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zCOMSMOS Z=1.3-1.8 SFG 505天体のrest-UV spectraから2175A 吸

収バンプを検出した。
2175Aバンプ: 
- 銀河系やLMC, M31などで検出されているrest-UVでの広い吸収プロ

ファイル。SMCでは見えていない。
- 炭素質のsmall-grain表面での炭素のsp^2 bondの共鳴吸収がおそら

くはキャリア
- Z>2 LBGでは検出されていない。Calzetti Curveにもない (近傍SB銀

河のスペクトルから作られている)。
- Z=1-2.5のスペクトルの30%くらいには見られる(Noll+09b)

サンプル銀河 (Fig4)

- M*=1e9.5-11Msun
- SFR=10-100Msun/yr => sSFR=1-10/Gyr

Excess extinction 検出手法
- 5BBF+8MBFからSED fit

- 2パラメータ評価；
- γ34 = 2175A前後のスペクトルのPower Law indexの差
- βb = UVスペクトルの傾き(reddening指標)

- それらをスタックして、同じくスタックしたスペ
クトルと比較 (Fig8)

- β-γ関係 :
- LMCとSMCの中間にくる (Fig10)
- γ<-2に来るのは3割程度。Z=1-2.5銀

河(Noll+09b)と同じくらい。
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ABSTRACT

We present direct spectroscopic measurements of the broad 2175 Å absorption feature in 505 star-
forming Main Sequence galaxies at 1.3  z  1.8 using individual and stacked spectra from the
zCOSMOS-deep survey. Significant 2175 Å excess absorption features of moderate strength are mea-
sured, especially in the composite spectra. The excess absorption is well described by a Drude profile.
The bump amplitude expressed in units of k(�) = A(�)/E(B � V ), relative to the featureless Calzetti
et al. (2000) law, has a range Bk ⇡ 0.3–0.8. The bump amplitude decreases with the specific star
formation rate (sSFR) while it increases moderately with the stellar mass. However, a comparison
with local “starburst” galaxies shows that the high-redshift Main Sequence galaxies have stronger
bump features, despite having higher sSFR than the local sample. Plotting the bump strength against
the � log sSFR ⌘ log (SFR/SFRMS) relative to the Main Sequence, however, brings the two samples
into much better concordance. This may indicate that it is the recent star formation history of the
galaxies that determines the bump strength through the destruction of small carbonaceous grains by
supernovae and intense radiation fields couple with the time delay of ⇠ 1 Gyr in the appearance of
carbon-rich Asymptotic Giant Branch stars.

Keywords: galaxies: evolution, high-redshift — ISM: dust, extinction

1. INTRODUCTION

A broad excess in the extinction curve at a rest wave-
length �rest ⇡ 2175 Å (often called “the ultraviolet (UV)
bump”) is the strongest signature of dust in the inter-
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stellar medium (ISM). It has attracted attention since its
discovery by Stecher (1965) as a unique probe of the na-
ture of dust in galaxies (see Salim & Narayanan 2020 for
the latest review). Direct measurements of the extinc-
tion curves towards individual stars are limited in our
Milky Way (MW) Galaxy and a few very nearby extra-
galactic objects. The strong UV bump is ubiquitously
seen in the extinction curves of stars in the MW (Fitz-
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Figure 4. Stellar mass versus SFR based on the dust-
corrected UV luminosity. The cyan solid line indicates the
linear fit to the data points. Orange diamonds indicate lo-
cal starburst galaxies (see Section 2.3). For reference, the
main sequence relations from the literature are shown. The
thin dotted lines indicate the relations at the median red-
shift of the sample (z = 1.56) and at z = 0.01 based on
the time-dependent parametrization derived by Speagle et al.
(2014). The purple thick dashed line indicates a relation de-
rived within z = 1.5–2.0 by Whitaker et al. (2014), which
will be used to calculate � log sSFR for galaxies in our sam-
ple (see Section 5.1). The black dashed line indicates the
main sequence relation for local sources, combining the for-
mulations from Speagle et al. (2014) (M⇤ � 109.66 M�) and
Renzini & Peng (2015) (< 109.66 M�). Note that the local
starburst galaxies have lower sSFR than the high redshift
sample, but that they have greater � log sSFR on average
relative to the evolving Main Sequence.

“burst” in SFR. This distinction will become significant
in our interpretation (Section 5.2).
A final point to note is that the dust correction to

the UV luminosity can be quite large (A1600 & 2.5 mag)
in some galaxies in our sample. We have thus checked
that the conclusions do not change even if we replace
the dust-corrected UV-based SFRs (SFRUV,corr) with
the UV+IR-based SFRs (SFRUV+IR; if available) which
are the sum of the UV-based SFR but not corrected
for dust attenuation and the SFR based on the total IR
luminosity. For the latter, we utilized the public “super-
deblended” catalog presented in Jin et al. (2018). These
two SFRs are in broad agreement, and no substan-
tial population of heavily obscured starbursting galaxies
were not found in our sample. We present SFRs using
the IR photometric data and the corresponding results
from the reanalysis in Appendix A.

3.4. Flux calibration of the VIMOS spectra

In this study, we will measure the excess absorption
based on the comparison between the observed zCOS-
MOS spectra (and stacks of spectra) and the best-fit
templates that were obtained from the broad-, medium-
, and narrow-band SED fitting. It should be recalled
that these SED fits neither included a UV bump feature
in the assumed attenuation curve, nor considered photo-
metric filters that were in the vicinity of the (rest-frame)
wavelength of the UV bump feature. The comparison
requires an accurate spectro-photometric calibration of
the observed spectrum and, in particular, correction of
the slit-losses which are likely to depend on the wave-
length. This correction is also based on the broad- and
medium-band photometry, and is separately calculated
for each of the individual spectra that are produced from
the standard zCOSMOS-deep reduction process. These
spectra do have a nominal flux calibration applied to all
spectra based on standard star observations, but do not
include e↵ects such as slit-width, inaccuracies in slit-
centering and the e↵ects of atmospheric dispersion. It is
clear that a key requirement is that this correction must
not induce any spurious feature in the spectra that may
mimic any excess absorption due to the UV bump.
In constructing this correction, we make use of ⇠

5, 000 spectra available in zCOSMOS-deep, regardless
of whether there was a successful measurement of the
spectroscopic redshift and whether the object lies in the
redshift range used in the present study. For each object,
we use the available photometry in four broad-bands
(CFHT/MegaCam u

⇤ and Subaru/Suprime-Cam B, V ,
r) and eight intermediate-bands (Subaru/Suprime-Cam
IA427, IA464, IA484, IA505, IA527, IA574, IA624, and
IA679), which lie within the spectral coverage of the VI-
MOS LR blue grism used in zCOSMOS-deep. As was
done for SED fitting (Section 3.2), we adopted the pho-
tometric flux measurements from a 300-diameter aper-
ture from the COSMOS2015 catalog (Laigle et al. 2016)
and converted these to total fluxes with the appropriate
o↵sets. We refer to the photometric flux in the ith fil-
ter as F

phot
i and the corresponding central wavelength

as �i. We then also compute the “pseudo” broad- and
intermediate-band fluxes based on the VIMOS spectra
in the same filter passbands using the filter transmission
curves (see Figure 5). We refer to the fluxes measured
on the input spectra using the ith filter curve as F spec

i .

The flux ratio R
s/p
i ⌘ F

spec
i /F

phot
i is therefore a mea-

sure of the slit loss at the di↵erent wavelengths, modulo
the e↵ects of observational noise in both the imaging
and spectral measurements. R

s/p
i is calculated for all

filters, regardless of their rest-frame wavelength.
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Figure 8. Composite VIMOS spectrum of the entire sample of 505 galaxies at 1.3  z  1.8. Top panel : the number of spectra
that have been stacked at each wavelength grid. Middle panel : the stacked spectrum (black line), in which some prominent
absorption and emission features are identified as marked by color-coded labels: interstellar absorption features (orange), nebular
emission lines (green), fluorescence Fe ii⇤ lines (purple). The spectral region of the Rix et al. (2004) 1978 Å index is marked
by dashed triplicate-dotted lines. The blue line indicates the composite of the best-fit templates obtained from SED fitting in
which dust extinction following the bump-free Calzetti et al. (2000) attenuation law is applied. The grey line indicates the noise
in the composite spectrum. Bottom panel : the 2175 Å bump feature in the attenuation curve. The black line indicates the stack
of the individual kbump(�) computed by Equation 11 for the whole sample. The red line indicates the best-fit Drude profile fit
of the bump component shown.

tureless attenuation curve. Correspondingly, the bump
component in the actual observed attenuation curve is
given as

kbump(�) = Abump(�)/Ebest(B � V ), (11)

where Ebest(B � V ) is the best-fit reddening value de-
rived from the SED fitting.
To measure the bump component, we therefore first

calculate Abump(�) or kbump(�) for the individual galax-
ies and then co-add them, instead of computing it di-
rectly from the stacked spectra and, for kbump(�), a rep-
resentative value of E(B � V ) in stacking samples. By
doing so, we mitigate the possible e↵ects of the variation
in Ebest(B�V ) from one galaxy to another, though the
conclusion does not depend on the detailed method of
stacking.
The bottom panel of Figure 8 shows a Drude profile

fitted to the stacked kbump(�). For fitting, we excluded
the known strong spectral lines that are marked in the

figure and the region of the Rix et al. (2004) 1978 Å
index (1935–2020 Å) where significant absorption fea-
tures arise from the blending of numerous Fe iii tran-
sitions. We fixed the central wavelength of the Drude
profile, �0, to 2175 Å. We will come back to this result
in details in Section 4.2.

4. RESULTS

In this section, we first show the characteristics of the
UV continuum of individual galaxies, and then present
results on the detailed shapes of the 2175 Å bump fea-
ture that are obtained when the spectra are stacked ac-
cording to stellar mass and SFR.

4.1. The shape of the UV continua in individual
galaxies

Figure 9 shows the measurements of �b and �34 (see
Section 3.5) from the individual spectra as a function of
stellar mass. It is clear that these parameters are both

まとめと結論

- Calzetti extinction curveに対して B_k=0.3-0.8のexcess
- MSから離れるにつれてバンプは小さくなる
- MS銀河は近傍よりもsSFRは高いが、バンプの深さは近傍のMS銀河と

同じくらい
- 直近+1Gyr前星形成のコンビネーションのがバンプの性質を決めている

- 炭素質ダスト生成はAGB stars (1Gyr前）
- 破壊は直近星形成(UV field, SNe)

- とすると、hi-z SFGがconstant SFしていて、local SBGがバースト的な星
形成だとすると辻褄があう
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Figure 6. Upper panel : Individual flux ratios, F spec
i /F phot

i ,
after correction for the sample of 505 galaxies. Symbols for
each single spectrum are connected by a line. Di↵erent spec-
tra are colored by di↵erent gradation colors for visual pur-
poses. The red solid, dashed, and dotted lines indicate, re-
spectively, the median values, the 16–84th percentiles, and
the 5–95th percentiles. Lower panel : the same flux ratios,
but as a function of rest-frame wavelength. The red solid
and dashed lines indicate running medians and 16–84th per-
centiles with a window size of 200 Å. The horizontal and
vertical lines indicate F spec

i /F phot
i = 1 and the center wave-

length of the UV bump (2175 Å), respectively. The dot-
dashed curve indicates the typical level of flux absorption
caused by the UV bump feature measured in the stack of the
whole sample (see Section 3.6).

ual flux calibration uncertainties can have only a very
small e↵ect on the measurement of this feature.
In the remainder of the paper, the term “observed

VIMOS spectra”, will always refer to these accurately
spectro-photometrically re-calibrated spectra.

3.5. Characterization of the UV continua

In this subsection, we characterize the UV continua of
the galaxy spectra in the region of the 2175 Å feature.
We follow the parameterization introduced by Noll &

Figure 7. The �b versus �34 diagrams for model spectra.
Upper panel : color symbols indicate �b and �34 computed
from representative Bruzual & Charlot (2003) models (a de-
layed SFH with ⌧ = 1 Gyr, age of 0.50 Gyr, and two stellar
metallicities) in steps of �E(B � V ) = 0.05. The symbol
size increases with E(B � V ). Di↵erent colors and symbols
correspond to di↵erent dust extinction/attenuation laws and
di↵erent line types are for di↵erent metallicities of the stel-
lar synthesis models (see legend). Grey lines are for models
within plausible ranges of star-formation history and age,
which indicate the expected scatters of the �b–�34 relations
due to the galaxy stellar populations for each extinction law.
Lower panel : �b versus �34 for attenuation laws which con-
sist of the baseline Calzetti et al. (2000) law and the bump
excess of di↵erent peak amplitudes (0  Bk  2, in steps of
0.05). The Bruzual & Charlot (2003) model with a delayed
SFH with ⌧ = 1 Gyr, age of 0.50 Gyr, and Z = 0.008 is used
as a representative. Circles mark E(B � V ) in steps of 0.05.

zCOSMOS-deep: the 2175 Å feature 13

Figure 9. Upper panel : stellar mass versus �b. Lower panel :
stellar mass versus �34. Blue circles indicate 452 objects with
�(�34) < 1.0 and grey ones are for the remaining 53 objects.
Red solid and dashed lines indicate the running medians and
16–84th percentiles of �34.

correlated with M⇤. The positive correlation between
M⇤ and �b is a reflection of the correlation between M⇤
and the reddening as already reported in the literature
(e.g., Pannella et al. 2015). The interpretation of �34
is more complicated because the excess attenuation due
to the UV bump depends both on the bump strength
implemented in the attenuation curve and the abso-
lute level of attenuation. Figure 9 shows that �34 de-
creases with M⇤, but the correlation becomes unclear at
logM⇤/M� & 10.5 with possible increase of the scatter.
The correlation appears also to vanish at lower masses
(logM⇤/M� . 9.4) as �34 gets close to the upper limit
corresponding to the zero attenuation.
Figure 10 shows �b versus �34 together with the sim-

ulated relations for di↵erent extinction and attenuation
laws (see Figure 7). We here show as reference a stellar
population model with Z = 0.008 and adopting a de-
layed SFH with ⌧ = 1 Gyr at an age of 0.50 Gyr, which

Figure 10. �b versus �34 for the sample of 505 galaxies.
Blue circles indicate 452 objects with �(�34) < 1.0 and grey
ones are for the remaining 53 objects (same as in Figure
9). Red solid and dashed lines indicate the running medians
and 16–84th percentiles of �34 in bins of �b. The purple
dot-dashed line indicates a linear fit (Equation 12) to the
secure data points (blue circles). For comparison, the grey
lines indicate the predictions for a representative model (Z =
0.008, delayed SFH with ⌧ = 1 Gyr, and age of 0.50 Gyr)
that are highlighted in Figure 7.

is the representative case shown by solid lines in Figure
7. The majority of the sample are located in-between
the ones for the bump-free (i.e., the Calzetti et al. (2000)
and SMC) dust laws and for the LMC2 supershell ex-
tinction curve, with some outliers that are presumably
due to measurement errors. The location occupied by
the sample is very consistent with that found by Noll
et al. (2009b, see their Figures 3 and 5).
There is a clear correlation between �b and �. A linear

fit to the relatively secure data points (�(�34) < 1.0)
yields

�34 = �2.19�b � 4.16. (12)

The best-fit relation passes closely the location of zero
attenuation. The slope of the fit is between the relations
for the SMC and LMC2 supershell extinction curves.
Thus, we can state that, to first order, the dust attenu-
ation of the sample can be represented by an attenuation
curve with a moderate UV bump that can nearly repro-
duce the best-fit �b–�34 relation. However, the substan-
tial scatter remains (rms ⇡ 1.15 in �34) after accounting
for the measurement errors, which clearly indicates the
presence of intrinsic variations in the attenuation curves
across the sample.
Given the threshold of �34 = �2 adopted by Noll et al.

(2009b), we find that the fraction of the sample hav-
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is the representative case shown by solid lines in Figure
7. The majority of the sample are located in-between
the ones for the bump-free (i.e., the Calzetti et al. (2000)
and SMC) dust laws and for the LMC2 supershell ex-
tinction curve, with some outliers that are presumably
due to measurement errors. The location occupied by
the sample is very consistent with that found by Noll
et al. (2009b, see their Figures 3 and 5).
There is a clear correlation between �b and �. A linear

fit to the relatively secure data points (�(�34) < 1.0)
yields

�34 = �2.19�b � 4.16. (12)

The best-fit relation passes closely the location of zero
attenuation. The slope of the fit is between the relations
for the SMC and LMC2 supershell extinction curves.
Thus, we can state that, to first order, the dust attenu-
ation of the sample can be represented by an attenuation
curve with a moderate UV bump that can nearly repro-
duce the best-fit �b–�34 relation. However, the substan-
tial scatter remains (rms ⇡ 1.15 in �34) after accounting
for the measurement errors, which clearly indicates the
presence of intrinsic variations in the attenuation curves
across the sample.
Given the threshold of �34 = �2 adopted by Noll et al.

(2009b), we find that the fraction of the sample hav-

バンプの深さ；Drude profileでフィット、Bkで表示

- M*と相関しているが、sSFRとの相関の方が
強い

- 関係式はsSFR-M*プロット上では近傍と合わ
ない

- ΔsSFR-M*プロット上だとそれなりにあって

いるように見える
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Table 1. UV bump parametersa

Sample N h�34imed
b hM⇤imed

c hsSFRimed
d hEbest(B � V )ie � [µm�1

]
f w� [Å] Bk BA [mag]

all 505 �1.020 0.285 10.177 �8.782 0.536± 0.023 254± 10 0.577± 0.013 0.156± 0.004

�34-bin 1 84 �3.389 10.499 �8.838 0.361 0.482± 0.017 228± 8 0.847± 0.016 0.300± 0.006

�34-bin 2 84 �2.234 10.300 �8.783 0.309 0.518± 0.020 245± 9 0.734± 0.016 0.227± 0.005

�34-bin 3 84 �1.407 10.248 �8.791 0.286 0.498± 0.023 236± 10 0.642± 0.016 0.180± 0.004

�34-bin 4 84 �0.678 10.121 �8.744 0.263 0.512± 0.032 243± 15 0.534± 0.018 0.134± 0.005

�34-bin 5 84 0.047 9.984 �8.783 0.237 0.567± 0.047 269± 22 0.419± 0.018 0.095± 0.004

�34-bin 6 85 0.918 10.019 �8.745 0.256 1.264± 0.182 609± 90 0.254± 0.017 0.060± 0.004

M⇤-bin 1 84 �0.118 9.754 �8.768 0.190 0.426± 0.043 201± 20 0.515± 0.029 0.093± 0.005

M⇤-bin 2 84 �0.285 9.964 �8.721 0.242 0.483± 0.039 229± 18 0.492± 0.022 0.115± 0.005

M⇤-bin 3 84 �0.805 10.100 �8.790 0.262 0.470± 0.028 223± 13 0.534± 0.017 0.134± 0.004

M⇤-bin 4 84 �1.302 10.255 �8.780 0.283 0.585± 0.028 277± 13 0.619± 0.016 0.171± 0.004

M⇤-bin 5 84 �1.806 10.450 �8.790 0.326 0.556± 0.020 264± 9 0.669± 0.013 0.213± 0.004

M⇤-bin 6 85 �2.013 10.800 �8.853 0.408 0.602± 0.023 286± 10 0.595± 0.012 0.235± 0.005

a
The central wavelength (�0 = 1/x0) was fixed to 2175 Å (x0 = 4.598 µm�1

).

b
Median values of �34.

c
Median values of log(M⇤/M�).

d
Median values of log(sSFRUV,corr/yr�1

).

e
The mean of the best-fit E(B � V ) derive from SED fitting.

f
The full-width at half-maximum in wavelength (w� ⇡ ��2

0).

and � log sSFR = 0.1 dex in each radius were stacked.
Therefore the adjacent grid points partially share the
same galaxies, and thus the measurements will be corre-
lated. We limited bins to those containing � 20 galaxies
so as to achieve a reasonable S/N in the stacked spectra.
Figure 15 shows in the top row the stacked Bk as a

function of M⇤ and sSFR. Across the accessible range,
Bk depends on both M⇤ and sSFR with a stronger de-
pendence on sSFR. We find that logBk can be expressed
by a linear function of log M⇤ and log sSFR. The best
fit is given by

log hBki = �0.163 + 0.139 log(M⇤/10
10
M�)

�0.432 log(sSFR/Gyr�1), (13)

which is shown in the middle panel in the top row. The
rms of residuals in Bk from this fitted surface is 0.0372
(right panel). The result indicates that Bk decreases
with increasing sSFR at fixed M⇤, and increases weakly
with M⇤ at fixed sSFR. Note that this empirical func-
tional form has been obtained from a limited region in
the M⇤ vs sSFR space, and thus that extrapolation of
this fitted relation for galaxies lying outside the region
may not be justified.
Figures 15 also shows in the middle row the ampli-

tude of the absolute excess absorption, BA, in the same
stacking bins. The amplitude BA ranges from ⇡ 0.07

to 0.26 mag and increases with increasing M⇤ and de-
creases with sSFR. A linear fit to logBA yields

log hBAi = �0.825 + 0.420 log(M⇤/10
10
M�)

�0.296 log(sSFR/Gyr�1), (14)

with the rms residual of BA of 0.0103 mag.
The bottom panels of Figure 15 show that the mean

Ebest(B�V ) increases with both M⇤ and sSFR. A linear
fit yields

log hEbest(B � V )i = �0.650 + 0.285 log(M⇤/10
10
M�)

+0.145 log(sSFR/Gyr�1), (15)

with the rms residual of Ebest(B�V ) is 0.0075. The both
positive coe�cients on M⇤ and sSFR indicate that the
Ebest(B�V ) is rather correlated with the absolute SFR.
The presence of a tight positive correlation between the
reddening and SFR (or the UV luminosity) is consistent
with those found at z ⇠ 2–3 in previous studies (e.g.,
Meurer et al. 1999; Bouwens et al. 2009).
It may be noted that the dependence of BA (Equation

14) can be reproduced trivially from a combination of
those of Bk and E(B � V ) (Equations 13 and 15) and
vice versa as expected from the definition.

5. DISCUSSION
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Figure 16. The bump amplitude, Bk of the local star-
bursts from the Calzettie et al. papers (Section 2.3) in the
M⇤ versus sSFR plane, compared with our results (colored
tiles). The filled diamonds indicate the local starbursts and
are color-coded by the bump amplitude, but the black filled
diamonds correspond to the negative measurements of the
bump. The white diamonds indicate the local sources for
which no individual bump measurements are available. The
color-scale has been changed from Figure 15 to cover the
measurements of the local sources down to zero. The dashed
line indicates Equation (13) at Bk = 0.577, which is obtained
for our stack of the entire sample. Note that, a single red di-
amond has Bk = 3.96 as labeled, which is largely exceeding
the upper limit of the color range.

dust grains. These physical processes governing the to-
tal amount of dust and the distribution of grain sizes
include dust production by type-II supernovae (SNe)
and Asymptotic Giant Branch (AGB) stars (Gall et al.
2011), the shattering and coagulation processes result-
ing from grain collisions (Ormel et al. 2009; Yan et al.
2004), the growth of small grains through metal accre-
tion (Dwek 1998; Inoue 2011) and dust destruction by
SN-driven shocks (Dwek & Scalo 1980; McKee 1989).
These processes all act di↵erently under various size
regimes (e.g., Hirashita 2015). The stellar sources of
dust are predicted to supply large grains (a & 0.1 µm).
These grains are converted into smaller grains through
the shattering process, while the coagulation process
converts small grains into large grains. The grain growth
through metal accretion predominates on smaller grains
(a . 0.03 µm), which have larger surface-to-volume ra-
tios. Dust destruction by sputtering in hot gas may
more e�ciently work on smaller grains because it is a
surface process, although the net e↵ect is more compli-
cated because larger grains are converted into smaller
grains through the destruction process.
Among the MW, LMC, and SMC, there is a trend

that the more massive and/or the more higher metal-
licity the galaxy, the stronger the bump. The metallic-

Figure 17. The bump amplitude, Bk (top) and BA (mid-
dle), and mean best-fit E(B � V ) (bottom) as a function of
M⇤ and � log sSFR = log(sSFR/ hsSFRiMS) for our sample
(colored tiles) and the local starbursts. Symbols indicating
the local sources are the same as in Figure 16. The horizon-
tal dotted lines indicate � log sSFR = 0. The dashed line in
the top panel indicates Equation (17) at Bk = 0.577, which
is obtained for our stack of the entire sample.

ity dependence is also reported at high redshifts (Shiv-
aei et al. 2020). It is known that the abundance of
PAHs, estimated from the mid-IR luminosity, depends
strongly on the metallicity of the galaxies, which may
likely be linked to the possible metallicity dependence of
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