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Searching for Distant Dust
What do normal distant galaxies show for the usual
dust signatures of
★ element depletions?
★ extinction/reddening?
★ spectral features?

Background++

Intergalac:c+Medium+

★+Quasar+

Circumgalac:c+Medium+
Inﬂows+

Ou2lows+
Galaxy+

Observer+

Selection independent of galaxy luminosity, SFR,
nuclear activity etc.
Can probe a wide metallicity range
(< 0.01 solar to super-solar)
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Quasar Absorption Systems

(QASs)

Cartoon of QAS

Lyman
limit
Si IV
(1393 Å)

C IV
(1548 Å)

From Webb; Pettini 2003

Especially important: DLAs N(H I) ≥ 2 x 1020 cm-2 and
Sub-DLAs: 1019 ≤ N(H I) < 2 x 1020 cm-2

How do we measure element depletions?
We measure rest-frame optical/UV absorption lines from both
volatile and refractory elements.
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[X/H] = log (X/H) - log (X/H)sun

Distant galaxies show depletions of elements.
Solar Level (0% dust)
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12.79 ± 0.21

long-dashed curves show trends expected for molecular Hydrogen core
“covering fractions” of 1.0, 0.5, 0.05, and 0.01, adopted from Krumholz et al.
(2009a). The solid orange line shows the “obscuration threshold” of Boissé
et al. (1998).

<12.98
12.93 ± 0.15

Depletion vs. Metallicity

Table 12
Measured Element Abundances Relative to Solar for the z = 2.392 absorber
toward Q1418+0718

Element

C
B
O
Si
S
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn

[X/H]a
−0.49
<−0.34
−0.67
−1.24 ± 0.12
−0.98 ± 0.19
−2.00 ± 0.29
<−1.34
−1.60 ± 0.12
−2.28 ± 0.13
−1.95 ± 0.11
<−1.62
−2.06 ± 0.11
<−1.15
−1.47 ± 0.25

Note.
Abundance estimates based on the dominant metal ionization state and H I.

a
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Depletion is more severe at
higher metallicity (e.g., Ledoux
et al. 2003, Meiring et al. 10
2006, 2009; Kulkarni et al.
2015)
Kulkarni et al. 2015

Figure 11. Plot of the depletion of Fe relative to Zn or S vs. the metallicity
based on Zn or S, for quasar super-DLAs from this study and the literature, and
for other quasar DLAs. The dashed line shows the bisector ﬁt for the other
quasar DLAs.

[X/H]

Figure 12. Plot of the depletion of Si relative to Zn or S vs. the metallicity
based on Zn or S, for quasar super-DLAs from this study and the literature and
other quasar DLAs. The dashed line shows the bisector ﬁt for the other
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Depletions at High Redshift (DLA, Sub-DLAs)
S. Quiret et al.

Jenkins (2009) approach for DLAs, sub-DLAs (Quiret et al. 2016)
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362 DLAs

= B + A (F − z ) where F = line of sight depletion factor

Figure 2. Fits of F∗ from equation (A5) for the DLAs (362 systems, left-hand panel), and sub-DLAs (92 systems, right-hand panel) in the EUADP+ sample.
gas
fit
X
X ∗
X
∗
The blue crosses stand for the detections, the red triangles for the upper limits, the green triangles for lower lower limits, and the cyan points are the median of
the detections for each element X. The fits are performed on the medians of the detections with a bisector fit (dashed line), and on the detections and the limits
using a survival analysis technique,
the Buckley–James method (solid line). We note that the α-elements (Mg and Si) are below the trend lines for both DLAs
*
and sub-DLAs. We refer the reader to Appendix A1 for a mathematical description of the fit.

Median F = -0.70 ±0.06 for DLAs, -0.34 ±0.19 for sub-DLAs

Lower than F* = 0.12 for warm disk ISM, -0.28 for halo ISM, -0.1 for
with results from Frank & Péroux (2010) or Khare et al. (2012).
warm ionized medium in MW.
This suggests that the dust reddening is not observed in the current

the centre of the galaxy. Indeed, numerous cosmological simulations
predict DLAs to be closer to the centre of the galaxy than sub-DLAs
(Fumagalli et al. 2011; Faucher-Giguere et al. 2015). They should
therefore exhibit an F∗ value corresponding to regions within the
halo.
But DLAs and sub-DLAs might not be systematically associated
with spiral galaxies. They might arise from a mixture of galaxy

Much less dust than in MW, greater
ionization?
Given these limitations,
we do not apply dust corrections to the
quasar selection.

measured abundances. There is work underway (Tchernyshyov et al.
2015) to derive the parameters AX , BX and zX for the Small Magellanic Cloud, which is more in line with the expected morphological

8

An Interesting Case of Dust Depletion at z=5
Morrison et al. (2016)
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Expanding the z∼5 Sample

Poudel et al. 2018; Poudel et al. 2019, submitted
 Absorbers at z=4.81-5.34 discovered in SDSS
 VLT X-shooter, Magellan MIKE, and Keck ESI spectra
resolve the Ly-α forest better than SDSS spectra
 Measured abundances of O, C, Si, Fe
 More than tripled the measurements of weakly depleted
elements at z > 4.5
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F* in Some Absorbers at z∼5
z=4.81

z=5.34

z=4.98

The Astrophysical Journal, 830:158 (13pp), 2016 October 20

[X/H]_intrinsic = -2.16 ± 0.16
F* = -0.14 ± 0.17

Figure 11. Results of the Jenkin’s approach to determine the intrinsic
panel, the data points are shown in red and the regression fit to the data
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Figure 8. Determination of F* and intrinsic metallicity using Equation (A5) of
Quiret et al. (2016), based on the prescription of Jenkins (2009). The ﬁlled
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core-collapse population III supernovae can produce dust
efﬁciently, in the range of 0.2–3 Me, and that this dust is 11
predominantly silicate. Given such efﬁcient production of
silicate dust, the gas in high-redshift galaxies could show
stronger depletion of Si than in the Milky Way. Thus, the
sudden metallicity drop claimed at z>4.7 could be due to
higher depletion levels.
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Depletion vs. Metallicity at z∼5

Figure 11. Results of the Jenkin’s approach to determine the intrinsic metallicity and F∗ value for the z =
panel, the data points are shown in red and the regression fit to the data is shown by a blue line.

Figure 12. (a) Plot of [Si/X] versus metallicity [X/H] for z ∼ 5 absorbers (shown with magenta squares) an
as black squares). (b) Plot of [Fe/X] versus metallicity [X/H] for z ∼ 5 absorbers (shown with magenta squa
(shown as black squares). (c) Plot of metallicity [X/H] versus velocity dispersion for z ∼ 5 absorbers (shown
black). In all panels, we use X=O for the z ∼ 5 absorbers, and X=O, S or Zn for the lower redshift DLAs.

Some z∼5 absorbers show substantial
depletion of Si, Fe.

!metals /!gas (e.g. Lanzetta, Wolfe & Turnshek 1995; Kulkarni &
Fall 2002), is standard practice in studies of DLA metallicity evolution (e.g. Prochaska et al. 2003a; Kulkarni et al. 2005, 2010;

We thus 12
conclude that
metallicity at z > 4.5. T
that of Rafelski et al. (2

Not surprising that Si, Fe
are depleted…

Even in DLAs, depletion is
more severe for refractory
elements like Si and Fe, than
for volatiles like O, S….

Even at z∼5!

Cr
B2 Sequence
Slope of Depletion

Consistent with De Cia
et al. (2016, 2018)
conclusions

Element Depletions in DLAs
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Extinction Curves for AbsorptionSelected Galaxies
Distant galaxies also
redden spectra of
background quasars.
Most of these distant
galaxies show small but
statistically significant
amount of reddening.
York et al. (2006)

Extinction Curve fitting for SDSS DLAs/sub-DLAs
 Khare et al. (2012)
 1084 systems with
2.1<z<5.2, log NHI>20.0
Stronger reddening for
systems with stronger
gas-phase Si lines
(EB-v = 0.0097 for
WSi II 1526 ≥ 1.0 Å
vs.
EB-v = 0.0039 for
WSi II 1526 < 1.0 Å.)

Sample for Study of Extinction
Curves in Individual Distant Galaxies
72 quasars at 0.2 < z < 2
with foreground absorbers
66 with spectra available

SDSS, HST, Spitzer
Flux calibrated spectra
Photometry

16

17

General Method
Generate SEDs using available data
Use template of unreddened quasar composite spectra
(e.g., Selsing et al. 2015, Hernan-Caballero et al. 2016)
Shift the template to the quasar’s redshift
Redden using extinction curves at the absorber redshift
and compare to observed spectrum
Find best-fitting E(B-V) and normalization factor

Examples:	
  	
   Fitting (UV, Visible)

18

Fitting  (IR)

9

IR Extinction curves from Draine 2001
and Cardelli, Clayton, Mathis 1989
Draine 2001 MW extinction curves.
Uppermost solid red line is the curve used.

Hernan-Caballero et al. 2016 composite
is well established
the amplitude
the optical variability is
spectrum
usedthatas
the oftemplate
strongly anticorrelated to the quasar luminosity (e.g. Hook et al.
1994; Meusinger & Weiss 2013; Kozłowski 2016) and for the luminosity of our sample the amplitude is expected to be only ∼0.1 mag
on time-scales of years, comparable to the photometric uncertainty
of our data. In addition, the component sampled by the MIR data
(blackbody) is energetically decoupled from the disc component in
our fitting method (i.e. there is no energy balance, since this is not a
physical model). We have evaluated the impact of optical variability
in the reddening determination by increasing/decreasing the SDSS
fluxes by 10 per cent and repeating the fits with the disc model.
All the sources obtain their new best fit with the same AV as before
or ±0.05 mag, indicating that the change in AV is smaller than our
discretization step.

Does not fit well for some sources
Exploring other templates specific to
different types of AGN
7 COMPOSITE SPECTRA

(More Further
in Monique
Aller’
sintalk
tomorrow)
insight into the origin
of variation
the NIR spectrum
of
quasars can be gained from the comparison of the composite spectra
of adequately selected subsamples. As composite spectra are model

NIR to MIR spectrum of QSOs
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Dust Spectral Features
Carbonaceous Absorption: The 2175 Å Bump

Most quasar absorbers do NOT show the 2175 Å bump (e.g. York et
al. 2006).
A small number of absorbers show the bump (e.g., Junkkarinen et
al. 2004; Srianand et al. 2008; Noterdaeme et al. 2009; Kulkarni et
al. 2011; Ma et al. 2017, 2018)

Junkkarinen et al. (2004)

Silicate Dust in Distant Galaxies
• Most past studies of dust spectral features in quasar
absorbers focused on the 2175 Å feature and ignored the
silicate dust.
• We have been carrying out a search for the 10, 18 µm
silicate features in quasar spectra in known absorbers at
z < 1.4 selected to have abundant gas and dust.
• Search for the redshifted silicate
features at 10 µm and 18 µm using
our observations and archival data
from Spitzer IRS
(e.g., Kulkarni et al. 2007, 2011, 2016,
Aller et al. 2012, 2014, 2019 in prep)

More on this tomorrow in Monique Aller’s talk

CONCLUSIONS
• Depletions of elements clearly present in galaxies selected
by absorption in the spectra of background quasars
• F* for DLAs is lower than for Milky Way halo gas.
• Some absorbers show Si, Fe depletion even at z∼5
• Extinction is small but significant for DLAs.
• Often fitted best with SMC-like extinction curves.
But some objects are dustier with 2175 A bump and silicates.

22

Ongoing/Future work

 Expanding metallicity, dust measurements
 Enlarging the sample at z>4.5
 Extinction curve fits in IR
 Expanding silicate sample

 Improvements to key atomic data needed for accurate
metallicity, depletion measurements—in progress with
Kisielius, Ferland (e.g., Kisielius et al. 2014, 2015),
compilation of latest atomic data by Cashman et al. 2017)
(~22% of the lines have uncertainties of > 0.1 dex in oscillator
strengths , which is larger than the typical measurement23
uncertainties in metal column densities)

