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Abstract

JWST has uncovered a population of compact high-redshift galaxies, ‘little red
dots’ (LRDs), exhibiting broad Balmer emission lines that often show narrow
absorption features and strong Balmer breaks — spectral signatures attributed
to dense gas surrounding rapidly growing black holes, but whose small-scale
structure remains unknown. A striking feature of LRD spectra is that the Hβ

absorption is systematically deeper than Hα, yet in any homogeneous gas this
ordering is physically impossible. Here we model the Hα and Hβ line profiles
using radiative transfer simulations for 11 LRDs with JWST sensitive high res-
olution spectroscopy, and independently constrain the n = 2 hydrogen column
density, NHI,n=2, from the Balmer-break continuum. We find that the NHI,n=2

from Hα in a homogeneous medium cannot reproduce the observed Hβ absorp-
tion in several objects, and that this NHI,n=2 typically falls two orders of
magnitude below the lower bound set by the Balmer break. Both tensions are
simultaneously resolved by a multiphase medium of dense clumps within diffuse
hot ionized gas. This multiphase gas structure is a necessary ingredient for any
viable LRD model, regardless of the nature of the central engine.

Keywords: galaxies: high-redshift; radiative transfer; galaxies: active; JWST
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JWST has revealed compact sources at z ∼ 4–9, ‘little red dots’ (LRDs), with red
optical continua, broad Balmer emission lines of several thousand km s−1, Balmer
breaks, and Balmer absorption [1–8], the latter seen in ∼60% of LRDs with deep
spectra [9–11]. They are widely interpreted as rapidly accreting black holes in dense
gas, but their nature remains debated: models invoke dense gas cocoons [12–16], super-
Eddington accretion [17, 18], and dust-free black-hole atmospheres [19, 20]. In most
of these scenarios, scattering of Balmer lines through dense gas plays a central role in
shaping the observed spectra [21], but thus far, observed Balmer line profiles have not
been confronted with radiative transfer models with scattering physics.

Interpreting these absorption features requires a model for how Balmer photons
propagate through the gas. Previous LRD analyses fit the profiles with multi-
component parametric functions [1, 12, 22, 23] or with Sobolev-approximation line
transfer [15], both assuming simple absorption or moderate optical depth. At the col-
umn densities implied by the Balmer break (NHI,n=2 ≳ 1017 cm−2), however, the
line-center optical depth of the Balmer lines exceeds 103: photons scatter thousands
of times before escaping, and their profiles depend on the gas geometry, frequency
redistribution, and branching between decay channels. We previously modeled the
full scattering behavior of the Balmer lines in LRDs with the Monte Carlo radiative-
transfer code rt-scat[21]. Here we apply it to fit the observed Hα and Hβ profiles of
LRDs.

Balmer absorption and Balmer-break strength are empirically correlated across the
LRD population[9], and physically linked: Hα, Hβ, and the Balmer continuum all arise
from hydrogen in the n = 2 level. The n = 2 column density, NHI,n=2, therefore sets all
three, so they form a single consistency test rather than independent diagnostics. This
constraint has not been imposed in previous modeling of LRD spectra. We therefore
start from the simplest assumption that the same n = 2 H i gas produces all three
features, and ask what structure this gas must have.

Applying this test reveals a puzzle. In LRD spectra, the Hα absorption trough is
typically weaker than that of Hβ [9, 23], which is impossible in a homogeneous gas:
the Hα line cross-section is ≈ 5.7 times larger than that of Hβ[21], so at the same
NHI,n=2, Hα absorption is stronger than Hβ, or both lines are saturated. Moreover,
homogeneous Balmer-line fits give NHI,n=2 ∼ 1014 cm−2, three orders of magnitude
below the ≳ 1017 cm−2 required by the Balmer break (left panels of Figure 1). No
single NHI,n=2 in a homogeneous medium satisfies all three observables.

We apply this test to the 11 LRDs from the broad-line sample of [9] with high
signal-to-noise NIRSpec spectra of both Hα and Hβ. A homogeneous single-phase gas
fails it, whereas a multiphase medium of optically thick n = 2 H i clumps largely
removes the line–break NHI,n=2 tension. This line–break comparison relies on the
shared-gas assumption, but the multiphase model also reproduces Hα and Hβ at a
consistent NHI,n=2, a line-fitting result independent of that assumption.

Hα and Hβ modeling.

We model the Hα and Hβ line profiles of all 11 LRDs with rt-scat for two gas
configurations (see Methods): (i) a homogeneous single-phase medium with uniform
NHI,n=2, and (ii) a clumpy medium with the same total NHI,n=2 in optically thick
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Fig. 1 Hα, Hβ, and Balmer-break fits for two representative LRDs. The top and bottom
panels show fitting results of GN 9771 and A2744 45924, respectively. The columns show Hα (left),
Hβ (middle), and the rest-frame SED around the Balmer break (right). Black curves represent the
observational data, NIRSpec for Hα & Hβ and PRISM for the SED; grey shading indicates the ±1σ
uncertainty. The blue solid and red dashed lines are the best fits for the homogeneous and clumpy
models, respectively. Fit in two steps: Hα alone first, then Hβ and the Balmer-break SED fits with
NHI,n=2 prior from Hα fit (see Methods). The median NHI,n=2 with its 16th–84th percentile range
is annotated in each panel. Homogeneous SED fits that cannot produce the Balmer break (84th
percentile of NHI,n=2 below 1016.5 cm−2, i.e. Balmer-continuum optical depth τBB < 0.5) are shown
without uncertainties and labeled logNHI,n=2 < 16.5 (see Methods). For both objects, NHI,n=2 from
Hα in the homogeneous model are too low to reproduce the observed Hβ or the Balmer break, while
the clumpy model provides NHI,n=2 values of Hα consistent with both. Fits for the remaining 9
objects are shown in Extended Data Figures 3 and 4.

clumps embedded in optically thin inter-clump gas, described by a covering factor
fc (the mean number of clumps along a sightline) and a per-clump column NHI,cl =
3NHI,n=2/4fc. In both models, the lines are emitted by a central source and scattered
by the surrounding n = 2 H i gas, after subtraction of the continuum and narrow host
emission (see Methods for the source model, host subtraction, and priors). We first fit
Hα alone and use its NHI,n=2 posterior as a prior for the Hβ fit, testing whether the
Hα-preferred column also reproduces Hβ.

In the homogeneous model, the fixed Hα/Hβ scattering cross-section ratio links
the two profiles. The Hα absorption requires NHI,n=2 ∼ 1014 cm−2, at which the
predicted Hβ absorption is too weak to match the observed depth (Fig. 1). In the
clumpy model, two mechanisms break this coupling. First, Hα photons scatter off the
surfaces of optically thick clumps and escape through the inter-clump channels[24–
28] without penetrating the high-NHI,n=2 interiors. Because the competing 3p → 1s
(Lyβ) decay is immediately reabsorbed by ground-state hydrogen, Hα behaves as a
near-perfect resonance line[21]: photons remain Hα across many scatterings, as for
Lyα, and Hα absorption stays weak even at NHI,n=2 ∼ 1016 cm−2. Second, each
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Hβ scattering has a ≈26% probability of decaying through the n = 3 level (BR3 ≈
0.26[21]), converting the photon into Paα and Hα. After ∼4 scatterings, ∼70% of
Hβ photons are removed, producing strong absorption even where Hα escapes freely.
The clumpy model therefore reproduces both lines at similar NHI,n=2. Extended Data
Fig. 2 illustrates how both profiles depend on fc at fixed NHI,n=2.

Figure 1 shows two representative LRDs, GN 9771 and A2744 45924, observed at
high and medium NIRSpec resolution. The homogeneous model (blue) cannot repro-
duce the observed Hβ absorption in either object, whereas the clumpy model (red)
fits both lines at NHI,n=2 ≈ 1015.5 cm−2. Extended Data Figures 3 and 4 show the fits
for the remaining 9 objects.
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Fig. 2 NHI,n=2 consistency across Hα, Hβ, and the Balmer break, for all 11 LRDs. (a)
Clumpy model. (b) Homogeneous model. For each object, triangles show the Hα fit; filled squares
and filled stars show the Hβ fit and the Balmer-break SED fit, with a NHI,n=2 prior from the Hα fit.
Hollow squares and hollow stars show the same Hβ and SED fits without this prior. Error bars are 68
percent credible intervals. The horizontal dotted line marks the column for Balmer-continuum optical
depth τBB = 1 (NHI,n=2 ≈ 6 × 1016 cm−2). Black circles in (b) mark homogeneous SED fits that
cannot produce the Balmer break (84th percentile of NHI,n=2 below 1016.5 cm−2, i.e. τBB < 0.5):
5 of the 9 break-detected objects. The shaded region marks GS 3073 and JADES GN 38147, which
show no Balmer break. For the clumpy model, NHI,n=2 of the Hα fits and Hβ and SED fits with
prior cluster together for most objects, and the SED fit with the prior reaches τBB = 1 for all 9
break-detected objects. For the homogeneous model, NHI,n=2 from Hα is too low to reach the break
threshold for 6 of the 9 objects.
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SED modeling with Balmer break.

Under the shared-gas assumption, the Balmer-continuum opacity provides an indepen-
dent lower bound on NHI,n=2. The Balmer-continuum photoionisation cross-section
at the series limit is σbc ≈ 1.5 × 10−17 cm2 [29], giving unit continuum optical
depth at NHI,n=2 ≈ 6 × 1016 cm−2. An observed Balmer break therefore requires
NHI,n=2 ≳ 1017 cm−2.

We fit the SED of each LRD with a three-component model: a power-law UV
continuum and an optical blackbody continuum, with a Balmer break and high-n
Balmer-series absorption around 3646 Å (see Methods). For 6 of the 9 break-detected
objects, the homogeneous NHI,n=2 from Hα lies more than two orders of magnitude
below this bound, so the homogeneous model cannot produce the break (Extended
Data Figs. 3 and 4; see Methods), whereas the clumpy SED fits with the Hα prior
reproduce it for all 9.

NHI,n=2 tension between Balmer lines and break

Figure 2 compares the NHI,n=2 estimates from Hα, Hβ, and SED. We consider a
model to fail for a given object if its NHI,n=2 from Hα lies more than a factor of 100
below the Balmer-break threshold, or the SED fit with the Hα prior does not reach it
(see Methods and Extended Data Table 3). Of the 9 objects with a detected Balmer
break, the clumpy model passes for all 9, and the homogeneous model passes for 3
(RUBIES EGS 55604, RUBIES EGS 49140, and GN 15498); for the latter two, the
homogeneous Hα absorption is at the line center, where its depth depends on the host-
line subtraction (see Methods). GS 3073 and JADES GN 38147 show no Balmer break
and are excluded from the pass/fail count (shaded region in Fig. 2). The Hβ fits with
the NHI,n=2 prior show the same pattern. At NHI,n=2 from the Hα fit, the clumpy
model fits Hβ clearly better than the homogeneous model for GN 9771, A2744 45924,
and RUBIES UDS 154183 (see Fig. 1 and Extended Data Fig. 3), and the two fit
equally well for the other objects. Full NHI,n=2 posteriors for all three probes, with
and without the NHI,n=2 prior from the Hα fit, are shown in Extended Data Fig. 5
and Fig. 6.

NHI,n=2 and Balmer break strength relation

The Balmer-break color, which is the flux ratio at 5500 Å and 3600 Å, fν,5500/fν,3600,
is a direct measure of the break strength [9, 19, 30]. Figure 3 shows the break color as
a function of NHI,n=2 from the Hβ fit with the prior from the Hα fit, which is blind to
the break, in both clumpy and homogeneous models. We use Hβ because Hα alone is
only weakly sensitive to NHI,n=2 in the clumpy model (Methods); the Hα-only values
are shown for comparison. The clumpy model shows a positive correlation with the
break strength (Pearson r = +0.64, Spearman ρ = +0.62), as expected if the clumpy
NHI,n=2 faithfully estimates the true column, whereas the homogeneous model shows
no such trend (r = 0.01, ρ = −0.05). This suggests that only the clumpy model links
NHI,n=2 from the Balmer lines to the observed Balmer break.

5



1013 1014 1015 1016 1017 1018 1019

NHI, n= 2 from Balmer lines  [cm 2]
1

2

5

10

20

40

f
,5

50
0
/f

,3
60

0

(a)  Homogeneous

GN-9771
JADES-GN-68797
A2744-45924
GN-15498
GS-13971
RUBIES-EGS-42046

RUBIES-EGS-49140
RUBIES-EGS-55604
RUBIES-154183 (the Cliff)
GS-3073
JADES-GN-38147

H : r= +0.00, = 0.04
H : r= 0.23, = 0.26

1013 1014 1015 1016 1017 1018 1019

NHI, n= 2 from Balmer lines  [cm 2]

(b)  Clumpy

H  (with H  prior)
H  (without prior)
H  correlation
H  correlation

H : r= +0.64, = +0.62
H : r= +0.25, = +0.04

Fig. 3 Balmer-break color versus n = 2 neutral hydrogen column density for all 11
LRDs. The Balmer-break color fν,5500/fν,3600 measures the Balmer-break strength, with larger
values indicating a stronger break [9]. The left and right panels show it as a function of NHI,n=2

from the homogeneous and clumpy fits. Each object has a unique marker shape and the same color
as in Fig. 2. Opaque markers show NHI,n=2 from the Hβ fit with the prior from the Hα fit, and
faded markers show the Hα fit without the prior. The solid (dashed) lines represent the correlation
between log(fν,5500/fν,3600) versus log NHI,n=2 from Hβ (Hα) fit. Pearson (r, in log–log space)
and Spearman (ρ) coefficients are given in each panel. For Hβ, the homogeneous model shows no
correlation (r = +0.01, ρ = −0.05), while the clumpy model shows a positive one (r = +0.64,
ρ = +0.62, p ≈ 0.04). For Hα alone, neither model shows a significant correlation (clumpy r = +0.25,
ρ = +0.04; homogeneous r = −0.06, ρ = −0.11); the clumpy slope is positive but not significant.

Relation to current LRD models.

The tension in NHI,n=2 between the Balmer lines and the Balmer break — reinforced
by the correlation with Balmer-break strength — shows that a multiphase gas struc-
ture (i.e., the clumpy model) is required to explain both features through the same
n = 2 populated H i gas. The multiphase gas constraint established here is agnostic
to the nature of the central engine and applies across the range of currently proposed
LRD models. In the dense gas cocoon scenario [12, 15], the constraint implies that the
cocoon must be fragmented on small scales rather than smooth. In the gas-enshrouded
black hole and dense accretion disc models [18, 19], the gas atmosphere must simi-
larly be inhomogeneous to satisfy the joint Balmer-line and Balmer-break constraints.
Black holes can accrete well above the Eddington rate, through radiatively inefficient
slim discs or from dense surrounding gas [31–34]. In quasi-stars, such accretion pro-
ceeds inside a massive envelope [35], a picture since applied to LRDs [16, 18, 36]. These
models treat the envelope as smooth, although its locally super-Eddington outer layers
are expected to be unstable and inhomogeneous [36]. If the break instead arises from
a supermassive star or an evolved stellar population [30, 37, 38], it decouples from the
gas, though the Balmer absorption still requires a multiphase n = 2 H i medium. Our
result does not discriminate between these scenarios but identifies a necessary ingre-
dient, strong small-scale inhomogeneity in the n = 2 H I gas, that any viable model
must accommodate. The broad line wings do not enter this test. Whether they arise
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from Thomson scattering in an inner ionized region [21] or the broad-line region itself
[17], in our model they only set the incident line profile; the Balmer absorption and
break form in the n = 2 H i gas outside the emission region, which must be multi-
phase in either case. The Hα and Hβ profiles alone also require multiphase structure,
independently of whether the break arises from the same gas.

Multiphase gas structure and formation

The clumpy geometry required by our modeling can be interpreted physically as a
multiphase medium: dense, cool, n = 2 enhanced H I clumps with covering factor
fc ∼ 5–60 and individual column densities NHI,cl ∼ 1015–1017 cm−2, coexisting with
a diffuse, optically thin interclump medium (see Extended Data Fig. 1). The total
column density NHI,n=2 and fc are constrained by the Balmer-line modeling, but the
large-scale morphology, whether a discrete cloud ensemble, porous shell, or fragmented
disc, is not determined by the present data alone. A clumpy neutral medium has also
been considered a viable explanation for the Lyα profile of the lensed LRD QSO1 [39].

Such multiphase structure is common around AGNs. Broad emission lines are
attributed to small, dense (nH ∼ 1010 cm−3) clouds with a volume filling fraction of
∼ 10−6, confined by a hotter medium or magnetic fields [40, 41]; smooth line profiles
require ≳ 106–108 such emitters [42, 43], and internal turbulence of ∼ 103 km s−1

is allowed in the line-emitting gas [44]. Outflowing absorbers, from broad and mini
broad absorption line regions near the accretion disc [45–47] to kpc-scale FeLoBAL
and associated absorbers [48–50], likewise resolve into multiple narrow components.
Our fits are consistent with this picture: for Ncl clumps of radius rcl within a region
of size R, fc ∼ Ncl(rcl/R)2, so fc ∼ 5–60 implies Ncl ∼ 105–106 for rcl/R ∼ 10−2,
and more for smaller clumps1, comparable to BLR and BAL cloud numbers. However,
BLR clouds are photoionized and emit the broad lines, whereas the clumps in our
model are a neutral scattering medium with a substantial n = 2 population.

Such clumps can form and survive in this environment. Turbulent multiphase gas
fragments into many small structures rather than remaining monolithic, and mixing
at the interfaces with the hot gas induces rapid cooling, so the cool phase grows
rather than being destroyed [52, 53]. Since only a small fraction of the hydrogen is
in n = 2, the total clump columns implied by NHI,cl ∼ 1015–1017 cm−2 exceed both
the fragmentation scale of rapidly cooling gas (∼ 1017 cm−2 [54]) and the minimum
column for survival in a hot wind (∼ 1018 cm−2 [55]). The clump population implied
by our fits is thus a natural outcome of cooling in a turbulent medium, although the
data do not constrain its formation history.

Cool clumps alone do not explain their large n = 2 population. Multiple scatterings
of Lyα in optically thick clumps can pump n = 2 near their surfaces [56–58], and
collisional excitation may contribute in dense gas; comparing the observed Lyα and
Hα fluxes can constrain their relative importance [39], and a detailed calculation will
be presented in a companion paper.

One circumnuclear setting for such gas is a thermally unstable disc wind, in which
cool clumps condense from a hot outflow. The densities invoked in previous LRD

1The radiative transfer depends on fc and NHI,cl but not on clump size for small volume filling factors
[25, 51], so rcl and Ncl are not individually constrained.
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studies, nH ∼ 109–1011 cm−3 [13, 19], overlap with those of broad-line region clouds
(nH ∼ 108–1010 cm−3), which are commonly associated with clumpy disc winds [45,
59]. We therefore suggest, cautiously, that the multiphase n = 2 H i clumps in LRDs
may represent an early BLR-like or proto-BLR medium formed during rapid black hole
growth. In this picture, what distinguishes LRDs from ordinary broad-line AGNs is
not the presence of clumps but their ionization state. Shielded by the dense inner gas of
a super-Eddington flow, the clumps stay neutral. As the accretion rate decreases and
the disc thins [18, 31, 60], reduced shielding could induce ionization of these clumps,
eventually giving rise to a standard BLR, which would also explain why LRD-like
spectra are rare at lower redshift [61, 62]. The present data establish the presence of
strongly inhomogeneous n = 2 H i gas, but do not uniquely determine its disc-wind
origin or identify the clumps as proto-BLR clouds.

Origin of the red optical continuum

The multiphase gas constraint does not by itself determine the origin of the red optical
continuum in LRDs. Proposed origins include a super-Eddington photosphere [19, 63],
supermassive stars [37, 38], a transmitted AGN SED [13, 64], and nebular continuum
emission [15, 65]. The nebular case is directly testable, because there the continuum
and the hydrogen lines both arise from recombination, whereas the other models place
the continuum in a region separate from the line emission. Since Hα and the nebular
continuum both scale with the emission measure, a pure-recombination spectrum from
low-density gas (where collisions are negligible) that is optically thin in the Balmer
lines has an intrinsic Hα equivalent width (EW) of ∼5,000–10,000 Å regardless of
geometry (Extended Data Fig. 7), up to 10–100 times larger than the observed LRD
values. Reproducing the observed continuum from nebular gas alone therefore requires
either substantial Hα suppression, relaxing one of these two assumptions, or a separate,
non-nebular continuum component.

Relaxing the optically thin assumption, bound–free absorption from n = 3 has
been suggested to suppress Hα [15]. Resonance scattering lengthens the n = 3 column
an Hα photon samples relative to the continuum, but our RT calculations give a
path-length enhancement of only ∼2–30 (Extended Data Fig. 8)2, two to four orders
of magnitude short of what is required (see Methods). The n = 3 column needed
instead predicts near-saturated Paschen-line absorption, which is not seen in LRDs
with Paschen-band observations and clear Balmer absorption [66–68].

In denser gas, collisional de-excitation of n = 3 offers a second route. Because a
trapped Hα photon revisits n = 3 repeatedly before escaping, this channel becomes
accessible at ne ∼ 109–1011 cm−3, within the range invoked in previous LRD studies
[13, 19], although the observed Hβ survival caps how optically thick the emission region
can be [21] (see Methods). Both channels predict the same Paschen-line signature, so
we cannot determine which, if either, resolves the puzzle. Either way, the EW argument
requires Hα suppression or a continuum source distinct from the line-emitting gas,
regardless of whether the n = 2 medium is clumpy.

2Dust along this path could likewise extinguish Hα relative to the continuum, though direct evidence for
dust in this gas is lacking (see Methods).
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Caveats, robustness, and observational predictions

The line–break consistency test assumes that the same n = 2 H i gas produces both the
Balmer-line absorption and the Balmer break. If the break instead formed in a separate
continuum-emitting region, as in photospheric or stellar models of the red continuum,
the line–break comparison alone would not require clumpiness. That region would,
however, need an NHI,n=2 that happens to track the Balmer-line absorption, which the
suggestive correlation between the Hβ-fit NHI,n=2 and break strength disfavors but
cannot exclude. The line-profile fits alone do not rely on this assumption: at NHI,n=2

from the Hα fit, the homogeneous model cannot reproduce the observed Hβ absorption
in several objects, whereas the clumpy model reproduces both lines.

Host-galaxy subtraction, the unresolved Hβ core at R ∼ 1000, and an NHI,n=2–
fc degeneracy when no clear absorption is detected affect the exact parameters of
individual objects (see Methods), but do not explain why the homogeneous model fails
to fit both lines while the clumpy model succeeds.

Our radiative transfer treats NHI,n=2 as a free parameter and neglects collisional
processes. In practice, the n = 2 and n = 3 populations are set jointly by Lyα pumping,
collisional excitation and de-excitation, and line trapping, all of which depend on gas
density; coupling these to the radiative transfer would translate the fitted NHI,n=2

and fc into physical densities and clump sizes.
The multiphase model makes several testable predictions. Higher Balmer lines

share the branching loss of Hβ: excited np states with n ≥ 4 can decay through
intermediate levels 2 < n′ < n, emitting Paschen, Brackett, or higher-series photons
instead of the original Balmer photon. Hγ and Hδ should therefore show absorption
comparable to Hβ, not intermediate between Hα and Hβ: the transition is a step at Hα,
the only near-perfect resonance line, rather than a gradual hierarchy. Saturated Hγ
absorption has already been invoked for the broad Hγ profile of GN 9771 [22], and deep
high-resolution spectroscopy now resolves Hα–Hδ absorption in individual LRDs [69];
a test across the sample awaits higher signal-to-noise, as these lines are intrinsically
weaker. For the LRDs whose Hβ cores remain unresolved or have insufficient signal-to-
noise, high-resolution NIRSpec follow-up can test whether they show the same Hα–Hβ
discrepancy already unambiguous in GN 9771 (R = 2700). Finally, Paschen-band
spectroscopy would test both Hα suppression channels discussed above at once: near-
saturated Paschen-line absorption is expected if either operates, whereas its absence
would favor a non-nebular contribution to the red optical continuum.
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Methods

Sample selection and spectroscopy

Our sample of 11 LRDs is drawn from the broad Hα-selected sample of [9], which
compiled high-quality JWST NIRSpec spectra at z ≈ 3.5–7 from multiple JWST sur-
vey programs. Both NIRSpec PRISM/CLEAR and higher-resolution grating (G235M
or G395H) spectra are available for all objects; we use the PRISM spectra for the
SED continuum fitting and the grating spectra for the Balmer-line profile modeling.
We select the 11 objects with sufficient signal-to-noise in both Hα and Hβ for joint
line-profile fitting; the sample is listed in Extended Data Table 1. Full details of the
sample selection and data reduction are described in [9].

Balmer-line radiative-transfer modelling

We model the Hα and Hβ line profiles using rt-scat, a Monte Carlo radiative trans-
fer code for line formation by scattering processes previously applied to Lyα[25] and
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Mg ii emission[28]; the RT algorithm and clumpy-medium treatment are described in
detail therein. The Balmer-line implementation is described in [21], which is our pre-
vious work on Balmer-line radiative transfer for resonance and Thomson scattering3.
The scattering geometry consists of a central isotropic source surrounded by two con-
centric spherical regions (Fig. 15 of [21]; illustrated for both models in Extended Data
Fig. 1): an inner, fully ionised H ii region (r < 0.01R) responsible for Thomson scat-
tering, characterised by electron temperature Te = 104 K and Thomson optical depth
τTh; and an outer neutral H i region (0.01R < r < R) with a significantly populated
n = 2 level, responsible for Balmer-line resonance scattering. Photons emitted by the
central source first traverse the Thomson-scattering H ii layer, which broadens the
line wings symmetrically, before entering the outer H i layer where resonance scatter-
ing shapes the line core and absorption features. We consider two configurations for
the outer H i sphere: a homogeneous sphere with uniform n = 2 H i column density
NHI,n=2, and a clumpy sphere characterised by the same total column density NHI,n=2

distributed in spherical optically-thick clumps of fixed radius rcl = 10−3 R, embed-
ded in an optically thin inter-clump medium; the individual clump column density is
NHI,cl =

3
4 NHI,n=2/fc (the factor 3/4 accounts for the mean chord length through a

sphere); the covering factor fc is the mean number of clumps along a line of sight from
the central source to the outer edge of the sphere[28].

The Hα and Hβ resonance cross-sections at line center differ by a factor of ≈ 5.7
(the ratio of oscillator strengths times wavelength; [21] equations 3 and 4), so that Hα
photons experience substantially higher opacity than Hβ at the same NHI,n=2. In the
clumpy case, Hα photons scatter predominantly off the near surface of each clump and
escape without penetrating to high column density (surface scattering), whereas Hβ
photons penetrate more deeply and are subject to a branching decay at the 4p level
(BRn=3 ≈ 0.26; [21] Table 3 and Fig. 4) that removes them from the Hβ line before re-
emission. This mechanism allows the clumpy model to simultaneously reproduce both
lines with a single NHI,n=2, including cases where Hβ absorption is deeper than Hα.
The asymmetry is atomic in origin: the 3p → 1s (Lyβ) decay is immediately reabsorbed
by ground-state hydrogen, so a scattered Hα photon is ultimately re-emitted as Hα,
whereas the 4p level also decays to 3s and 3d, which cascade through 2p and emit Paα
and Hα instead of Hβ. With BR3 ≈ 0.26 per scattering, 1− (1−BR3)

4 ≈ 70% of Hβ
photons are converted after four scatterings.

The free parameters of the homogeneous model are NHI,n=2, the radial velocity
vexp, the intrinsic emission-line width σemit, the random velocity dispersion σran, and
the Thomson optical depth τTh. The clumpy model retains NHI,n=2 (total column
density) and adds the covering factor fc; the per-clump column density NHI,cl =
3
4 NHI,n=2/fc is a derived quantity. In the clumpy model, σran is the peculiar velocity
dispersion of individual clumps about the constant outflow at vexp, rather than a
Doppler width of the bulk medium as in the homogeneous case; the random motion
within clumps is the thermal motion, as their temperature is at T = 104 K. Parameter
ranges are given in Extended Data Table 2. The intrinsic emission width is restricted
to σemit ∈ [100, 300] km s−1: larger values would attribute the broad line wings to

3S.-J. Chang, the lead author of this work, is a developer of rt-scat for resonance scattering and its
application to Balmer lines
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intrinsic emission rather than Thomson scattering, removing the physical motivation
for the two-component geometry of [21]. The total grid comprises 40,130 homogeneous
and 181,212 clumpy model spectra. The NHI,n=2 lower bound of 1012 cm−2 represents
optically thin gas, where τ0,Hα ≈ 0.3 and τ0,Hβ ≈ 0.06 (equations 3 and 4 of [21]).
Thus, the gas is effectively transparent in both lines, and the fit is insensitive to
NHI,n=2 below this value.

The continuum is first removed from each spectrum using the continuum model of
[9], derived from a spectral decomposition of the full JWST NIRSpec grating spectrum.
The narrow host-galaxy emission in Hα and Hβ is then subtracted. For each object,
the [O iii]λ5007 profile is used as a host template for both Balmer lines: Fhost,Hβ(v) =
F[OIII](v)/RHβ and Fhost,Hα(v) = F[OIII](v)/RHα, where RHβ ≡ F[OIII]/FHβ,host and
RHα ≡ F[OIII]/FHα,host are the host [O iii]-to-Balmer line ratios. Both are free param-
eters. For RHβ we adopt a Gaussian prior on log10 RHβ centered on the median
[O iii]/Hβ ratio of high-z galaxies at the redshift of each object [71], with a width
of 0.15 dex [72], truncated so that the subtracted host does not drive the observed
Hβ and Hα line cores below zero beyond their observational uncertainties. The host
Balmer decrement, RHβ/RHα, is allowed to vary between 2.6 and 3.3 (Case B with
mild departures). A third free parameter, ∆v, is a single velocity offset shared by both
lines between the [O iii]-derived host/narrow-line-region zero point and the true center
of the LRD’s own broad-line/clumpy-gas structure; it has a Gaussian prior centered
at zero with width set in quadrature from that object’s own [O iii] line width and the
instrumental resolution.

We infer posterior distributions for all free parameters using Markov chain Monte
Carlo (MCMC) sampling via the affine-invariant ensemble sampler emcee[70]. At
each proposed parameter vector, the model line profiles are evaluated at continuous
parameter values via a principal-component-analysis emulator trained on the pre-
computed rt-scat grid, allowing the sampler to explore the full parameter space
between grid points. Each χ2 is evaluated over the velocity windows |v| ≤ 3000 km s−1

(Hα) and |v| ≤ 2000 km s−1 (Hβ) using an optimal linear normalisation A =
(
∑

i OiMiσ
−2
i )/(

∑

i M
2
i σ

−2
i ) sensitive only to line profile shape. The per-pixel uncer-

tainty is σ2
i = σ2

obs,i+σ2
jig,i, where σobs is the pipeline error and σjig,i = σMAD

√

Fref |fi|
is a conservative allowance for residual spectral structure not captured by it. Here
σMAD is the scatter of each line’s wings (1500 < |v| < 5000 km s−1) about a symmet-
ric exponential profile, commonly used to describe the broad wings of LRD Balmer
lines [12, 73], and Fref is the median wing flux at 3000 < |v| < 5000 km s−1. Model
spectra are convolved to the instrumental resolution prior to comparison (R = 2700
for G235H/G395H, R = 1000 for G235M/G395M).

We fit Hα and Hβ in two sequential stages, taking Hα as the baseline because it
has the highest signal-to-noise ratio of the Balmer lines in our sample and its profile
most directly encodes the scattering geometry.

• Stage 1: we fit the Hα profile alone with flat priors on all radiative transfer param-
eters (Extended Data Table 2). Because Hβ photons that decay through n = 3 are
partly re-emitted as Hα, the model Hα profile includes this converted component,
weighted by the intrinsic Hα/Hβ flux ratio of the source, FHα/FHβ , a free param-
eter with a Gaussian prior centered on the observed FHα/FHβ of each object. We
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use a kernel density estimate of the resulting posterior on logNHI,n=2 as the prior
for the next stage.

• Stage 2: we fit the Hβ profile alone with this prior imposed on logNHI,n=2. All
other radiative transfer parameters retain flat priors and are refit independently of
Stage 1. This tests whether the NHI,n=2 from the Hα fit in Stage 1 is also consistent
with the observed Hβ profile.

For each stage, we run 128 walkers for 50,000 steps in Stage 1 and 64 walkers for
20,000 steps in Stage 2 per object per model, initialized at random positions within
the prior ranges; the first 5,000 steps are discarded as burn-in, and marginalized 68%
credible intervals are derived from the remaining samples. Full spectral fits for all
objects are shown in Extended Data Fig. 3 and 4. Marginalized log NHI,n=2 posteriors
are shown in Extended Data Fig. 5 and 6. Fitted parameters for all 11 objects are
listed in Extended Data Tables 4 and 5.

Three effects limit the constraints for individual objects. Host subtraction can
affect the line cores, which is why the host Balmer contributions are treated as free
parameters with observational priors rather than fixed values. At R ∼ 1000, the Hβ
core is unresolved, which broadens the NHI,n=2 posteriors. In the clumpy model, Hα
is only weakly sensitive to NHI,n=2 because photons scatter off the clump surfaces, so
NHI,n=2 is partly degenerate with fc and its credible intervals are typically wider than
in the homogeneous model (∼2 versus ∼1 dex; Fig. 2 and Extended Data Tables 4 and
5), particularly when no clear absorption feature is detected. Hβ remains sensitive to
NHI,n=2; the Stage 2 fit therefore combines the constraints of both lines and, for most
objects, narrows the NHI,n=2 interval, which is why we use it in Fig. 3.

Balmer-break SED modelling

We model the rest-frame SED of each LRD with three spectral components. The
first is a UV power-law continuum, fλ ∝ λαUV . The second is an optical contin-
uum component, modeled as a blackbody with effective temperature TBB. In practice,
bound-free (Balmer and Paschen recombination continua) and free-free emission from
the ionized gas can also contribute to the optical continuum alongside the black-
body component; TBB should therefore be understood as an effective fitting parameter
rather than a physical temperature. The third component is a Balmer break applied
to the optical continuum blueward of the Balmer limit λBE = 3646 Å, with bound-
free optical depth scaling as τbc(λ) = τ0 (λ/λBE)

3, where τ0 = NHI,n=2 σbc and
σbc = 1.5× 10−17 cm2 [29]. The UV power-law component is left unattenuated, while
only the optical continuum component is subject to this attenuation. This differen-
tial treatment is a modeling choice motivated by the fit itself: the optical continuum
must arise from gas that shares the same n = 2 H i absorbing column responsible
for the Balmer break and Balmer-line absorption, whereas the UV power-law com-
ponent does not — consistent with it originating from a source not co-located with
the n = 2 H i clumps (e.g., unobscured host-galaxy light). Broad emission lines are
excluded from the fit by adopting continuum windows that avoid all major rest-frame
emission features (see below).

The fit proceeds in three sequential stages.

19



• Stage 1: the UV power-law amplitude and slope αUV are determined from emission-
line-free UV windows (rest-frame 1300–1420, 2000–2300, and 3400–3620 Å)[9].

• Stage 2: the Stage 1 UV SED is subtracted from the observed spectrum and the
residual optical continuum is fitted with the blackbody component in line-free opti-
cal windows (3655–4000, 4230–4280, 5100–5800, 6000–6270, and 7200–8000 Å)[9];
each window receives equal weight regardless of pixel count to prevent the fit being
dominated by wide wavelength regions.

• Stage 3: with the UV and optical SEDs frozen from Stages 1 and 2, we attenuate the
combined continuum with the Balmer-continuum optical depth (∝ ν−4) described
above blueward of 3646 Å, plus a sum of Voigt-profile line optical depth from the
higher Balmer series (upper level n = 3–100, each weighted by its oscillator strength
and total spontaneous decay rate) redward of 3646 Å, sharing a common Doppler
width vran. Both terms are evaluated over the window 3000–3800 Å, which brackets
the Balmer limit on both sides and is sensitive to both the depth of the break and
the level of the unattenuated optical continuum just redward of 3646 Å. We mask
3700–3760 Å, where [O ii]λ3727 blends with the high-n Balmer lines at PRISM
resolution. The two free parameters are NHI,n=2, which sets both optical depth
terms, and vran ∈ [10, 500] km s−1. Rather than a flat prior, logNHI,n=2 is given the
same prior constructed from the Hα fit posterior, while vran has a flat prior. The
flux uncertainties include a residual-scatter term of the same form as for the Balmer
lines, measured from the residuals about the Stage 1/2 continuum. We sample the
posterior with emcee (32 walkers, 12,000 steps, the first 2,000 discarded), with the
Stage 1/2 continuum held fixed.

We quantify the relative prominence of the optical continuum component through
the optical-excess parameter

fexc =
⟨fobs⟩opt − ⟨fUV⟩opt

⟨fUV⟩opt
, (1)

where ⟨fobs⟩opt and ⟨fUV⟩opt are the mean observed flux density and mean UV power-
law model flux density averaged over the Stage-2 optical windows, respectively. We
claim a Balmer-break detection only when two criteria are satisfied simultaneously:
(i) fexc ≥ 1, ensuring that a genuine red continuum component exists against which
a break can be measured; and (ii) ∆BIC > 0, computed with the pipeline flux uncer-
tainties, meaning the Stage-3 model is preferred over the Stage-2 model without
attenuation. Of the 11 LRDs in our sample, 9 satisfy both criteria. The remaining two
— GS 3073 (fexc = 0.36) and JADES GN 38147 (fexc = 0.63) — have UV-dominated
SEDs in which the optical continuum is too faint relative to the inner-disc UV to
anchor a reliable Balmer-break measurement. These two non-detections do not imply
an absence of n = 2 H i gas for SEDs.

Because both the Balmer break and the higher Balmer series lines are included
in the Stage 3 fit, we constrain NHI,n=2 and vran directly, rather than providing only
a saturation-limited lower bound on NHI,n=2 as a continuum-only fit would. For a
small number of objects, the fit remains prior-dominated (see flags in Extended Data
Table 3). Best-fit spectra for all objects are shown in the third column of Extended

20



Data Fig. 3 and 4 (for homogeneous fits that cannot produce the break, see Fig. 1
caption); full posterior distributions are shown in Extended Data Fig. 5 and 6, with
numerical values listed in Extended Data Table 3. Full posterior distributions from
both stages for GN 9771 and A2744 45924 are shown in Extended Data Figs. 9 and 10.

Line–break consistency test

For each of the 9 LRDs with a Balmer-break detection, we test whether the NHI,n=2

from the Hα fit can also produce the Balmer break. A model fails if either (i) the
median Hα NHI,n=2 lies more than a factor of 100 below the Balmer-break threshold,
NHI,n=2 ≈ 6× 1016 cm−2 (τBB = 1), i.e. τBB < 0.01, for which the break depth would
be below one percent; or (ii) the 84th percentile of the SED fit with the Hα prior
lies below 1016.5 cm−2 (τBB = 0.5), i.e. the fit cannot produce the break. Failures
under (i) are robust to the posterior width for 3 of the 6 homogeneous objects that
fail it (GN 9771, A2744 45924, and RUBIES UDS 154183): the 84th percentile of
the Hα NHI,n=2 also lies more than two orders of magnitude below the threshold.
Of the 9 detected objects, the clumpy model passes for all 9, and the homogeneous
model passes for 3 (RUBIES EGS 55604, RUBIES EGS 49140, and GN 15498). For
RUBIES EGS 49140 and GN 15498, the homogeneous Hα trough sits at the line center
(vexp ≈ 10–20 km s−1), where its depth depends on the host subtraction, and the Hα
NHI,n=2 posteriors are broad (68% intervals spanning 2.6 and 3.3 dex). Results are
summarized in Fig. 2 and Extended Data Table 3.

At NHI,n=2 from the Hα fit (Stage 2), the clumpy model reproduces the Hβ absorp-
tion feature, whereas the homogeneous model predicts absorption that is too weak, for
GN 9771, A2744 45924, and RUBIES UDS 154183 (Fig. 1 and Extended Data Fig. 3);
the reduced χ2 of the clumpy fit is lower by factors of 1.4–3.2 (Extended Data Tables 4
and 5). For the other objects, the two fits are comparable (χ2 ratios within 1.0–1.04).
For RUBIES EGS 42046, however, the homogeneous Hβ fit shows logNHI,n=2 ≈ 17.6,
nearly three orders of magnitude above its Hα value, so the tension there is between
the two lines rather than with the break (Fig. 2b); the clumpy fits agree within their
uncertainties.

Marginalized posterior distributions for all probes (Hα, Hβ, and SED, each with
and without the Hα-derived prior) are shown in Extended Data Fig. 5 and 6 for clumpy
and homogeneous models, respectively.

Nebular continuum and Hα intrinsic equivalent width

Extended Data Fig. 7 quantifies the equivalent width (EW) of Hα that a purely nebular
optical continuum would imply, before any optically thick Hα radiative-transfer effects.
This sets the baseline against which the observed LRD Hα EWs, and any proposed
Hα suppression, must be judged.

We compute the hydrogen nebular continuum as the sum of free–free emission and
the free–bound (radiative recombination) continua to n = 2 and n = 3,

jnebλ = jffλ + jfbλ (n=2) + jfbλ (n=3), (2)
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evaluated over rest-frame 1500–8000 Å. Free-bound recombination to n ≥ 4 contributes
≲ 3 percent of the continuum in this range and is neglected. Recombination coefficients
are from the tabulation of [74]. Two photon 2s → 1s emission is omitted: at the
densities invoked for LRD line-emitting gas in previous modeling (ne ≳ 105 cm−3,
well above the 2s critical density), collisional 2s ↔ 2p mixing redirects these decays
into Lyα; adding a two-photon term computed at ne = 109 cm−3 changes EWHα by
< 0.01 percent at every temperature tested. The gas is taken to be photoionized and
in Case B recombination [75], with bound-level populations taken in the low-density,
collisionless limit apart from the 2s ↔ 2p mixing noted above, and Hα is treated as
optically thin in this baseline emissivity calculation.

The intrinsic rest-frame EW is

EWint
Hα =

LHα

Lλ,neb(λHα)
, (3)

with LHα = nenp α
eff
Hα(T )hνHα V . Both the line and the continuum luminosity scale

with the emission measure
∫

nenp dV , so the electron density and emitting volume

cancel in the ratio and EWint
Hα depends only on temperature, through the atomic

coefficients. The adopted fiducial density (ne = np = 109 cm−3) is therefore immaterial
to the result; it is motivated by previous LRD modeling rather than by the present
Balmer radiative-transfer fits. We evaluate EWint

Hα on a grid of T = 103–105 K.
Extended Data Fig. 7 is built from this calculation. The left panel shows the

nebular continuum at T = 5000, 104, and 2× 104 K, each normalized to unity at rest-
frame 5500 Å, with Hα and Hβ drawn on top as Gaussian emission lines (velocity
dispersion 500 km s−1) whose integrated fluxes are set self-consistently from EWint

Hα

at that temperature and the Case B ratio Hα/Hβ = 2.86. The right panel plots
EWint

Hα against T ; the shaded band marks the representative observed LRD range,
EWHα ∼ 100–2000 Å [9].

Over the plotted grid EWint
Hα is of order 103–105 Å, and equals ≈ 1.4×104, 9.1×103,

and 5.7× 103 Å at T = 5000, 104, and 2× 104 K — roughly 10–100 times larger than
the observed LRD Hα EWs. A nebular-dominated optical continuum therefore over-
predicts the Hα equivalent width, and reconciling the two requires either substantial
Hα suppression or a separate, non-nebular optical-continuum component. Because
both the Hα line and the nebular continuum scale with the emission measure, this
equivalent width is set by atomic physics alone — independent of density, geometry,
and the number of emitting zones — and it stays ≳ 103 Å across the whole temper-
ature range, so a multi-temperature mixture cannot evade it either. Any model that
reproduces the observed, lower Hα equivalent widths from nebular gas — including
radiative-transfer treatments of dense LRD envelopes — must therefore invoke one of
the two routes above: additional suppression of Hα, or an optical continuum that is
not purely recombination emission. Although the red color of the nebular continuum
is set by fixed atomic thresholds (the Balmer edge at 3646 Å and the Paschen edge
at 8204 Å), its slope and break strength still depend on temperature; the continuum
shape is not temperature-independent.

The predicted EW also assumes that Hα is not collisionally suppressed. Collisional
de-excitation of the n = 3 level becomes significant only near its critical density
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ncrit = A/q [74], where A is the Einstein A coefficient and q the collisional de-excitation
rate coefficient. Averaged over the n = 3 sublevels the two radiative channels are
A32 ≈ 4.4×107 s−1 (Hα) and A31 ≈ 5.6×107 s−1 (Lyβ), so with q ≈ 1.6×10−7 cm3 s−1

at T = 104 K the critical density is ncrit ≈ 6×1014 cm−3 if both photons escape. In gas
optically thick to the Lyman series, the 3 → 1 decay does not remove the excitation:
the Lyβ photon is reabsorbed locally, since the Lyman lines scatter off the ground
state and are more optically thick still, and the atom is returned to n = 3, so that
a photon alternates in identity between Lyβ and Hα until it escapes as Hα [76]. The
radiative loss rate from n = 3 is then set by A32 alone and ncrit ≈ 3 × 1014 cm−3,
varying by less than a factor of two over T = 3000–2× 104 K. Including the collisional
3 → n > 3 channels, which depopulate n = 3 without necessarily destroying the
Hα photon, lowers this to ∼ 4 × 1013 cm−3. All of these lie well above the densities
invoked for LRD line-emitting gas in previous studies, nH ∼ 109–1011 cm−3[13, 19],
and above the 106–1010 cm−3 adopted where the optical continuum is attributed to
nebular emission[15].

The collisional process becomes more significant if the emission region is locally
optically thick for Hα. Considering scattering, the critical number density is given by

ncrit =
A32

qNscat
, (4)

where Nscat is the number of scatterings in the local emission region. For a photon
injected at line centre Nscat ∼ τ0, so that τ0 ∼ 103–104 at NHI,n=2 ∼ 1015.5–
1016.5 cm−2 places ncrit at ∼ 1010–1011 cm−3, within the density range of the
photoionization models above. Equivalently, a trapped Hα photon feeds the n = 3
population rather than escaping[74]. The Lyβ channel amplifies this further: each Lyβ
scattering is an absorption 1s → 3p followed by re-emission, and is therefore itself a
visit to n = 3, while n2/n1 ≪ 1 makes the Lyβ optical depth far exceed that of Hα.
With the 3p branching ratio of 0.88 into Lyβ and 0.12 into Hα, a photon undergoes
of order eight Lyβ scatterings for each conversion into Hα, so the number of n = 3
visits exceeds the Hα scattering count above by a comparable factor, lowering ncrit

to ∼ 109–1010 cm−3. In addition, the population of the n = 3 level is enhanced by
trapping, and the Paschen line also becomes optically thick.

The emission region cannot be arbitrarily optically thick, however, and the Hβ
line bounds it. The line-center cross-sections scale as fλ, giving σ0(Hβ)/σ0(Hα) ≈
0.14, so a region with τ0,Hα ∼ 103–104 has τ0,Hβ ∼ 102–103. At such depths, Hβ is
efficiently removed by 4p → 3 branching and converted to Paα and Hα [21], so the
region would destroy most of its own Hβ. Requiring instead τ0,Hβ ≲ 10, so that Hβ
survives, caps τ0,Hα at ∼70 and raises the density needed for collisional de-excitation
to ne ≳ 4 × 1012 cm−3, above the values quoted above. The observed Balmer ratios
therefore bound this channel, unless the observed Hβ originates in gas other than the
region invoked to suppress Hα.

Collisions also act in the opposite direction. Collisional excitation out of n = 2
populates n = 3 and adds Hα beyond its recombination value, overtaking recombina-
tion once n2/np ≳ 3× 10−6 at T = 104 K (4× 10−5 at 5000K), a ratio independent of

23



density. In a gas with the enhanced n = 2 populations inferred here, collisional exci-
tation therefore raises the intrinsic Hα equivalent width and widens the discrepancy,
while only collisional de-excitation relieves it. Modeling the balance requires solving
the level populations in an optically thick medium, which the present calculation does
not attempt.

Understanding the collisional processes and radiative transfer in the local emission
region is therefore important for the origin of the LRD continuum and for line for-
mation. The present work models the scattering region, but the emission region that
produces the Balmer lines and the recombination continuum warrants the same treat-
ment. If that region is locally optically thick and dense enough for collisional processes
to operate, the densities nH ∼ 1010–1011 cm−3 suggested for LRDs[13, 19] are directly
relevant to how the lines form.

Path length enhancement of resonance scattered Hα

Extended Data Fig. 8 measures how much extra H i column an Hα photon samples
because of resonance scattering, and converts that into an effective n = 3 bound–free
optical depth, to test whether Hα destruction during scattering can lower the intrinsic
EW established above.

We use rt-scat[21] in an idealized configuration that isolates the resonance scat-
tering path: a central point source emitting monochromatically at Hα line center; a
static outer H i sphere (vexp = 0km s−1, σran = 0km s−1) at T = 104 K, giving a
thermal Doppler parameter b ≈ 12.9 km s−1; Thomson scattering disabled (τTh = 0);
and an optically thin interclump medium. Both the homogeneous and clumpy geome-
tries are run, for Hα and (identically) Hβ, with NHI,n=2 = 1013–1020 cm−2 and, for
the clumpy model, covering factor fc ∈ {1, 2, 5, 10, 20, 50, 100} at fixed clump radius
rcl = 10−3R. Each configuration follows 105 photons; for Hα the escaping fraction is
unity (pure scattering, no true absorption), which we monitor as a consistency check,
while Hβ photons are additionally removed by 4p → 3 conversion. Because the source
is monochromatic and the medium is static, this calculation isolates the longest path
available under these assumptions; an intrinsic line width, bulk motion, or clump veloc-
ity dispersion would each be expected to shorten it, so the resulting enhancement is
approximately an upper limit.

For each escaping photon, we accumulate the path-integrated n = 2 column,

Npath
HI,n=2 =

∑

i

nHI,n=2,i ∆si, (5)

summed over all propagation segments through n = 2 gas, and define the enhancement
factor

Epath ≡

〈

Npath
HI,n=2

〉

NHI,n=2
, (6)

the ensemble mean over all escaping photons. The mean, rather than the median, is the
relevant statistic here because an absorption optical depth is additive along a photon’s
path. Extended Data Fig. 8 plots Epath against NHI,n=2; the upper axis gives the Hα
line-center optical depth τ0,Hα = σ0 NHI,n=2 with σ0 ≈ 5× 10−13 cm2 at T = 104 K.
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Across the covering factors recovered from the Hα fits (fc ≈ 3–90), Epath ≈ 2–30
over seven decades of column in both geometries, and we adopt a representative value
Epath ∼ 8 (homogeneous: 2.0–28.9 over the full grid, ≈ 8 near the fitted columns;
clumpy at fc = 20, the sample-median covering factor: ≈ 3–8). This is two to four
orders of magnitude below the naive expectation that a resonantly trapped photon
traverses of order τ0 radial columns before escaping (τ0,Hα ∼ 104–106 at the fitted
columns). The medium is instead in the regime where photons escape after frequency
redistribution — within the optically thick Doppler core at lower columns (a random
walk of many short steps), or into the optically thin damping wing at higher columns
(a few long flights) — with the accumulated path growing only as ≃ (aτ0)

1/3, where
a is the Voigt damping parameter[77, 78]. In the clumpy models Epath falls as fc
decreases: at fixed total column, fewer clumps are each more optically thick, and a
photon that strikes one is re-emitted from its thin surface layer rather than crossing it.
Below fc ≈ 3 the medium is porous — some Hα photons escape without intersecting
any clump — and Epath < 1.

Extended Data Fig. 8 measures path enhancement, not Hα destruction. To connect
the two we form the path-integrated n = 3 column,

Npath
n=3 =

n3

n2
Epath NHI,n=2, (7)

taking for n3/n2 its LTE (Boltzmann) value at the temperature of the cool absorbing
layer, computed from the level statistical weights and the n = 2–3 excitation energy:
n3/n2 ≈ 0.03–0.25 for T ≈ 5000–104 K. This is an overestimate — resonant Lyα
trapping enhances the n = 2 population and lowers the true n3/n2 below its LTE
value — so the τbf,eff derived below is an upper limit. The effective Hα bound–free
optical depth is

τbf,eff(Hα) = σbf,n3(Hα)N
path
n=3 , (8)

with σbf,n3(Hα) ≈ 1 × 10−17 cm2 — the Paschen-edge threshold cross-section (2.1 ×
10−17 cm2 at 8206 Å) scaled by (ν3/νHα)

3 ≈ 0.5[29]. At the fitted columns (NHI,n=2 ∼
1017 cm−2) this gives τbf,eff ≈ 0.2–2; even at this LTE upper limit the Hα reduction
is at most ∼ 85 percent, short of the factor ∼ 10–100 the EW discrepancy requires.

An Hα photon that photoionizes hydrogen from n = 3 is not necessarily lost, since a
subsequent recombination can regenerate Hα. Writing the destruction probability per
n = 3 photoionization as ϵdest, so that τdest,eff ≃ ϵdest τbf,eff , the estimate above takes
the conservative maximum ϵdest = 1 (every photoionization permanently removes one
Hα photon). Since the reduction falls short of the required factor ∼ 10–100 even in this
limit, allowing for recombination recycling (ϵdest < 1) does not change the conclusion.

Producing a factor-of-10 Hα suppression would instead require Nn=3 ∼ 3 ×
1016 cm−2. The same n = 3 column implies a Paschen continuum break of optical
depth τ ∼ 0.6 and a Paα line-center optical depth ∼ 103–104 (the bound–bound
to bound–free cross-section ratio σbb(Paα)/σbf,n3 ≈ 104), i.e. saturated Paschen line
absorption. Saturated Paschen-line absorption is absent in the LRDs with measured
Paschen lines, even though these same objects show clear Balmer absorption [66, 67];
the weaker continuum break is not yet constrained and could be partly filled in by
Paschen recombination continuum. The same constraint applies to the collisional route
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above, but for a different reason: bound–free suppression requires a large n = 3 popu-
lation as a prerequisite, whereas collisional de-excitation under line trapping produces
one as a consequence. Both therefore predict the same Paschen signature, and its
depth scales with the claimed suppression, reaching τPaα ≈ 0.94 τHα at 104 K in the
fully thermalized limit. Paschen features lie redward of rest-frame 1µm and are diffi-
cult to measure at these redshifts, so this is not a proof; but it shows that resolving
the EW puzzle through n = 3 bound–free suppression of Hα carries an observa-
tional cost, saturated Paschen-line absorption that is not observed, which a separate
optical-continuum component does not, and that Paschen-band spectroscopy is a clean
discriminating test [15].

Dust along this same enhanced path could similarly extinguish Hα relative to the
continuum, independent of the bound–free mechanism above. However, current LRD
models generally invoke dust-poor or dust-free line-emitting gas, and direct evidence
for dust in this medium is lacking, so we do not pursue this further.

Extended Data

Table 1 LRD sample. Objects sorted by redshift. z[OIII]: systemic redshift from the
[O iii]4960,5008 doublet. Grating: NIRSpec disperser used for Balmer-line profile fitting. R:
approximate spectral resolution at Hβ. S/N(Hα), S/N(Hβ): integrated-line signal-to-noise measured
from our flux-calibrated spectra. PID: JWST programme ID. PI: proposal principal investigator(s).

Object z[OIII] Grating R S/N(Hα) S/N(Hβ) PID PI
RUBIES UDS 154183 3.548 G235H 2700 49 7 9433 Maiolino
A2744 45924 4.464 G395M 1000 498 129 8204 Greene & Labbe
JADES GN 68797 5.039 G395M 1000 174 13 1181 Eisenstein
GN 15498 5.085 G395H 2700 26 5 5664 Matthee
RUBIES EGS 42046 5.276 G235M 1000 88 11 4233 De Graaff & Brammer
GS 13971 5.482 G395H 2700 57 10 5664 Matthee
GN 9771 5.535 G395H 2700 342 39 5664 Matthee
GS 3073 5.553 G395H 2700 242 98 1216 Lützgendorf
JADES GN 38147 5.867 G395M 1000 36 7 1181 Eisenstein
RUBIES EGS 49140 6.685 G235M 1000 57 17 4233 De Graaff & Brammer
RUBIES EGS 55604 6.983 G235M 1000 55 15 4233 De Graaff & Brammer
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Table 2 Free parameters of the Balmer-line
radiative-transfer models. NHI,n=2 is the total
H i column density for both models; in the
clumpy case, the individual clump column
density is NHI,cl =

3
4
NHI,n=2/fc (derived).

Dashes indicate the parameter does not apply
to that model; ‘same’ denotes an identical range
to the homogeneous model. Te and rcl are fixed.

Parameter Homogeneous Clumpy
NHI,n=2 [cm−2] 1012–1020 same
vexp [ km s−1 ] −400 to +400 same
σemit [ km s−1 ] 100–300 same
σran [ km s−1 ] 50–150 same
τTh 0.5–3.0 same
fc — 1–100

Table 3 Balmer-break SED fitting results for all 11 LRDs. αUV: UV power-law slope from
Stage 1. TBB: effective optical continuum temperature from Stage 2; this is a fitting parameter, not
a physical temperature (see text). fexc: optical-excess parameter (equation 1); these three columns
do not depend on the H i velocity model. log NHI,n=2 and vran are the Stage-3 high-n Balmer
series fit values (see text), reported separately for the clumpy and homogeneous models since each
is fit with its own model-specific Hα-derived prior on log NHI,n=2. Superscripts/subscripts give the
84th/16th percentiles of the Stage-1, Stage-2, and Stage-3 posteriors. The last two rows (GS 3073
and JADES GN 38147) did not satisfy the detection criterion (fexc < 1); dashes indicate that the
Stage-3 high-n Balmer series fit is not meaningful for these objects. For JADES GN 38147, the
optical excess is too weak to constrain TBB. ‡: the 84th percentile of NHI,n=2 is below 1016.5 cm−2

(τBB = 0.5), too low to produce the Balmer break; the median is given and vran is unconstrained.

Clumpy Homogeneous
Object z αUV TBB (K) fexc log NHI,n=2 (cm−2) vran ( km s−1) log NHI,n=2 (cm−2) vran ( km s−1)

GN 9771 5.535 −0.87+0.05
−0.05 5344+114

−109 1.95+0.13
−0.13 17.02+0.03

−0.03 400+67
−85 13.75‡ —

A2744 45924 4.464 −0.43+0.06
−0.06 4802+71

−70 2.65+0.19
−0.19 17.20+0.06

−0.06 388+74
−88 14.08‡ —

RUBIES EGS 49140 6.685 −0.62+0.12
−0.11 4712+224

−209 2.80+0.31
−0.27 18.29+0.38

−0.46 275+96
−80 17.86+0.44

−0.32 300+100
−87

RUBIES EGS 55604 6.983 −1.08+0.10
−0.10 4644+329

−300 2.27+0.23
−0.24 17.54+0.24

−0.19 356+89
−94 17.40+0.17

−0.13 367+84
−93

JADES GN 68797 5.039 −0.70+0.18
−0.17 3396+89

−87 5.64+1.04
−0.90 17.57+0.25

−0.26 151+129
−74 14.41‡ —

RUBIES EGS 42046 5.276 −0.25+0.16
−0.16 4913+343

−312 1.26+0.34
−0.28 17.46+0.30

−0.21 342+105
−118 17.70+0.28

−0.28 330+111
−116

RUBIES UDS 154183 3.548 −1.13+0.66
−0.61 4106+90

−87 18.15+14.32
−7.70 17.59+0.54

−0.34 211+129
−82 13.93‡ —

GN 15498 5.085 −1.80+0.20
−0.20 4255+196

−187 6.63+1.68
−1.36 18.18+0.48

−0.58 269+142
−131 17.92+0.56

−0.48 278+138
−135

GS 13971 5.482 −1.65+0.11
−0.11 3680+251

−236 2.90+0.43
−0.40 16.81+0.47

−1.44 200+188
−138 14.81‡ —

GS 3073 5.553 −1.61+0.02
−0.02 8699+1565

−1075 0.36+0.02
−0.02 — — — —

JADES GN 38147 5.867 −1.52+0.11
−0.11 — 0.63+0.17

−0.16 — — — —
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Fig. 1 Scattering geometry of the homogeneous (left) and clumpy (right) H I gas. A
central isotropic source (yellow) emits Hα and Hβ emission with a Gaussian profile of width σemit. The
source is surrounded by two concentric regions: an inner, fully ionized H II region (green, r < 0.01Ro)
with Thomson optical depth τTh, and an outer neutral H I region (grey, 0.01Ro < r < Ro) with a
significantly populated n = 2 level and total column density NHI,n=2 and a random motion σran. Red
arrows: bulk radial outflow velocity vexp, constant with radius (v(r) = vexp). Left: the H i region is a
uniform-density sphere; this homogeneous-model geometry follows [21], Fig. 15. Right: the same total
column NHI,n=2 is instead distributed among discrete, optically thick clumps of radius Rcl ≪ Ro

and column density NHI,n=2,cl, related by NHI,n=2 = 4
3
fcNHI,n=2,cl, where fc is the covering factor,

which is the average number of clumps from the central source. Individual clumps additionally carry
a random peculiar velocity dispersion σran. The random motion within clumps is the thermal motion,
as their temperature is at T = 104 K. This clumpy-medium treatment follows [25, 28].
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Fig. 2 Effect of covering factor fc on Hα and Hβ profiles at fixed total column den-
sity. Simulated Hα (left) and Hβ (right) profiles from direct RT-SCAT Monte Carlo outputs
(no emulator) at fixed representative parameters (log NHI,n=2 = 17 [cm−2], vexp = 100 km s−1,
σemit = 200 km s−1, σran = 100 km s−1, τTh = 1.5), for clumpy models with fc = 5, 10, 20 and
the homogeneous case. The primary contrast is between clumpy and homogeneous: all three clumpy
models show dramatically weaker Hα absorption than the homogeneous case at the same NHI,n=2,
while Hβ absorption is reduced far less. This asymmetric response — the porous clump geometry
selectively suppresses Hα while retaining substantial Hβ absorption — may be the physical origin of
the Hα–Hβ absorption discrepancy observed in LRDs. The three fc values cluster together in both
panels, indicating that the surface-scattering regime is reached robustly across the range of covering
factors inferred from the data[26, 27].
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Fig. 3 Hα, Hβ, and Balmer-break fits for the remaining 9 LRDs (1 of 2). Format
and colors as in Fig. 1; GN 9771 and A2744 45924 are shown in Fig. 1. One row per object, in
order: RUBIES EGS 49140, RUBIES EGS 55604, JADES GN 68797, RUBIES EGS 42046, and
RUBIES UDS 154183. The remaining 4 objects are shown in Extended Data Fig. 4.
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Fig. 4 Hα, Hβ, and Balmer-break fits for the remaining 9 LRDs (2 of 2). Format and
colors as in Fig. 1; the first 5 objects are shown in Extended Data Fig. 3. One row per object, in
order: GN 15498, GS 13971, GS 3073, and JADES GN 38147. GS 3073 and JADES GN 38147 did not
satisfy the Balmer-break detection criterion (fexc < 1); their SED panels show only the continuum
without a break and are labeled ‘No Balmer Break’. For GN 15498, the Hα panel shows both observed
spectra for the clumpy and homogeneous models, since the two diverge visibly for this object due to
different [O III]-based subtraction.

31



log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0
P/
P p

ea
k

GN 9771

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

JADES GN 68797

H  (without prior)
H  (with H  prior)
H  (without prior)
SED (with H  prior)
SED (without prior)

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

P/
P p

ea
k

A2744 45924

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

GN 15498

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

GS 13971

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

P/
P p

ea
k

RUBIES EGS 42046

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

RUBIES EGS 49140

log NHI, n = 2 [cm 2]
0.0

0.2

0.4

0.6

0.8

1.0

RUBIES EGS 55604

12 14 16 18 20
log NHI, n = 2 [cm 2]

0.0

0.2

0.4

0.6

0.8

1.0

P/
P p

ea
k

RUBIES UDS 154183

12 14 16 18 20
log NHI, n = 2 [cm 2]

0.0

0.2

0.4

0.6

0.8

1.0 No Balmer Break

GS 3073

12 14 16 18 20
log NHI, n = 2 [cm 2]

0.0

0.2

0.4

0.6

0.8

1.0 No Balmer Break

JADES GN 38147

Clumpy Gas

Fig. 5 NHI,n=2 posteriors for all 11 LRDs, clumpy model. Each panel shows, for one object,
the one-dimensional posterior probability density (peak-normalised) for log NHI,n=2 from five probes:
the Hα-only fit (solid); the Hβ fit with the Hα-derived NHI,n=2 prior (solid) and without this prior
(dashed); and the Balmer-break SED fit with the Hα-derived prior (solid) and without this prior
(dotted). The Hα and SED-with-prior posteriors are shaded, and the vertical dotted line marks
τBB = 1. Hα and Hβ posteriors are from the full MCMC chains; SED posteriors are from the Stage-3
MCMC chains (see Methods). GS 3073 and JADES GN 38147 have no SED posteriors because these
two objects have no Balmer break.
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Fig. 6 NHI,n=2 posteriors for all 11 LRDs, homogeneous model. As Extended Data Fig. 5,
for the homogeneous radiative-transfer model.
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Fig. 7 Nebular continuum with Hα and Hβ emission, and the equivalent-width cost of
a nebular-dominated optical continuum. Left: the hydrogen nebular recombination continuum
(free–free + free–bound; two-photon emission omitted) at T = 5000, 104, and 2× 104 K, normalized
to unity at rest-frame 5500 Å, with the Hα and Hβ emission it implies drawn on top at the self-
consistent single-zone Case B equivalent widths of the right panel (Gaussian, 500 km s−1). Right:

the intrinsic EWHα implied if the nebular continuum alone supplies the observed optical continuum,
versus T (electron density and emitting volume cancel in this ratio); vertical lines mark the three
left-panel temperatures, the shaded band the representative observed LRD range, ∼ 100–2000 Å. The
thin dashed curve shows the corresponding EWHβ , shown for consistency with the Hβ line drawn in

the left panel and not as an independent constraint. Over the plotted range EWHα ∼ 103–105 Å, one
to two orders of magnitude above typical observed LRD values. See Methods.

Table 4 Homogeneous (smooth) model fitted parameters. Median and 68 percent credible
intervals for all 11 LRDs, from the individual-fit chain (see Methods): for each object, the Hα row
is the Hα-only fit; the Hβ row is the Hβ fit using the NHI,n=2 posterior of this Hα fit as a prior.
Object order as in Fig. 2. Italicized rows (GS 3073 and JADES GN 38147) have no Balmer-break
detection; line-fitting results are included for completeness. vexp: envelope expansion velocity
(negative values indicate infall). σemit: intrinsic emission-line width. σran: random velocity
dispersion. τTh: Thomson optical depth. χ2

r : χ
2 of the median posterior model per spectral bin

(|v| < 3000 km s−1 for Hα, < 2000 km s−1 for Hβ).

Object Fit log NHI,n=2 (cm−2) vexp (km s−1) σemit (km s−1) σran (km s−1) τTh χ2
r

GN 9771
Hα 13.75+0.03

−0.03 173+6
−6 227+8

−8 118+4
−4 1.79+0.02

−0.02 1.30
Hβ 13.79+0.03

−0.03 353+28
−8 135+30

−24 71+15
−14 2.93+0.05

−0.13 1.25

A2744 45924
Hα 14.08+0.02

−0.02 −25+2
−2 102+3

−1 149+0
−1 1.88+0.01

−0.01 14.07
Hβ 14.14+0.02

−0.02 −256+12
−70 295+4

−10 123+6
−12 2.99+0.01

−0.04 5.38

RUBIES EGS 49140
Hα 16.20+1.67

−0.91 12+8
−7 157+101

−44 102+42
−43 1.81+0.14

−0.16 0.49
Hβ 17.27+0.77

−1.53 −73+82
−88 200+70

−69 109+26
−25 2.41+0.39

−0.49 0.29

RUBIES EGS 55604
Hα 15.86+1.03

−0.96 260+32
−24 272+21

−42 69+21
−13 1.71+0.09

−0.09 0.44
Hβ 16.25+0.73

−0.77 158+103
−90 204+67

−70 104+28
−26 2.50+0.33

−0.47 0.22

JADES GN 68797
Hα 14.30+0.66

−0.30 320+16
−15 221+27

−31 81+28
−21 1.80+0.05

−0.04 1.33
Hβ 14.92+0.37

−0.62 279+84
−112 191+72

−64 113+27
−37 2.54+0.32

−0.49 0.29

RUBIES EGS 42046
Hα 14.71+0.30

−0.15 331+24
−21 144+41

−29 141+7
−22 1.74+0.08

−0.08 0.82
Hβ 17.60+0.35

−2.29 303+69
−102 193+71

−65 118+22
−30 1.65+0.67

−0.57 0.19

RUBIES UDS 154183
Hα 13.92+0.22

−0.19 −57+20
−24 280+14

−25 131+13
−20 1.11+0.09

−0.08 0.23
Hβ 13.98+0.25

−0.22 −165+251
−131 206+67

−73 101+34
−34 2.43+0.40

−0.59 0.21

GN 15498
Hα 14.96+2.38

−0.95 21+52
−14 273+20

−53 95+40
−37 1.00+0.12

−0.16 0.30
Hβ 14.97+2.10

−0.89 −107+217
−150 198+70

−68 98+35
−33 2.38+0.44

−0.70 0.30

GS 13971
Hα 14.75+0.50

−0.41 119+27
−27 275+18

−37 59+13
−7 1.20+0.09

−0.09 0.32
Hβ 14.76+0.50

−0.42 44+243
−294 201+67

−68 100+35
−33 1.72+0.88

−0.82 0.09

GS 3073
Hα 13.78+0.29

−0.98 100+154
−25 292+6

−12 139+8
−58 1.77+0.07

−0.11 0.50
Hβ 13.87+0.23

−0.99 −54+218
−126 254+33

−55 104+32
−35 1.34+0.22

−0.21 0.18

JADES GN 38147
Hα 14.97+1.41

−0.96 232+95
−83 155+80

−41 80+36
−21 0.78+0.18

−0.16 0.27
Hβ 14.94+1.40

−0.94 1+269
−267 203+67

−70 99+35
−33 1.66+0.91

−0.81 0.08
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Fig. 8 The n = 2 neutral-hydrogen column sampled by a resonantly scattered Hα photon
exceeds the radial column by only a factor ∼8. Ensemble-mean path-integrated n = 2 column
divided by the radial column NHI,n=2, from rt-scat Monte Carlo runs of 105 line-center Hα photons
per grid point through a static H i medium (τTh = 0), for the homogeneous model (solid) and
clumpy models with rcl = 10−3R and covering factor fc = 1–100 (dashed, color-coded; fc = 20, the
sample-median value, drawn heavier). Upper axis: Hα line-center optical depth τ0,Hα = σ0 NHI,n=2,
σ0 ≃ 5× 10−13 cm2. The amplification is ≈ 2–30 across seven decades of column in both geometries
(representative value ∼8) — two to four orders of magnitude below the ∼ τ0 expected for a core-
trapped photon. Converted to an n = 3 bound–free optical depth, this is short of the factor ∼ 10–100
suppression of Hα the equivalent-width puzzle would require (see Methods). Hβ (not shown): ratio
below unity throughout.
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Fig. 9 Posterior distributions of the Balmer-line radiative-transfer fits for GN 9771.
The lower-left triangle shows the clumpy model and the upper-right triangle the homogeneous model,
with the axes of the upper triangle transposed. Dark blue and red show the Hα-only fit (Stage 1),
and light blue and orange show the Hβ-only fit (Stage 2), which uses the NHI,n=2 prior from the Hα
fit of the same model (see Methods). Filled contours mark the 68 and 95 percent credible regions; Hβ
contours have dashed outlines. Diagonal panels show the one-dimensional marginalized posteriors,
each normalized to unit peak (solid: Hα, dashed: Hβ). The homogeneous model has no fc, so its
column is left empty. Axis ranges span the full prior ranges of Extended Data Table 2; the remaining
nuisance parameters are marginalized over. With the Hα-based prior, the Hβ fits of both models
stay at NHI,n=2 from Hα (logNHI,n=2 ≈ 15.8 and 13.8 [cm−2] for clumpy and homogeneous). The
homogeneous Hβ fit is pushed to the upper prior bounds of vexp and τTh and still underpredicts the
Hβ absorption (Fig. 1), whereas the clumpy Hβ fit reproduces it.
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Fig. 10 Posterior distributions of the Balmer-line radiative-transfer fits for
A2744 45924. Same as Extended Data Fig. 9. The clumpy Hα posterior is bimodal, with modes
at logNHI,n=2 ≈ 14 and 16 [cm−2] that differ in fc; the clumpy Hβ fit selects the upper mode
(logNHI,n=2 ≈ 16.1). The homogeneous Hβ fit stays close to NHI,n=2 from Hα (logNHI,n=2 ≈ 14.1),
is pushed to the upper τTh and σemit bounds, and still underpredicts the Hβ absorption (Fig. 1). For
this object, the host Balmer decrement sits at its upper limit of 3.3 in both models.
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Table 5 Clumpy model fitted parameters. As Extended Data Table 4, for the clumpy
radiative-transfer model (adds the covering factor fc, shown as log fc). All other columns and
sources as in Extended Data Table 4.

Object Fit log NHI,n=2 (cm−2) log fc vexp (km s−1) σemit (km s−1) σran (km s−1) τTh χ2
r

GN 9771
Hα 15.71+0.27

−0.43 0.83+0.05
−0.05 169+6

−6 244+10
−9 91+3

−3 1.80+0.02
−0.02 1.15

Hβ 15.75+0.24
−0.35 1.49+0.30

−0.22 178+48
−44 229+48

−86 97+21
−21 2.88+0.08

−0.14 0.39

A2744 45924
Hα 15.27+0.76

−1.37 1.26+0.45
−0.09 −28+5

−12 111+83
−10 144+5

−17 1.89+0.01
−0.01 13.88

Hβ 16.08+0.15
−0.12 1.87+0.10

−0.14 −106+23
−23 257+28

−47 92+8
−8 2.90+0.07

−0.12 2.13

RUBIES EGS 49140
Hα 18.24+0.40

−0.82 1.50+0.31
−0.30 16+10

−9 217+59
−80 127+17

−30 1.79+0.13
−0.15 0.30

Hβ 18.33+0.38
−0.60 1.56+0.30

−0.36 −84+89
−89 199+72

−70 117+22
−28 2.49+0.34

−0.46 0.29

RUBIES EGS 55604
Hα 16.60+0.83

−1.25 1.75+0.18
−0.28 256+33

−30 272+21
−70 69+12

−11 1.77+0.10
−0.10 0.50

Hβ 16.91+0.63
−0.95 1.57+0.29

−0.33 170+106
−92 203+69

−70 107+27
−27 2.53+0.31

−0.45 0.23

JADES GN 68797
Hα 15.17+2.47

−0.86 1.47+0.45
−0.87 314+22

−33 168+46
−51 62+19

−9 1.84+0.07
−0.06 1.88

Hβ 17.44+0.33
−2.49 1.40+0.39

−0.52 288+79
−117 197+70

−66 108+29
−34 2.45+0.38

−0.50 0.28

RUBIES EGS 42046
Hα 16.16+1.08

−1.19 1.46+0.23
−0.19 347+28

−30 116+25
−12 135+10

−22 1.76+0.09
−0.08 0.73

Hβ 16.89+0.64
−0.88 1.71+0.21

−0.32 313+63
−104 201+66

−68 123+19
−30 1.78+0.64

−0.54 0.20

RUBIES UDS 154183
Hα 15.51+1.97

−1.44 1.20+0.46
−0.40 −53+17

−21 272+20
−31 105+23

−25 1.05+0.10
−0.12 0.24

Hβ 16.86+1.02
−1.66 1.41+0.40

−0.57 −170+105
−110 206+67

−73 107+30
−34 2.05+0.62

−0.69 0.15

GN 15498
Hα 17.62+0.88

−3.13 1.57+0.30
−0.37 31+34

−16 254+34
−81 95+29

−29 0.86+0.17
−0.19 0.26

Hβ 17.75+0.80
−2.71 1.03+0.62

−0.63 −100+250
−161 203+67

−71 100+35
−34 2.40+0.42

−0.70 0.30

GS 13971
Hα 15.47+1.33

−0.86 1.51+0.32
−0.31 122+24

−25 275+18
−34 54+6

−3 1.20+0.10
−0.10 0.33

Hβ 15.41+1.37
−0.84 1.02+0.66

−0.67 29+252
−291 200+68

−68 99+34
−33 1.73+0.86

−0.82 0.09

GS 3073
Hα 14.23+1.94

−0.52 1.33+0.50
−0.51 91+27

−22 287+10
−20 121+16

−16 1.78+0.06
−0.07 0.47

Hβ 14.28+1.65
−0.53 1.01+0.66

−0.65 −31+141
−131 246+38

−63 102+33
−35 1.30+0.23

−0.23 0.18

JADES GN 38147
Hα 15.72+1.65

−1.75 1.21+0.51
−0.64 251+89

−120 139+63
−29 86+36

−25 0.79+0.19
−0.17 0.30

Hβ 15.67+1.69
−1.77 0.99+0.68

−0.65 −2+269
−272 205+66

−71 99+35
−34 1.69+0.89

−0.84 0.08
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