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We analyze the optical-near infrared spectra of 33 quasars with redshifts 3.9 < z < 6.4 with the
aim of investigating the properties of dust extinction at these cosmic epochs. The Small Mag-
ellanic Cloud (SMC) extinction curve has been used to reproduce the dust reddening of most
quasars at z < 2.2; the main goal of this work is to investigate whether this curve provides a good
prescription for describing dust extinction at higher redshifts or not.

We fit the observed spectra with synthetic absorbed quasar templates obtained by varying the
intrinsic slope (&), the absolute extinction (A3zgog) and by using grid of empirical and theoret-
ical extinction curves. We find that seven quasars in our sample require substantial extinction
(A3000 > 0.8), and are characterized by very steep intrinsic slopes (& < —2.3). All of the indi-
vidual quasars require extinction curves deviating from the SMC, with a tendency to flatten at
lambda < 2000 A (rest frame). We obtain a mean extinction curve at z > 4 by averaging the ex-
tinction curves inferred for individual quasars. With a confidence level exceeding 95%, we can
conclude that the extinction curve of BAL quasars deviates from that of the SMC. The different
extinction curves in quasars at z > 4 relative to quasars at lower redshift suggest either a different
dust production mechanism at high redshift, or a different mechanism of processing dust into the
interstellar medium (ISM).

We have applied the same method of analysis to the optical/near-infrared (IR) afterglow of
GRB050904 at z = 6.3. In this case, we find that the SMC extinction curve and a supernova-type
one provide equally good fit to the data at all epochs, with an average amount of dust absorption
at Ayesr = 3000 A of A3p00 = 0.2540.07 mag. These results indicate both that the primeval galaxy
at z = 6.3 hosting this GRB has already enriched its ISM with dust, and that it is not possible to

characterize the nature of dust suppliers in this source.
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1. Evolution of dust properties through cosmic times

Extensive measurements of the local interstellar extinction exist along hundreds of lines of
sight in the Milky Way (MW) [1], and along tens of lines of sight in the Large Magellanic Cloud
(LMC) and in the Small Magellanic Cloud (SMC) [2]. In particular, the extinction curve of the
SMC is generally adopted also to describe the dust reddening of local QSOs [3-4] since the broad
bump at 2175 A, which is characteristic of the MW and LMC extinction curve, but absent in the
SMC, has never been conclusively seen from quasar host galaxy dust. Recently, extinction curves
have been also studied in several quasar and gamma ray bursts even at the highest redshifts probed
so far [5-12]. These kind of studies allow to investigate whether the properties of dust evolve
through cosmic times. Here, we briefly summarize the results obtained by Gallerani et al. [7] and
Stratta et al. [9] and we discuss possible improvements for future investigations.

2. Inferring dust extinction from quasar and gamma ray burst spectra

To infer the properties of high-z dust we analyze a sample of optical and near-IR spectra
of high-z quasars, observed with the TNG (Telescopio Nazionale Galileo), VLT, and GEMINI
telescopes and of one gamma ray burst spectrum obtained with Swift. We fit the spectral region
redward of the Ly emission line with the following equation:

), (1.62—(1) A
Fy =CF! <3000> 10 Asm 35 2.1)

where C is a normalization constant, F; is a quasar template spectrum, & the slope of the unred-
dened spectrum, Azg the absolute extinction at 3000 A, and A, is the extinction curve normalized
at 3000 A. In this study we adopt the template by Reichard et al. [13], obtained considering 892
quasars classified as non-BAL. The spectral index of the averaged non-BAL spectrum (F; o< A~%)
is oy = 1.62. Therefore, the term (A /3000)(!192~%) allows us to force the slope of the template to
the value . We let o to vary in the interval [0.2; 3.0], which is the range encompassed by more
than 95% of the quasars. Concerning A, we consider a grid of extinction curves to characterize
the extinction produced by dust in the rest-frame wavelength range 0.1 < A < 0.5 um. First, we
consider the empirical curves which describe the dust extinction in the local Universe [14]: the
MW extinction curve, characterized by a a prominent bump at 2175 A; the featureless SMC ex-
tinction curve, which steeply rises with inverse wavelength from near infrared to far ultraviolet
(A, /A3000 ~ A~12); and the LMC extinction curve, being intermediate between the MW and the
SMC. We show the SMC, LMC and MW extinction curves in Figure 2, left upper panel (black
solid, red dotted, green dashed lines, respectively). We also use the extinction curves expected
by Type II SNe dust models as predicted by Todini & Ferrara [15] and Bianchi & Schneider [16]
(left upper panel) as well as the results of the models by Hirashita et al. [17] for dust produced by
SNe of progenitor mass 20 M, (bottom left panel of Figure 2) and Pair Instability SNe (PISN) of
progenitor mass of 170 M, (bottom right panel).
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Figure 1: Upper left panel: Empirical curves for dust extinction in the local Universe. Theoretical extinction
curves predicted by dust models of Type IT SNe (upper right and bottom left panels) and pair instability SNe
(bottom right panel).

3. Observational constraint from quasar spectra at 3.9 < z.,,, < 6.4

We apply the method described in the previous section to a sample of 33 observed quasars at
4 < zZem < 6.4 to understand whether the SMC extinction curve is a good prescription for describing
dust extinction at these redshifts. Observational data are from Juarez et al. [18], Jiang et al. [19],
Willott et al. [20], and Mortlock et al. [21]. The Xz analysis reveals that 7 quasars require substan-
tial (A3p00 > 0.8) reddening and that these reddened spectra favor extinction curves which differ
from the SMC (left panel in Fig. 2). The deviation is more promounced in the case of BAL quasars.
BAL quasars are thought to be in an earlier evolutionary stage with respect to no-BAL quasars [22].
Therefore, we speculate that the extinction curve of high-z BAL quasars more properly reflect the
dust properties at high redshift. For this reason, we compute the mean of the extinction curves
inferred in the case of BAL to provide an empirical, average extinction law at z 2 4, called MEC,
and shown in the right panel of Fig. 2. We find that the MEC deviates from the SMC extinction
curve at a confidence level > 90% for A < 2000 A in the rest frame of the source [7]. We finally
comment on the fact that new Large Binocular Telescope observations obtained in the case of the
most distant BAL quasar known (SDSS J1048+4637 at z=6.2), confirm that the dust properties in
this object are well reproduced by an SN-type extinction curve (Gallerani et al., in preparation).

4. Observational constraint from a gamma-ray burst spectra at z.,, = 6.3

The only non-quasar host galaxy, with modest star formation rate, for which dust extinction
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Figure 2: Left panel: Best fit extinction curves of reddened quasars. The solid lines are for BAL quasars,
while dashed lines are for non-BAL quasars. For comparison, the SMC extinction curve is also shown and
labeled in the figure (dotted black line). Right panel: The solid line shows the mean extinction curve (MEC)
computed by averaging the results obtained for BAL reddened quasars, while the shaded region shows the
dispersion. The dashed line shows the extinction curve obtained by the simultaneous fit of all the BAL
quasars, while the hatched area shows the 68% confidence limit.

has been tentatively detected at z ~ 6 is the host of gamma ray burst GRB 050904 at z = 6.3
[9]. However, the claim of dust extinction for this GRB has been debated [10]. We suggest that
the discrepant results occur primarily because most of previous studies have not simultaneously
investigated the X-ray to near-IR spectral energy distribution of this GRB. The difficulty with this
burst is that the X-ray afterglow is dominated by strong flares at early times and is poorly monitored
at late times. In addition, the Z band photometry, which is the most sensitive to dust extinction,
has been found to be affected by strong systematics. We have re-analyzed the Swift/XRT afterglow
observations of this GRB, using extensive past studies of X-ray flare properties when computing
the X-ray afterglow flux level and exploiting the recent reanalysis of the optical (UV rest frame)
data of the same GRB. We extract the X-ray to optical/near-IR afterglow SED for the three epochs
where the best spectral coverage is available: 0.47, 1.25, and 3.4 days after the trigger. A spectral
power-law model has been fitted to the extracted SEDs. We have applied the same analysis adopted
in the case of high-z quasars to GRB 050904. The results are shown in Fig. 3. In this case, the
SMC extinction curve and the SN-type one provide equally good fit to the data at all epochs, with
an average amount of dust absorption at A,.;, = 3000A of A3p00 = 0.25 +£0.07 mag. These results
indicate both that the primeval galaxy at z = 6.3 hosting this GRB has already enriched its ISM
with dust, and that it is not possible to characterize the nature of dust suppliers in this source.

5. Discussion

The deviation of the extinction curve of high-z quasars from the ones observed in the local
Universe may suggest that different dust suppliers are in place at different cosmic epochs, or may
be indicative of a different mechanism for processing dust into the ISM. To test the first hypothesis
it is necessary to compare the MEC with theoretical models of extinction curves by AGBs, super
AGBs and SNe. However, no predictions are available so far for the reddening properties of dust by
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Figure 3: Optical to X-ray SED at 0.47, 1.25 and 3.4 days after the burst trigger (from left to right) and
fitted using the two extinction curves that provide excellent fit at all epochs, that is, the SMC and the SN-
type (from top to bottom). Squares show the X-ray flux obtained by our analysis while diamonds are the
fluxes by Zafar et al. [10]. The hatched area (delimited by dashed lines) indicates the range of intrinsic
power-laws consistent with the +20 uncertainty on the spectral slope By. The dashed line in the middle
shows the power-law resulting from the best-fit slope to the X-ray data at late epochs (Bx = 1.4). The gray
shaded areas show the range of intrinsic power-laws consistent with the +16 uncertainty on Bx. The cyan
shaded areas show the the power-laws expected from synchrotron emission. The colored areas show the
optical to X-ray SED best-fit assuming a dust absorbed power-law model with index free to vary within the
range fx +20 (Table 3).

these stars. Ventura et al. [23-24], Di Criscienzo et al. [25], and Ventura et al. [26] have computed
the composition and grain size distributions of dust produced by stars with masses 0.8 < M, < 8 M
at different metallicities (3 x 107* < Z < 8 x 1073). By starting from these results, to improve the
presented analysis, it would be useful to compute the extinction curve of AGB and super AGB
stars. These stars are believed to be the dominant stellar sources of dust in the present-day Uni-
verse [27] and their contribution to dust enrichment can not be neglected even at redshift z > 6 [28].
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