes hav-
ing stronger UV dust bumps. Moreover, the shape of
the dust attenuation curve correlates with the equiva-
lent width of Ha (i.e., specific SFR), with higher Wy,
galaxies having shallower dust attenuation curves with
weaker UV bumps. The average attenuation law has a
UV bump strength of ~ 25% of the MW bump, and a
slope in between the SMC and the MW extinction curve.

Our results are consistent with a two-component dust
model, in which all stars are attenuated by the diffuse
ISM, while young stars experience extra attenuation due
to dust in their short-lived birth clouds. A qualitative
analysis of the morphologies further supports this pic-
ture, as edge-on galaxies have on average steeper dust
curves and stronger UV bumps. A varying grain size dis-
tribution, as a result of differences in the UV radiation
field, may also be contributing to the observed correla-
tions with Ha equivalent width.

A non-universal dust attenuation curve has numerous
implications for galaxy evolution studies. By assuming a
universal dust law, derived stellar population properties
will suffer from systematic biases. For example, for the
Calzetti law, the dust content and specific SFR may be
significantly overestimated. Stellar mass measurements
are more robust, and are only slightly underestimated.
Furthermore, the biases vary with spectral type. The
presence of the dust bump may also complicate dust cor-
rections based the UV [ slope. In the worst case scenario,
when the reddest filter overlaps with the bump, Aigpo
could be underestimated by ~1 mag, resulting in signifi-
cantly underestimated SFRs. On a positive note, the ob-
served variation should motivate theoretical work aimed
at embedding self-consistent dust models into galaxy for-

mation models.
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data sets to the community. MK acknowledges support
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