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Context. Several issues regarding the nature of dust at high redshift remain unresolved: its composition, its production and growth
mechanisms, and its effect on background sources.

Aims. This paper aims to provide a more accurate relation between dust depletion levels and dust-to-metals ratio (DTM), and to use
the DTM to investigate the origin and evolution of dust in the high redshift Universe via GRB-DLAs.

Methods. We use absorption-line measured metal column densities for a total of 19 GRB-DLAs, including five new GRB afterglow
spectra from VLT/X-shooter. We use the latest linear models to calculate the dust depletion strength factor in each DLA. Using this we
calculate total dust and metal column densities to determine a DTM. We explore the evolution of DTM with metallicity, and compare
this to previous trends in DTM measured with different methods.

Results. We find significant dust depletion in 16 of our 19 GRB-DLAs, yet 18 of the 19 have a DTM significantly lower than the
Milky Way. We find that DTM is positively correlated with metallicity, which supports a dominant ISM-grain-growth mode of dust
formation. We find a substantial discrepancy between the dust content measured from depletion and that derived from the total V-band
extinction, Ay, measured by fitting the afterglow SED. We advise against using a measurement from one method to estimate that from
the other, until the discrepancy can be resolved.
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Fig. 6. D7 M as calculated using Eq.as a function of metallicity. The = Fig. 7. The metals-to-dust diagnostic used by Zafar & Watson (2013),
dashed line and shaded area is a linear fit to the data and its 1o- con-  as applied to our data along with the Local Group average and standard
fidence interval respectively, tracing a significant positive correlation  deviation that they quote (Dashed line and shaded area).

between the two variables. The trend is predominantly set by the low-

est metallicity points, with those data points at [M/H]>-1 showing no
obvious trend. The Milky Way is shown by a black point at [M/H]=0,
DIM=1.
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Dust to metal ratio # % i% (traditional way)
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Dust to metal ratio # € ;% (depletion model; this paper)
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Dust to metal ratio # % i% (depletion model; this paper)

) (X/Hlo (1 — 10%x
" DDE. N (dust) _%10 (1-10%)

DTM = = ,
N (metals) 3 10X/Hlo
X

ZhlE, intrinsic metallicity; N (metals) ~ N (H) — ZIO[X/H]@ cm™2
dust phase metallicity; n (dust) ~ N (H) = Zlo[Xleo 10%)c

EREDIENDERETES. (2/2.= 107

DTMZ1F51=0IZ(F, HEILHRD dx HAHh M RL.

DeCia et al. (2016) I,

& Jt& MDgas phase metallicity, dx, total intrinsic metallicity M B {%%
£ M 51§71 (depletion model; RDR—D).
1T, dx, total intrinsic metallicity Z/\2A—4(ZL T,
#BlE N 1= gas phase metallicity & X? fit 5 Z& T ox 3o 5.



Dust to metal ratio # € ;% (depletion model; this paper)
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Fig. 1. Depletion 6y is plotted as a function of F,. The slope is defined
by the parameter B, and the point of zero-depletion by A.
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Fig. 2. The spectrum of GRB 000926 showing strong metal absorption lines as well as
a damped Ly« absorption line at z=2.0377.
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Fig. 2. Dust depletion fits for the nine lowest metallicity GRB-DLAs in our sample. The diamond points are the observed relative abundances,
the dot-dashed line follows the expected depletion at a strength of the best fit F,, and the dashed line represents the best fit metallicity. Unfilled
markers represent low-resolution spectral data, and squares with up (down) arrows represent lower (upper) limits.

Dash-dotted : fitting M58
Dashed ; expected total metallicity
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Fig. 4. The metallicity [M/H] as a function of redshift. Open samples
are those taken from low-resolution spectra.
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Fig. 5. The D7M as a function of redshift. z error bars are too small
to be displayed. There does not seem to be any evolution over the red-
shift range of 1.7-5, but no conclusions can be drawn with such a small
sample.
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Fig. 6. D7 M as calculated using Eq.as a function of metallicity. The Fig. 7. The metals-to-dust diagnostic used by Zafar & Watson (2013),

dashed ]g'ne and shaded_area is a llinear f_“' t'f’ the data ,""?‘d its 1o- CON- a5 applied to our data along with the Local Group average and standard
fidence interval respectively, tracing a significant positive correlation  gouiavion that they quote (Dashed line and shaded area)
between the two variables. The trend is predominantly set by the low- '

est metallicity points, with those data points at [M/H]>-1 showing no
obvious trend. The Milky Way is shown by a black point at [M/H]=0,
DTM =1.
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DTM: the extinction, Ay, is compared to the equivalent metal

column density, log N(H)+[M/H], where [M/H] is the logged
metallicity of the gas.
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Fig. 8. Ay as measured directly from the SED against that calculated
from the DTM. The green line indicates a 1:1 conversion between the
two. Blue circles represent SEDs best fit with a simple power-law,
whereas red triangles are used for broken power-law fits. Empty points
refer to depletion measured from low-resolution spectra.
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