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Large dust reservoirs (up to approximately 10 M,) have been detected" in galaxies
out to redshift z~ 8, when the age of the Universe was only about 600 Myr. Generating
substantial amounts of dust within such a short timescale has proven challenging

for theories of dust formation*® and has prompted the revision of the modelling of
potential sites of dust production®8, such as the atmospheres of asymptotic giant
branch stars in low-metallicity environments, supernova ejecta and the accelerated
growth of grainsin the interstellar medium. However, degeneracies between different
evolutionary pathways remain when the total dust mass of galaxies is the only
available observable. Here we report observations of the 2,175 A dust attenuation
feature, whichis well known in the Milky Way and galaxies at 2 < 3 (refs. 9-11), in the
near-infrared spectra of galaxies up to z~ 7, corresponding to the first billion years of
cosmic time. Therelatively short timescale implied for the formation of carbonaceous
grains giving rise to this feature® suggests a rapid production process, possibly in
Wolf-Rayet stars or supernova ejecta.

As part of the James Webb Space Telescope (JWST) Advanced Deep
Extragalactic Survey (JADES), we obtained deep Near-Infrared
Spectrograph (NIRSpec) multi-object spectroscopic data taken in
the PRISM configuration (spectral range 0.6 to 5.3 pm and resolv-
ing power R ~100). Using the NIRSpec micro-shutter array (MSA),
we observed 253 sources across three visits between 21 and 25
October 2022 (JWST programme 1210; principal investigator (PI):
Liatzgendorf), with exposure times per object ranging from 9.3
to 28 h. The extracted one-dimensional spectra reached a contin-
uum sensitivity (30) of approximately 6-40 x 10 2 erg s cm2A™
(27.2-29.1 AB magnitude) at approximately 2 pm. Targets were
selected with a specific focus on high-redshift galaxies in imaging
taken with the Hubble Space Telescope and JWST/Near-Infrared
Camera (NIRCam).

Through avisualinspection of all spectra, we found strong evidence
ofanabsorption feature around a rest-frame wavelength A, = 2,175 A

in the spectrum of a galaxy at z= 6.71 (JADES-GS+53.15138-27.81917;
JADES-GS-z6-0 hereafter), which was revealed via a significant (60)
deviation from a smooth power-law continuum, as shown in Fig. 1.
This feature, known as the ultraviolet (UV) attenuation ‘bump’, was
first discovered by Stecher (1965) along sightlines in the Milky Way®
andis attributed to carbonaceous dust grains, specifically polycyclic
aromatic hydrocarbons (PAHs) or nano-sized graphitic grains'?. We
fitted a Drude profile around 2,175 A to the excess attenuation®,
defined as the observed spectrum normalized to a bump-free
attenuated spectrum that is predicted by a power-law function
fitted outside the bump region (Methods). We found a bump
strength (amplitude) of 0.43'37 mag and a central wavelength
Amax =2, 263139 A. The latter, although within the range expected by
models of carbonaceous grains', is notably higher than the range
typically observed along different sightlines in the Milky Way, poten-
tially suggestive of a change in grain mixture®. Beyond the local
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Fig.1|Spectrum taken by JWST/NIRSpec of JADES-GS-z6-0 at redshift
z=6.71.a,0verview of the spectrum (grey solid line) with a power-law fit to the
UV continuum (blue solid line). Several spectral features used to confirmthe
spectroscopicredshift areindicated, including the Lyman-a break, the [O 11]A
3,727,3,730 Adoublet, and the HB, Hy and [0 111] 14,960, 5,008 A lines.

b, Zoom-in of the UV bump region around A,;; = 2,175 A, where a running median
(solid black line), representing the attenuated stellar continuum, reveals a deep
localized absorption profile. ADrude profile fit within the vertical dashed lines

Universe, the feature has previously been observed spectroscopically
only in massive, metal-enriched galaxies at z < 3, suggesting it origi-
nates in dust grains exclusively present in evolved galaxies**¢,
The detection reported here is a direct, spectroscopic detection of
the UVbumpinagalaxyatz>3.

The properties of JADES-GS-z6-0 are summarized in Table 1. This
galaxy shows significant dust obscuration as probed by the ratio of
Balmer lines (the ‘Balmer decrement’). Here, Ho/HpB ~ 3.7 indicates
anebular extinction of E(B - V),, = 0.25 + 0.07 mag. In agreement
with the trend between metallicity and bump strength observed at
lower redshift, measurements of the gas-phase and stellar metallicities
(Z~0.2-0.3 Z,) further suggest that JADES-GS-z6-0 has undergone
substantial metal enrichment relative to galaxies with a similar mass
at the same redshift®.

To systematically investigate the prevalence of the UV bump and
obtain clues about its origin at such early times, we selected JADES
galaxies with a confident spectroscopic redshift above z > 4 with a
median signal-to-noise ratio of at least 3 per spectral pixelin the region
corresponding to rest-frame wavelengths of 1,268 A <A, < 2,580 A.
Thisresultedinasample of 49 objects betweenredshift 4.02 and 11.48.
Comparing the continuum slopes on both sides of the central wave-
lengthat 2,175 A (Methods), we selected ten galaxies (at 4.02 < z < 7.20)
from this parent sample whose spectral shape indicates the presence
of aUVbump.
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(purplesolidline) withrespect to the smooth power law (blue solid line) yields
anamplitude of 0.43:337 mag and a central wavelength A ., = 2,263'2 A. The
hatched regionindicates the C11111,907,1,909 A doublet. ¢, The residuals (AF,)
show that the power-law (PL) fitalone has asignificant negative flux excess
between approximately 2,000 and 2,400 A (6.40), whereas the power-law fit
and Drude profile combined (PL+Drude; purpleline) provides a significantly
better fit (y*=72.5versus x*=5.0 for PLand PL+Drude, respectively). All
shading represents 1o uncertainty.

We constructed a weighted average (or ‘stack’; Methods) of all 49
objectsin our parent sample as well as a stack for the ten objects with
evidence for abump signature, as shown in Fig. 2. In both stacks, we
find evidence for emission from the C 11111,907,1,909 A nebular lines
thatare commonly seen in metal-poor galaxies®. There is noindication
of the bump in the parent sample. The stacked spectrum of the ten
selected objects, however, shows a clear depression (50) centred on
approximately 2,175 A. Although we did not find evidence for significant
differences in stellar properties (mass or age), these ten galaxies are
characterized by a considerable amount of dust obscuration, compa-
rable to z ~ 2 galaxies with the bump feature™, and mildly enhanced
metallicities compared to the parent sample (Methods). We again fit-
ted a Drude profile to the excess attenuation in the stacked spectrum
of these ten objects, finding a bump amplitude of 0.1023:3) mag and a
central wavelength A,,, =2,2362, A.

Although the UV bump has long been known to exist, its variable
presence and strength have been an open topic of debate in galaxy
evolution studies™?. The feature is commonly attributed to PAHs",
molecules thought to be susceptible to destruction by hard ionizing
radiation, and it is present in the Milky Way and Large Magellanic
Cloud extinction curves butis very weak or absent in the Small Magel-
lanic Cloud curves?®. In the attenuation curve of individual galaxies,
radiative-transfer effects determined by the dust-star geometry can
weaken the bump in the observed integrated spectrum?*?, However,



Table 1| Properties of JADES-GS-z6-0

Property Value

RA (deg) +53.15138
Dec (deg) -27.81917
texp (M) 279
6.70647'3.335%
Mensy (Mag) 28.58+0.12
My, (mag) -18.34+ 012
Buv -2.137918
Yas -3.643

Zoe (Zo) 0.17'9%
E(B= V)¢, (Mag) 0.25+0.07
M, (10°M,) 1.0193
Z,(Zo) 0.3413%8
SFR4o (Mgyr™) 3.0°20

t, (Myr) 184

Error bars represent 1o uncertainty. Rows: (1) right ascension (RA) in J2000; (2) declination (Dec)
in J2000; (3) exposure time (t.,,) in the NIRSpec PRISM spectra in hours; (4) spectroscopic
redshift (z,,..); (5) apparent AB magnitude in the NIRCam F115W filter (mg5,,); (6) absolute

AB magnitude in the UV (M,,); (7) UV spectral slope (By,); (8) spectral slope change around
Aemi=2175 A (v3,); (9) gas-phase metallicity (Z,,; from rest-frame optical emission lines) in
units of solar metallicity; (10) nebular extinction (E(B-V),,; from the Balmer decrement) in
magnitudes; (11) stellar mass (M,.) in 10° solar masses; (12) stellar metallicity (Z,; from SED
modelling) in units of solar metallicity; (13) SFR in solar masses per year averaged on a timescale
of 30 Myr (SFR,0); (14) mass-weighted stellar age (t,) in Myr.

by stacking the photometry of large samples of galaxies, the bump
has been detected to varying degrees at redshifts z < 3, with tentative
hints at z < 6 (refs. 11,17,19,26). Spectroscopically, the bump has been
seen only in relatively massive and dusty individual galaxies at z~ 2
(refs.13,18). In Fig. 3, the bump amplitude is shown as a function of
cosmic time, including its strength in the extinction curves of Milky
Way, Large Magellanic Cloud and Small Magellanic Cloud sightlines®.
Our inferred bump amplitude and central wavelength, especially in
the individual spectrum of JADES-GS-z6-0, are comparatively high,
the former defying the trend with stellar mass seen at lower redshift.
This may point towards a different nature of the grains responsible
for the absorption (forexample, graphite instead of PAHs) in addition
to a different, possibly simpler, dust-star geometry compared with
lower-redshift counterparts. Intriguingly, there is tentative evidence
for a colour gradient in JADES-GS-z6-0 (Methods).

Moreover, adirect detection of thebump atz ~ 4-7is striking given
that at these redshifts, the age of the Universe is only around a billion
years (approximately 800 Myr at z = 6.71). Substantial production
of carbon and the subsequent formation of carbonaceous grains
responsible for the absorption feature through the standard asymp-
totic giant branch (AGB) channel, particularly in the low-metallicity
regime characterizing such early galaxies (Z~ 0.1 Z; ref. 20), would
requirelow-mass (M < 2.5 M,) and, hence, long-lived starstoreach the
AGB at the end of their lives, after more than 300 Myr (ref. 7). If this is
the dominant channel viawhich carbonaceous grains are formed, the
presence of the UV bump implies the onset of star formation in these
galaxies occurred within the first half billion years of cosmic time, cor-
responding to redshift z2 10. Indeed, star formation has been shown
to occur at this early epoch with the confirmation of z> 10 galaxies.
However, in our sample, we did not find evidence for substantial star
formationactivity thatoccurred ontimescalesbeyond 300 Myr (Meth-
ods). The absence of clear signatures from such relatively old stellar
populations suggests that other, faster channels for the production of
carbonaceous dust are required in these early systems, corroborated
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Fig.2|Normalized and stacked spectraaround the UVbump of z > 4 JADES
galaxies observed by JWST/NIRSpec. Spectra of all galaxies (small black dots)
areshifted to the rest frame and normalized to the predicted continuum level at
arest-frame wavelength of A, = 2,175 Ain the absence of a UV bump (Methods).
Thedashedblackline (shading represents 1o uncertainty) is astacked spectrum
obtained by combining all 49 objects in wavelength bins of Ad,.; =20 A. The
hatched region clearly shows emission from the C11111,907,1,909 A doublet.
Thestacked spectrum of ten galaxies selected to have abump signature (solid
blackline, shading as louncertainty), inaddition to appearing to have amildly
redder UV slope, shows the presence of the UV bump around 2,175 A. This
bump has an excess with respect to a power-law continuum (solid blue line;

see Methods) at asignificance of 5.40. The excess attenuation A, ., (curve at
thebottom, correspondingto the axis on theright) is fitted with a Drude profile
(shownin purple with shading as lo uncertainty), which gives an amplitude of
0.10'5:9 mag and a central wavelength A .., =2,236'2) A.

by the high observed frequency of extremely metal-poor Milky Way
stars thatare carbon enhanced?®.

Oneexplanationis that these grains formed on considerably shorter
timescales via more massive and rapidly evolving stars, possibly by
supernovae (SNe) or Wolf-Rayet (WR) stars, which would overhaul
some, and place strong constraints on other, theoretical models of dust
production and stellar evolution. PAH production has, indeed, been
observed in WR stars?’, and while subsequent SN type-Ib/c explosions
aregenerally expected to destroy most dust producedin the preceding
WR phase, models have shown that carbonaceous grains produced
by binary carbon-rich WR stars can survive®. However, for standard
initial mass functions, WR stars, especially carbon-rich WR stars, are
rare®. Conversely, isotopic signatures in presolar graphite grains found
on primitive meteorites indicate a type-II SN origin, suggesting the
production of these potential carriers of the UV bump starts at early
times®. Indeed, dust production in SN ejecta has been regarded as a
potential rapid channel for significant dust production in the early
Universe®, its net efficiency depending on the grain destruction rate
inthe subsequent reverse shock®*. However, substantial carbonaceous
productionin SN ejectais expected only by some classes of models and
fora certain subclass of scenarios (for example, non-rotating progeni-
tors), whereas other models favour the formation of silicates or other
types of dust®, In summary, our detection of carbonaceous dust at
z~4-7 provides crucial constraints on the dust production models
and scenarios in the early Universe.

Nature | Vol 621 | 14 September 2023 | 269



Article

This work
EB Stack
@ JnDES-GS-26-0

Stacked spectra

At ‘ ' ref. 18
[ ] BERE

Cosmic time (Gyr)

10 5 3 2 1
[T T T T T T T T T ™ — 1012
i | b
C ! ]
C ! ]
- ] d
|
[
I = 110"
ﬁj I En
- -
: PEN ]
El L I €5 ]
£ [Miky way o 8% T o0 ~
£ i o d e}
i e 2] s
3 I EE s
< & =] d
3 [ 2
E] | g
= | £
A= —— . 100 5
E o i E 3
< C i B g
g  [smc ! ]
3
m i : 4
l i 108
i ! i
|
! l
01k -
00T 25 ref. 39 ! E
T T SR | AT SR SR SR (T SR ST SO S SR [T S N T 7
0 2 4 6 8 10

Redshift z

Fig. 3| Redshift evolution of UV bump strength. Amplitude of the excess
attenuation A . is shown forJADES-GS-z6-0 individually as well as for the
stack of tenz~4-7JADES galaxies. Points are coloured according to their
(average) stellar mass. Error bars along the y axis represent louncertainty. At
z~2,measurements fromy-ray burst absorbers (ref. 39 and references therein)
and fromstacked spectrain various bins of stellar mass® or shape of the UV
continuum as awhole and in the bump region'® are shown (see Methods for
details)*'®* Errorbars of the stacked spectra along the xaxis represent the full
redshift range, their central values slightly shifted for visualization purposes.
Thebump amplitudes in the average Milky Way (MW), Large Magellanic Cloud
(LMC) and Small Magellanic Cloud (SMC) dust extinction curves?**°, converted
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productionby AGB stars (thatis, 300 Myr) if the galaxy formed at zg,,, = 10.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06413-w.

1. Watson, D. et al. A dusty, normal galaxy in the epoch of reionization. Nature 519, 327-330
(2015).

2. Tamura, Y. et al. Detection of the far-infrared [O11I] and dust emission in a galaxy at redshift
8.312: early metal enrichment in the heart of the reionization era. Astrophys. J. 874, 27
(2019).

3. Witstok, J. et al. Dual constraints with ALMA: new [O111] 88-um and dust-continuum
observations reveal the ISM conditions of luminous LBGs at z~7. Mon. Not. R. Astron. Soc.
515, 1751-1773 (2022).

4. Ferrara, A., Viti, S. & Ceccarelli, C. The problematic growth of dust in high-redshift
galaxies. Mon. Not. R. Astron. Soc. 463, L112-1116 (2016).

5. Lesniewska, A. & Michatowski, M. J. Dust production scenarios in galaxies at z~6-8.3.
Astron. Astrophys. 624, L13 (2019).

6.  Popping, G., Somerville, R. S. & Galametz, M. The dust content of galaxies from z=0 to
z=9. Mon. Not. R. Astron. Soc. 471, 3152-3185 (2017).

7. Dell’Agli, F., Valiante, R., Kamath, D., Ventura, P. & Garcia-Hernandez, D. A. AGB dust
and gas ejecta in extremely metal-poor environments. Mon. Not. R. Astron. Soc. 486,
4738-4752 (2019).

8. Dayal, P. et al. The ALMA REBELS survey: the dust content of z~7 Lyman break galaxies.
Mon. Not. R. Astron. Soc. 512, 989-1002 (2022).

9.  Stecher, T. P. Interstellar extinction in the ultraviolet. Astrophys. J. 142, 1683 (1965).

270 | Nature | Vol 621 | 14 September 2023

10. Conroy, C., Schiminovich, D. & Blanton, M. R. Dust attenuation in disk-dominated galaxies:
evidence for the 2175 A dust feature. Astrophys. J. 718, 184-198 (2010).

1. Shivaei, I. et al. The MOSDEF Survey: the variation of the dust attenuation curve with
metallicity. Astrophys. J. 899, 117 (2020).

12. Li, A. & Draine, B. T. Infrared emission from interstellar dust. Il. The diffuse interstellar
medium. Astrophys. J. 554, 778-802 (2001).

13.  Shivaei, I. et al. The UV 2175 A attenuation bump and its correlation with PAH emission at
z~2. Mon. Not. R. Astron. Soc. 514, 1886-1894 (2022).

14. Dubosq, C. et al. Quantum modeling of the optical spectra of carbon cluster structural
families and relation to the interstellar extinction UV bump. Astron. Astrophys. 634, A62
(2020).

15. Blasberger, A., Behar, E., Perets, H. B., Brosch, N. & Tielens, A. G. G. M. Observational
evidence linking interstellar UV absorption to PAH molecules. Astrophys. J. 836, 173
(2017).

16. Eliasdéttir, A. et al. Dust extinction in high-z galaxies with gamma-ray burst afterglow
spectroscopy: The 2175 A feature at z =2.45. Astrophys. J. 697, 1725-1740 (2009).

17.  Liang, S. L. & Li, A. Probing cosmic dust of the early Universe through high-redshift
gamma-ray bursts. Astrophys. J. 690, L56-L60 (2009).

18.  Noll, S. et al. GMASS ultradeep spectroscopy of galaxies at z~2. IV. The variety of dust
populations. Astron. Astrophys. 499, 69-85 (2009).

19. Kriek, M. & Conroy, C. The dust attenuation law in distant galaxies: evidence for variation
with spectral type. Astrophys. J. 775, L16 (2013).

20. Curti, M. et al. JADES: insights on the low-mass end of the mass-metallicity-star-formation
rate relation at 3<z<10 from deep JWST/NIRSpec spectroscopy. Preprint at https://arxiv.org/
abs/2304.08516 (2023).

21.  Stark, D. P. et al. Lyarand Ci] emission in z=7-9 galaxies: accelerated reionization around
luminous star-forming systems? Mon. Not. R. Astron. Soc. 464, 469-479 (2017).

22. Draine, B. T.in Interstellar Dust Vol. 135 (eds Allamandola, L. J. & Tielens, A. G. G. M.)
313-327 (Kluwer Academic Publishers, 1989).

23. Gordon, K. D., Clayton, G. C., Misselt, K. A., Landolt, A. U. & Wolff, M. J. A quantitative
comparison of the Small Magellanic Cloud, Large Magellanic Cloud, and Milky Way
ultraviolet to near-infrared extinction curves. Astrophys. J. 594, 279-293 (2003).

24. Witt, A. N. & Gordon, K. D. Multiple scattering in clumpy media. Il. Galactic environments.
Astrophys. J. 528, 799-816 (2000).

25. Calzetti, D. et al. The dust content and opacity of actively star-forming galaxies. Astrophys. J.
533, 682-695 (2000).

26. Scoville, N. et al. Dust attenuation in high redshift galaxies: “diamonds in the sky”.
Astrophys. J. 800, 108 (2015).

27.  Curtis-Lake, E. et al. Spectroscopic confirmation of four metal-poor galaxies at z=10.3-13.2.
Nat. Astron. 7, 622-632 (2023).

28. Placco, V. M., Frebel, A., Beers, T. C. & Stancliffe, R. J. Carbon-enhanced metal-poor star
frequencies in the galaxy: corrections for the effect of evolutionary status on carbon
abundances. Astrophys. J. 797, 21 (2014).

29. Lau,R. M. et al. Nested dust shells around the Wolf-Rayet binary WR 140 observed with
JWST. Nat. Astron 6, 1308-1316 (2022).

30. Lau, R. M. etal. Revisiting the impact of dust production from carbon-rich Wolf-Rayet
binaries. Astrophys. J. 898, 74 (2020).

31. Eldridge, J. J. et al. Binary Population and Spectral Synthesis Version 2.1: construction,
observational verification, and new results. Publ. Astron. Soc. Aust. 34, e058 (2017).

32. Zinner, E. Stellar nucleosynthesis and the isotopic composition of presolar grains from
primitive meteorites. Annu. Rev. Earth Planet. Sci. 26, 147-188 (1998).

33. Shahbandeh, M. et al. JWST observations of dust reservoirs in type IIP supernovae 2004et
and 2017eaw. Mon. Not. R. Astron. Soc. 523, 6048-6060 (2023).

34. Kirchschlager, F. et al. Dust survival rates in clumps passing through the Cas A reverse
shock - I. Results for a range of clump densities. Mon. Not. R. Astron. Soc. 489, 4465-4496
(2019).

35. Bianchi, S. & Schneider, R. Dust formation and survival in supernova ejecta. Mon. Not. R.
Astron. Soc. 378, 973-982 (2007).

36. Sarangi, A. & Cherchneff, I. Condensation of dust in the ejecta of yype II-P supernovae.
Astron. Astrophys. 575, A95 (2015).

37. Marassi, S. et al. Supernova dust yields: the role of metallicity, rotation, and fallback. Mon.
Not. R. Astron. Soc. 484, 2587-2604 (2019).

38. Brooker, E. S., Stangl, S. M., Mauney, C. M. & Fryer, C. L. Dependence of dust formation on
the supernova explosion. Astrophys. J. 931, 85 (2022).

39. Heintz, K. E. et al. On the dust properties of high-redshift molecular clouds and the
connection to the 2175 A extinction bump. Mon. Not. R. Astron. Soc. 486, 2063-2074
(2019).

40. Fitzpatrick, E. L. & Massa, D. An analysis of the shapes of interstellar extinction curves.

V. The IR-through-UV curve morphology. Astrophys. J. 663, 320-341(2007).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


https://doi.org/10.1038/s41586-023-06413-w
https://arxiv.org/abs/2304.08516
https://arxiv.org/abs/2304.08516
http://creativecommons.org/licenses/by/4.0/

Methods

Dataand parent sample
The observations presented here were taken as part of JADES*, a joint
survey conducted by theJWST*>**NIRCam** and NIRSpec*** Guaranteed
Time Observationsinstrument science teams. As described in Robertson
etal.” and Curtis-Lake etal.”, deep NIRCam imaging*® over awavelength
range A, ~ 0.8 to 5 um (reaching m,; ~ 30 mag in F200W) was taken
under JWST programme 1180 (PI: Eisenstein) in an area of 65 arcmin?
over the Great Observatories Origins Deep Survey—South (GOODS-S),
whichincludes the Hubble Ultra Deep Field. We additionally made use
of publicmedium-band imaging taken as part of the JWST Extragalactic
Medium-band Survey (JEMS*; JWST programme 1963, PI: Williams) and
First Reionization Epoch Spectroscopic Complete Survey (FRESCO*;
JWST programme 1895, Pl: Oesch). By incorporating the wealth of pub-
licly available ancillary data from the Hubble Space Telescope, a cata-
logue with photometric redshifts was constructed and used to identify
high-redshift galaxy candidates. NIRSpec multi-object spectroscopy®
of these NIRCam-selected sources was performed with the MSA> in the
PRISM/CLEAR spectral configuration, covering a spectral range 0.6 to
5.3 umwithresolving power R ~100. A three-point nodding pattern was
implemented for background subtraction in addition to small dithers
with MSA reconfigurations to increase sensitivity and flux accuracy,
improve spatial sampling, mitigate the impact of detector gaps and aid
the removal of cosmic rays. Dither pointings consisted of four sequences
ofthree nodded exposures. Each setup was made up of two integrations
of19 groups, resultingin exposure times of 8,403.2 s for each sequence
and of 33,612 s (9.3 h) for each dither pointing”. The main galaxy consid-
eredinthiswork (JADES-GS-z6-0) was observed in three visits, resulting
inanintegration time of27.9 h (Table 1), whereas the other targets had
exposure times ranging between 9.3 and 27.9 h. The spectral energy
distribution (SED) and a false-colour image of JADES-GS-z6-0 with the
location of the NIRSpec MSA shutters overlaid are shown in Extended
DataFig.1. Note that the imaging reveals a tentative colour gradient, with
the shutter capturing the redder part of the galaxy, which may contrib-
ute to the strength of the UV bump in the spectrum of JADES-GS-z6-0.
Flux-calibrated two-dimensional spectra and one-dimensional
spectral extractions were obtained with pipelines developed by the
European Space Agency’s NIRSpec Science Operations Team and the
NIRSpec Guaranteed Time Observations team, which will be discussed
indetailinaforthcoming paper. The pipelines generally apply the same
algorithms in the official Space Telescope Science Institute pipeline
that generates Mikulski Archive for Space Telescopes products. An
irregular wavelength grid with 5 spectral pixels per resolution element
was adopted to avoid oversampling the line spread function at short
wavelengths (A, ~ 1 um). The one-dimensional spectrawere extracted
with a 5 pixel aperture covering the entire shutter size to recover the
entire emission. However, as in Curtis-Lake et al.”, we considered an
additional extraction over a 3 pixel aperture to test the robustness of
our findings, as discussed in Robustness of the UV bump detections.
Giventhe compact sizes of the high-redshift galaxies considered here
(Extended Data Fig. 1), slit-loss corrections were applied under the
assumption of a point-like source placed at the relative intrashutter
position of each galaxy. We note that systematic uncertainties in the
slit-loss correction are a smooth function of wavelength and did not,
therefore, affect the UVbump signature, whichinstead relies on detect-
ing the UV slope inflection over a relatively small wavelength range
around A.;, = 2,175 A (as discussed in the next sections). Extraction was
performed in a shutter-size aperture to recover all emission. Further
detailsregarding thetarget selectionand datareduction are extensively
discussed in preceding JADES works? 41474851,

Sampleselection
After running an automated spectral fitting routine in BAGPIPES
(Bayesian Analysis of Galaxies for Physical Inference and Parameter

Estimation)*®?, spectroscopic redshift estimates were confirmed by
visualinspectionindependently by at least two team members. The final
redshift values were determined by a subsequent analysis (described
indetail in Chevallard et al., in prep.) with BEAGLE (Bayesian Analysis
of Galaxy SEDs)**, as described in Curtis-Lake et al.” but with a star
formation history (SFH) consisting of a 10-Myr-long star formation
burst combined with a delayed exponential component, and a nar-
row redshift prior distribution centred around the visually confirmed
redshifts. We selected objects with a confident spectroscopic redshift
abovez>4toensuretherest-frame UV coverageincluded the Lyman-a
break. Based onthe formal uncertainty, we further selected spectrawith
amedian signal-to-noise ratio of at least 3 in the region corresponding
to rest-frame wavelengths of 1,268 A < A, < 2,580 A.

We then performed several Bayesian power-law fitting procedures
to the rest-frame UV continuum with a Pythonimplementation® of the
MultiNest>® nested sampling algorithm. To identify spectraexhibiting
aUVbump, wefitted power laws in four adjacent wavelength windows
defined by Noll et al.*” (with corresponding power-law indices y, to
va), excluding the region 1,920 A < A,,;, < 1,950 A to avoid contamina-
tion by the C 111 doublet. In the presence of the UV bump, the spectral
shape of the rest-frame UV is characterized by a strong turnover in
the power-law slope directly blue- and redwards of 2,175 A covered by
regions 3 and 4 respectively, resulting in a negative y;, =y, -y, value.
Before fitting these separate wavelength windows in the individual
spectrum, we applied arunning median filter over 15 spectral pixels that
cover three times the spectral resolution. We estimated the uncertainty
on the running median with a bootstrapping procedure in which we
randomly perturbed each of the 15 spectral pixels according to their
formal uncertainty for 100 iterations.

In the fitting algorithm, a likelihood was calculated based on the
inverse-variance weighted squared residuals between a given model
and the observed spectrum within the adopted spectral regions. We
chose flat prior distributions for the power-law indices (in the range
-5<y,;<1)and normalization at the centre of each wavelength window
(between 0 and twice the maximum value of the spectrum in the fit-
ting regions). Best-fit values of y,,, whose posterior distribution was
obtained from simultaneously fitting y,and y,, are shown in Extended
DataFig.2asthe 50th percentile (the median) with 16th and 84th per-
centilesasa tloconfidencerange. A selection of galaxies withamedian
value of y;, < -1, in addition to y5, < O within the 1o uncertainty range,
led to the identification of ten galaxies (including JADES-GS-z6-0)
with evidence for a UV bump (the ‘bump sample’). Next, we discuss
the physical properties of this subsample in the context of the full
sample. Coordinates and other properties of these ten galaxies are
reported in Extended Data Table 1.

Physical properties

We consistently used a flat lambda cold dark matter (ACDM) cos-
mology based on the results of the Planck collaboration® (that is,
H,=67.4kms™Mpc™and Q,,=0.315). Several of the main physical
properties of the full sample are presented in Extended Data Fig. 2.
Extended Data Table 1lists the observed properties of the tenindividual
galaxies in the bump sample. Extended Data Table 2 reports median
values for the bump sample, the sample of galaxies not contained in
the bump sample (the ‘non-bump sample’) and the full sample, as well
as values measured from the stacked spectra.

UV magnitudes and slopes. We derived UV magnitudes directly from
NIRCam photometric data points probing a rest-frame wavelength
of approximately 1,500 A (F115W for JADES-GS-z6-0; see Table 1), if
available. Note that several targets fall outside the NIRCam footprint.
We fitted an overall UV slope B, to the rest-frame UV continuum
probed by the NIRSpec PRISM measurements using a similar Bayesian
power-law fitting procedure as described in Sample selection. We
adopted the spectral windows defined by Calzetti et al.*°, which were
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designed to exclude several UV emission and absorption features.
Indeed, no strong emission lines were observed within these spectral
regions of our low-resolution spectra. Importantly, they explicitly
exclude thebumpregionand C 111 emission lines. We chose a Gaussian
prior distribution for the power-law index (centred on pi;=-2 with a
widthofgs=0.5) and aflat prior on the normalization at A, = 1,500 A
(between O and twice the maximum value of the spectrum in the fit-
ting regions). The resulting UV slope of JADES-GS-z6-0 is reported
inTablel.

Spectroscopic rest-frame optical properties. Emission line fluxes
inthe NIRSpec PRISM measurements of the individual galaxies in our
sample were obtained using the pPXF software® (for details, refer to
Curti et al.>°). We converted Ha/Hp line ratios into a nebular extinc-
tion E(B - V)., with the Cardelli et al.*! extinction curve, assuming
anintrinsic ratio Ha/Hf3 = 2.86 appropriate for case-B recombina-
tion, T,=10*K and n, =100 cm™ (for example, ref. 62). Note that for
JADES-GS+53.13423-27.76891 at z = 7.0493, the Ha line is precisely on
the edge the PRISM spectral coverage, causing the measured Ho/H[3
ratioto appear significantly below the theoretical value of Ha/Hp = 2.86
expected in the absence of dust. Moreover, we caution that potential
wavelength-dependent slit-loss effects could bias the Ha/H3 meas-
urements (although minimally, as the objects in this analysis are only
marginally resolved) and that the stellar and nebular extinctions have
anon-trivial dependence. However, despite such systematic uncer-
tainties, galaxies strongly obscured by dust are still expected to be
identifiable via their elevated Ha/Hp line ratios.

The gas-phase oxygen abundances in our sample were derived pri-
marily by exploiting the detection of multiple emission lines, where
available, in NIRSpec medium-resolution (R ~1,000) grating/filter
configurations (G140M/FO70LP, G235M/F170LP and G395M/F290LP)
taken alongside the PRISM spectroscopic observations (details are dis-
cussed in Curti etal.?®). For targets that were not covered by R ~ 1,000
observations, the PRISM spectra were considered. More specifically,
werequired aminimum 3o detection of [0 111] 15,008 A, [0 11] 13,727,
3,730 A, [Ne 11111 3,870 A and Hp before we included these lines in the
metallicity calculation. For the detected emission lines, we combined
information from the R3, R23, 032 and Ne302 line-ratio diagnostics,
adopting the calibrations described in Nakajima et al.>. When only
[0 111] 15,008 A and Hp were detected, and therefore, R3 was the
only available line ratio, upper limits on [0 11] A 3,727, 3,730 A and
[N 11]1 6,584 A were exploited to discriminate between the high- and
low-metallicity solutions of the double-branched R3 calibration. The
full procedureis described in more detail in Curti et al.°. We quote the
gas-phase metallicity (Z,,) in units of solar metallicity (Z,), assuming
12 + (O/H), = 8.69 as the solar oxygen abundance®*.

We further explored the rest-frame optical properties of our sam-
ples by considering composite spectra around the strong optical
emission lines in Extended Data Fig. 3. These stacked spectra were
obtained equivalently as described in Spectral stacking, but with bins
of AA,.;.= 10 A given the increased spectral resolution of NIRSpec at
longer wavelengths*. To study the Balmer decrement, weincluded only
galaxies for which Ha is observable (that is, we did not consider objects
atz>71, leaving out one source in the bump sample). We obtained
fluxes of the main emission lines (that is, [0 11]A 3,727, 3,730 A, [O 111]
14,960, 5,008 A, HB and Ha) by fitting Gaussian profiles, as shown in
Extended DataFig.3. The measured lineratios are reportedin Extended
Data Table 2.

Stellar population synthesis modelling. We employed the BAGPIPES
code® to model the SED, which is simultaneously probed by NIRSpec
PRISM measurements and NIRCam photometry, for which we used
aconservative 10% error floor. For the underlying stellar models, we
used the Binary Population and Spectral Synthesis (BPASS™) v2.2.1
stellar population synthesis models, which include binary stars.

We used the default BPASS initial mass function with aslope of -2.35 (for
M>0.5M,) and arange of stellar masses from1M,to300 M,. Aiming for
amodelthatissimple yet ableto capture older stellar populations, we
adopted a constant SFH with a minimum age varying between O (that
is, ongoing star formation) and 500 Myr, and a maximum age varying
between1Myrand the age of the Universe. The total stellar mass formed
varied between 0 and 10" M, and the stellar metallicity between O and
1.57,.Nebular emission wasincluded in a self-consistent manner using
agrid of Cloudy® models parametrized by the ionization parameter
(-3 <log,, U<—0.5). We chose a flexible Charlot and Fall*® dust attenu-
ation prescription with varying visual extinction (0 <A, <7 mag) and
power-lawslope (0.4 < n <1.5). We fixed the fraction of attenuation aris-
ingfromstellar birth clouds to 60% (the remaining fraction originating
inthe diffuse interstellar medium; for example, see ref. 67). Note that
the Calzetti et al.*® dust attenuation curve yielded consistent results.
Afirst-order Chebyshev polynomial (described in Carnall et al.*®) was
included toaccount for aperture and flux-calibration effectsin the spec-
troscopic data. The detailed properties of JADES-GS-z6-0 are reported
in Table 1. Moreover, the resulting stellar masses (M.,), star formation
rates (SFRs) averaged over the last 30 Myr (SFR;,), and mass-weighted
stellar ages (t,) inferred from SED models of the entire sample are pre-
sented in Extended Data Fig. 2. Median values of all properties for the
galaxy sample with and without evidence for a UV bump are reported
in Extended Data Table 2.

Stellar population age determination. Further, we explored whether
the apparent absence of a significantly older stellar population
(t.>300 Myr) could be explained by an ‘outshining effect’ due toamore
recent burst of star formation®. Indeed, there is evidence that a sub-
stantial fraction (20% to 25%) of reionization-era galaxies (z 2 6) host
such evolved stellar populations’”, Taking the best-fitting parameter
values in our BAGPIPES model, we added an instantaneous burst
of star formation to the original model with a single (constant) SFH
component. Comparing the reduced chi-squared values between the
original, single-component model and the new, two-component model
(accounting for anadditional three model parameters, namely stellar
mass, metallicity and age of the burst), we inferred, from a stellar
population synthesis modelling point of view, how large a stellar mass
canbe while being ‘disguised’ in an evolved stellar population. This is
illustrated in Extended Data Fig. 4, which shows the age-sensitive
4000 A (Balmer) break. To avoid systematic uncertainties due to flux
calibration or slit losses inthe spectrum, we restricted the chi-squared

analysis to the photometry. We determined the difference in redu-
ced chi-squared valuesas Ax2 =x7 .. .. 4 _Xs,original ,where Xs,original
(Xi,evolved) isthe reduced chi-squared metric of the single-component
(two-component) model. From this conservative estimate, we cannot
definitively rule out the existence of an additional population of evolved
stars. For example, for Axﬁ =4 (thatis, at 2o or 95% confidence), up to
5.5x10”M, (9.6 x 10’ M,) or 0.55x (0.95%) of the inferred stellar mass of
JADES-GS-z6-0 could have been produced ina250 (500)-Myr-old burst
of star formation. This scenario, however, where a galaxy builds up
more than half of its stellar mass following an extended period (that
is, more than 250 Myr) with little or no star formation, is physically
implausible given the smooth SFH expected for relatively massive
galaxiesin this early epoch (M, 2 10°M,)”%. Even a more stochastic mode
of star formation is not likely to undergo such a lengthy quiescent
period, suggesting that the SEDs should reveal detectable signatures
of starswithintermediate ages (approximately 100 Myr), if star forma-
tion activity can truly be traced back over a time period required for
AGB starsto produce substantial amounts of dust. Instead, we constrain
any additional 100-Myr-old component to have at most 0.31x the cur-
rentstellar mass (approximately 3 x 10’ M_; 20). This suggests that more
than half, if not most, of the stellar mass in JADES-GS-z6-0 was built up
in less than 100 Myr. Finally, we note that stacked rest-frame optical
spectra (discussed in Spectroscopic rest-frame optical properties),



when normalized to the continuum at A,;; = 3600 A, equally do not
reveal a strong Balmer break either in the bump sample or in the full
sample, further supporting the finding that these galaxies have rela-
tively youngstellar populations.

Ancillary far-infrared observations. To search for additional sig-
natures of dust obscuration, we considered archival Atacama Large
Millimeter/submillimeter Array (ALMA) 1.2 mm and 3 mm continuum
imaging taken in GOODS-S. All sources in our sample were contained
within the combined 1.2 mm data of the ALMA twenty-six arcmin?
survey of GOODS-S at one millimeter (ASAGAO”®; ALMA project code
2015.1.00098.S, PI: K. Kohno), which includes the ALMA Hubble
Ultra Deep Field survey™ (project code 2012.1.00173.S, P1:J. Dunlop)
and the GOODS-ALMA survey” (project code 2015.1.00543.S,
PI: D. Elbaz) and reaches a continuum sensitivity of approximately
78 Wy (30). A further 15 sources, including three sources in the bump
sample (JADES-GS+53.17022-27.77739,JADES-GS+53.16743-27.77548 and
JADES-GS+53.16660-27.77240), are covered by the ALMA Spectroscopic
Survey (ASPECS™”7; project code 2013.1.00146.S, PI: F. Walter), reach-
ing a 30 continuum sensitivity of approximately 38 pJy at 1.2 mm and
approximately 11.4 pJy at 3 mm. None of the 49 sourcesin our sample,
however, show asignificant detection (3.50) in either dataset. A stacking
procedure, similarly, does not yield any detectable continuum emis-
sion, neither for the sourcesinthe bump sample nor for the fullsample,
indicating that the non-detections canbe explained by the relatively low
sensitivity of the ALMA mosaics. Indeed, we have verified that for a typi-
cal SFR of a few solar masses per year (as inferred for JADES-GS-z6-0),
evenaconservatively high fraction (50%) of dust-obscured star forma-
tionresultsinaninfrared luminosity thatrequires several tens of hours
tosecureaconfident detection (L,; ~10"L,, translating toa continuum
flux density of F,~ 5 pJyinband 6).

Bump parametrization and fitting procedure

Givenan observed flux density profile F, we parametrized the UV bump
profile by defining the excess attenuation as in Shivaei etal.”: 4, . =
—2.510g;o (F3/F)cond)- For the individual spectrum of JADES-GS-z6-0,
we took the power-law fit with UV slope S, measured outside the
bump region as the attenuated spectrum without a bump, F; cone
When considering the excess attenuation in the individual spectrum
of JADES-GS-z6-0, we again used the running median and correspond-
ing uncertainty (described in Sample selection), which was addition-
ally used to compute the significance of the negative flux excess of
the spectrum with respect to the power-law fit alone (Fig. 1c). Note
that the formal uncertainty of each spectral pixelis scaled upwards to
include the effects of covariance between adjacent pixels. We have
verified that asimilarly high significance is found whenbootstrapping
aspectrum first rebinned to match the spectral resolution element
(thereby largely negating the effects of correlated noise). Using the
MultiNest* nested sampling algorithm, we fitted the excess attenuation
A pump With a Drude profile”®, which has been shown to appropriately
describe the spectral shape of the bump™'®”°, Centred on rest-frame
wavelength A, it is parametrized as

y2A°
ax
WA =122, +y2A2

A/l.bump =Aim

where the full-width at half-maximum is yA,,,,2. We fixed y =250 A/
(2,175 A)? which, if A,,,.=2,175 A, corresponds to a full-width at
half-maximum of 250 A, in agreement with what has been found
for z ~ 2 star-forming galaxies'>'®, Again motivated by the spectral
windows defined by Calzetti et al.*, we fitted the data in a region of
1,950 A <A, < 2,580 A (reflecting the y; and y, regions discussed in
Sample selection), which excludes the C 111 doublet. As a prior for the
bump amplitude A4, .., we conservatively chose a gamma distribu-
tion with shape parameter a =1and scale 8= 0.2, which favours the

lowest amplitudes (noting that a flat prior yields comparable results).
For the central wavelength, we adopted a flat prior in the range
2,100A<A,,,,<2,300A.

Spectral stacking

For the spectral stacking analysis, we shifted each spectrum to rest-
frame wavelengths A, and normalized it to the value of the power-law
fitat A, = 2,175 A. The individual continuum spectra and correspond-
ing uncertainties are rebinned to bins of A1, = 20 A using SpectRes®°.
Stacked continuum profiles were created by weighting each binned
data point by its inverse variance, although note that we obtained
similar results with an unweighted average. The stacked continuum
profile F,of the ten galaxies with evidence fora UV bump was converted
to an excess attenuation, as described in Bump parametrization and
fitting procedure, where for the ‘bumpless’ profile (F; ..,.), we refitted a
power-law continuum to the stacked continuum profile of the ten
galaxies, noting the difference in slope (measured to be f ~ -1.95) com-
pared to the stacked spectrum of the full sample of 49 galaxies (with
S ~-2.12; Extended Data Table 2). To ensure good agreement with the
observed continuum outside the region used in the bump fitting pro-
cedure, this power law was determined from the Calzetti et al.* windows
bluewards of A,,;; =1,850 A (explicitly excluding the C 111 doublet
region), whereas at wavelengths beyond the bump region, we consider
the windows 2,500 A < A,,;; <2,600 A and 2,850 A < A,,,;; <3,000 A
(avoiding potential Mg 11 doublet emission at A,;; ~ 2,800 A). Fitting

a Drude profile”® yields an amplitude of 0.10'3:3} mag and a central

wavelength A, =2,236'2 A. Note that the amplitude remains
effectively unchanged if we instead fix the central wavelength to

Amac= 2,175 A.

Robustness of the UV bump detections

JADES-GS-z6-0. To test the robustness of the identification of the UV
bump in JADES-GS-z6-0, we extracted one-dimensional spectra from
the three separate observing visits to show that the feature around
2,175 A is not dominated by a single observation. Thisisillustrated in
Extended DataFig. 5, which shows measurements from eachindividual
visit normalized toits power-law fit. We furthermore tested our extrac-
tion of the one-dimensional spectra using different apertures on the
reduced two-dimensional spectra (see Data and parent sample). This
slightly lowered the average continuum flux level and signal-to-noise
ratio, but we found no significant changes to the rest-frame UV spec-
trum. We also compared NIRCam apodized photometry (the total
background-subtracted NIRCam flux passing through the NIRSpec
MSA slit) to synthetic photometry obtained from convolving the
PRISM spectrawith NIRCam filters. We verified that for most sources,
the two fluxes are offset by a constant factor with offsets smoothly
varying as afunction of wavelength. Finally, note that the attenuation
featureisahighlylocalized regioninthe low-resolution PRISM spectra
(arest-frame width of 250 A is sampled by approximately sixindepend-
entspectral resolution elements ataresolution of R(A s ~ 1.7 pm) ~ 50)
such that its magnitude is not significantly affected by the absolute
flux calibration. Moreover, this wavelength range was probed by more
than ten native detector pixels, indicating that the chances that this
feature was produced by correlated detector noise or other artefacts
are minimal.

Stacked spectra. Inthis section, we discuss the robustness of theiden-
tification of thebump featurein our stacked spectra. First, we randomly
split our bump sample into two subsamples and confirmed the bump
signatureis presentinboth, implying that the stacked spectrumis not
dominated by asingle source. Further, we verified that performingan
analogous stacking procedure at a different wavelength (2,475 A) for
asubset of sources selected based on the continuum shape around
2,475 Ainan equivalent manner as the s, selection described in Sample
selection does not produce a significant broad absorption feature as
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inFig.2.Instead, the result was a narrow negative excess with positive
excessonthe edge of our fitting window, hence yielding a substantially
lower amplitude when fitted with a Drude profile.

We now explore various properties of the different samples meas-
ured by NIRSpec and NIRCam to test whether the bump signature
could purely be due to random noise fluctuations, in which case the
ten selected galaxies are expected to simply be arandom subset of
the parent sample. As seen in Extended Data Fig. 2, we found a sig-
nificant correlation (p < 0.05 for the null hypothesis that the data are
uncorrelated) between on the one hand the UVslopeinflection around
2,175 A, y5,,and on the other hand, the absolute UV magnitude M. Our
selected bump sample is measured to be intrinsically fainter in the
rest-frame UV (higher M,,,, independent of the SED modelling). This
may be indicative of the absence of young stellar populations, in line
with the theoretically predicted trend of decreasing bump strength
with increasing star formation activity, and hence the intensity and
hardness of the UV radiation field®.. Moreover, several of the median
properties hint at systematically different physical conditions in the
galaxies part of the bump sample. In particular, these objects exhibit
asignificantly enhanced Ho/HP ratio, indicating that on average the
nebular emissioninthese galaxies experiences a higher degree of dust
obscuration, withnebular extinction values comparableto those ofz~2
galaxies witha UV bump'®. Moreover, their slightly elevated gas-phase
oxygenabundancesindicate that they are more highly enriched in metal
(Extended Data Table 2). Interestingly, however, the stellar masses of
the bump sample are substantially lower than their z ~ 2 counterparts,
asillustratedin Fig. 3. Note that other factors, such as geometry, could
play animportant role in determining the strength of the UV bump,
although larger samples are needed to confirm these trends.

To avoid potential biases in the correlations based on individual
galaxy properties due to contaminantsin our y;,-selected sample, we
explored the stacked spectra. For instance, note that the bump and
non-bump samples appear to be characterized by acomparable median
UVslope, as measured in theindividual spectra, whichis confirmed by
the agreement with the UV slopes in the unweighted stacked spectra.
However, the weighted stacked spectrum showninFig. 2 reveals that the
bump sample hasasignificantly redder UV continuum (as discussedin
Spectral stacking). From the stacked spectra around the strong optical
emission lines in Extended DataFig. 3, we again found the Ho/H[3 ratio
in the bump sample was significantly higher, translating to a nebular
extinction E(B-V),., a factor of approximately 2 higher than in the
stacked spectrum of the full sample. This indicates that the bump sam-
ple preferably contains dustier galaxies, strongly favouring the inter-
pretation that the observed excess attenuation around 2,175 A is due
to dust absorption. Moreover, we found evidence for a mildly higher
metallicity in the bump sample through an enhanced line ratio of [O 111]
15,008 A to HP. Although this line ratio follows a double-branched
metallicity solution (for example, ref.20), alow-metallicity solution that
monotonically increases with [O 111]/Hp should be appropriate for the
current sample of galaxies, given the [O 111]/[O 11] line ratio of approxi-
mately 10 (both in the full sample and the subset of sources selected
as the bump sample). Note that such differences in the Ho/H3 and
[O111]/HB line ratios are absent in the control sample discussed above,
which was selected based on the continuum shape around 2,475 A.

Finally, we verified that ablind selection from the parent sample of
sources with the highest Balmer decrements and reddest UV slopes
resulted in a tentative detection of the UV bump. Specifically, requir-
ing a Balmer decrement of Ha/HP = 4 and a UV slope of By, 2 -2.2
yielded asample of four sources all contained within the bump sample
(namely JADES-GS+53.16871-27.81516, JADES-GS+53.13284-27.80186,
JADES-GS+53.17022-27.77739 and JADES-GS+53.16743-27.77548;
Extended Data Table 1) but notably excluded JADES-GS-z6-0. With-
out any preselection for the continuum shape around 2,175 A,
the stacked spectrum of these four galaxies produced a tentative
(approximately 40) bump feature.

Bump amplitude comparison with literature results

As discussed in Shivaei et al., the adopted parametrization of bump
amplitudein the excess attenuation (that is, A, .,; See Bump parametri-
zation and fitting) includes the extinction in the absence of the bump
E(B - V)toavoid propagating the large uncertainties of this parameter
that stem from the not well-constrained assumptions on the attenua-
tion curves of high-redshift galaxies. Note that a direct measurement
of the Balmer recombination line ratios can, in principle, constrain
the nebular extinction®?, but its relation with stellar extinction car-
ries uncertainty in addition to suffering from wavelength-dependent
slit-loss effects (also discussed in Spectroscopic rest-frame optical
properties). In Fig. 3, we directly compare these excess attenuation
strengths, taking into account the underlying extinction E(B - V)
for bump strengths measured for the Milky Way, Large Magellanic
Cloud and Small Magellanic Cloud extinction curves. In terms of the
commonly used Fitzpatrick and Massa*®”®% parametrization, A, ., =
cy/Y’E(B-V).Weretrieve E(B - V) from the measured total-to-selective
extinction R, =A,/E(B - V) for eachextinction curve, assumingarange
of 0.1 mag < A, < 0.5 mag. Data points from Noll et al.”® and Heintz
etal.”? (and references therein) were similarly converted to a consist-
ent bump amplitude A, .., using their measured values of £(B - V).
Measurements from Noll et al.”® represent the stacked spectra of three
subsamples that were selected based on their UV slope S8,y and bump
strength parametrized by the y,, parameter (Sample selection). The
upwards-pointing triangle in Fig. 3 has B, < -1.5 and y;, > -2, the dia-
mond has S, > -1.5andy;, > -2, and the downwards-pointing triangle
has y,, < -2. Note that the Heintz et al.** measurements of y-ray burst
absorbers are effectively along a line of sight through the galaxies,
whereas the Shivaeietal.” and Noll et al.”® measurements, like the meas-
urements in thiswork, are based onthe total integrated light of galaxies.
Thedistribution of dust with respect to the stars within galaxies affects
the latter, integrated observations of the UV bump?*#¢,
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Extended DataFig.1|SED modelling and false-colourimage of JADES-
GS-z6-0. a,Spectrum observed with NIRSpec (grey solid line and light-grey
shading aslouncertainty), overlaid with NIRCam photometry (grey points; error
barsshow thefilter widths along the wavelength direction and louncertainty
along the y-axis) of JADES-GS-z6-0. A calibration correctionis applied to the
spectrum to match the photometry (see the Stellar population synthesis
modelling section). The running median around 2175 A is shown as a solid black
line. The best-fit bagpipes SED model (Stellar population synthesis modelling
section) isshownasalightgreensolidline (predicted spectrum; darker and

lighter shading representstheloand 2o uncertainty, respectively) and points
(predicted photometry; error bars showloguncertainty). b, Colour-composite
1”x1”image constructed frominverse-variance weighted combinations of
NIRCam filters, with the F115W and F150W filters as the blue channel, the
F200Wfilter as green, and three medium-band filters not contaminated by
strong emission lines (F430M, F460M, and F480M) as red. The position of the
NIRSpec MSA shuttersinthe central nodding position (shown for all three
separate observing visits, which however are nearly identical) are overlaid in
white. Ascale of 1kpcisindicated inthebottomright.
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Extended DataFig. 3 | Normalised and stacked rest-frame optical spectra of
z>4JADES galaxies observed by JWST/NIRSpec. Similar to Fig. 2, spectra of
allgalaxies (smallblack dots) are shifted to the rest frame but normalised to the
flux density at the rest-frame wavelength of HB, A,,,=4862.7 A.Thedashed
blackline (shading represents 1o uncertainty) shows astacked spectrum
obtained by combining all 49 objects in wavelength bins of Ad;, =10 A. The
mainrest-frame optical emissionlines are labelled. The stacked spectrum of

tengalaxies selected to have abumpsignature (solid black line, shading as 10
uncertainty) exhibits stronger [0 IlI]and Ha emission relative to the full sample,
while having a consistent [O 11I]/[O II] line ratio. This is quantified by the
integrated flux ratios of the fitted Gaussian line profiles (respectively shown as
redandblue solid lines with shading as 1o uncertainty), indicating differences
inoxygen abundance as well as dust obscuration.
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filter asinFig.1) isnormalised to the predicted continuum level in the absence
of aUVbump, modelled as apower law with index B,y (purpleline; shading as 1o
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froma3-pixel aperture extraction. b, Two-dimensional spectrum of JADES-
GS-z6-0 (notscaled to the predicted continuum level).



Extended Data Table 1| Properties of the galaxies in the bump sample

Source name Zspec megqqw (mag)  Myy (mag) Buv Ho/HB
JADES-GS+53.15138-27.81917F  6.7065700003 28.23+0.06 ~ —18.34+0.12 —2.13707% 3.67+£0.24
JADES-GS+53.16871-27.815167  4.0223700002  26.17+0.01  —19.58+0.06 —1.85199¢  4.76 4+ 0.07
JADES-GS+53.13059-27.80771  5.6166100007  27.88+£0.04  —18.74+0.07 —2.027020 2.48+0.41
JADES-GS+53.13284-27.80186%  4.661710 000  26.71+0.01  —18.85+0.02 —1.56T000 4.13+0.05
JADES-GS+53.17022-27.77739%  4.709470-000°  27.21+£0.03 ~ —18.99+£0.04 —2.147077 5.27+0.76
JADES-GS+53.12689-27.77689  4.887870-0002  28.38 £0.04  —18.71+£0.04 —2.34707°  3.46 +0.33
JADES-GS+53.16743-27.77548F  4.142610:0002  27.55+£0.02  —17.91+£0.08 —2.05701¢ 4.35+0.51
JADES-GS+53.16660-27.77240  6.329670000%  27.984+0.05  —19.174+0.06 —2.357075 2.99+0.11
JADES-GS+53.13423-27.76891  7.049370000%  28.124+0.02  —18.86+0.03 —2.72F017  2.11+0.14**
JADES-GS+53.11833-27.76901  7.204310000%  27.77 £ 0.08 5 —-3B3050 ..

Error bars on measurements represent 1o uncertainty. Rows: (1) Source name (including the J2000 RA and Dec in deg), (2) Spectroscopic redshift (z,..), (3) Apparent AB magnitude in the NIRCam

FA44W filter (Mg444w), (4) Absolute AB magnitude in the UV (M), (5) UV spectral slope (By,), (6) Balmer decrement (Ho/HP).

'JADES-GS-z6-0.

‘Contained in the blind selection discussed in the Robustness of the UV bump detections section.

*This source falls outside the main NIRCam footprint.

**At this redshift, Ha (partially) shifts outside of the NIRSpec coverage.
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Extended Data Table 2 | Properties of the samples of galaxies with and/or without indication of a UV bump

Bump sample

Non-bump sample

Full sample

Individual properties
Zspec 5.25 4+ 0.68 5.77 £ 0.27 5.62 &+ 0.29
Myy (mag) —18.854+0.14 —19.17+0.13 —19.144+0.13
Buv —2.144+0.12  —2.08 £0.07 —2.124+0.06
Y34 —1.86 £ 0.21 0.62 £+ 0.26 —0.03 +0.34
Znep (Zo) 0.17+0.05 0.10 £0.02 0.11 £0.02
E(B — V)nep (mag)  0.2540.13 0.06 + 0.03 0.06 + 0.03
M., (108 Mg) 1.84+0.8 2.3+0.7 2.3+0.4
Zy (Zg) 0.06 £0.03 0.17 £ 0.05 0.13 +0.04
SFR3p (M@ yr—1) 1.9+ 1.6 414+1.0 3.0+0.8
t« (Myr) 22 + 24 2045 27 +4
Stack properties
Nsamp|e 10 39 49

0.02 0.01
:
Ho/HB 3.9610-03 343 00

E(B — V)nep (mag)
[O 1] X 5008 AVHB
[O 11]] XA 5008 A/[O I1]

+0.01
g 31
6.570 08
113193

+0.01
15 H80h
5.152¢ 03

0.2
11.1557

Properties of the samples are presented as median values; error bars represent a 1o uncertainty (obtained with bootstrapping for the median properties). Rows of individual properties:

(1) Spectroscopic redshift (), (2) Absolute AB magnitude in the UV (My,), (3) UV spectral slope (B,,). (4) Spectral slope change around Aemi=2175A (v32), (5) Gas-phase metallicity (Z,.,; from
rest-frame optical emission lines) in units of Solar metallicity, (6) Nebular extinction (E(B - V),,; from the Balmer decrement) in magnitudes, (7) Stellar mass (M.) in 10° Solar masses, (8) Stellar
metallicity (Z,; from SED modelling) in units of Solar metallicity, (9) Star formation rate in Solar masses per year averaged on a timescale of 30 Myr (SFR;,), (10) Mass-weighted stellar age (t,) in
Myr. Rows of properties measured in stacked spectra: (1) Number of galaxies contained within the sample (Ng,mpi), (2) Power-law slope (8), (3) Balmer decrement Ho/H, (4) Nebular extinction
(E(B - V),) in magnitudes, (5) [O I]A 5008 A/HB line ratio, (6) [O 1] A 5008 A/[O 1] line ratio.
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