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ABSTRACT

Context. Little Red Dots (LRDs) are a new class of compact extragalactic objects, with a v-shaped optical spectral energy distribution
breaking close to the Balmer break wavelength, and broad, typically exponentially-shaped lines. They are believed to be supermassive
black holes surrounded by very dense, ionized gas, leading us to explore for any departures from case B recombination in these
systems.
Aims. In this paper, we examine the ratios of multiple hydrogen Balmer lines: Hα, Hβ, Hγ, and Hδ to determine whether there is
indication for deviation from simple case B recombination processes.
Methods. We analyze a dozen high-S/N LRDs with JWST/NIRSpec, measuring Balmer ratios in the seven objects with coverage of
at least three lines. We decompose the line ratios into their respective broad and narrow components.
Results. Broad line ratios are consistent with Case B plus severe dust extinction in all objects but one, RUBIES EGS-49140 at
z = 6.68, which departs from Case B expectations by more than 5σ. The narrow components are consistent with minimal dust
attenuation, while two objects exhibit narrow Hα/Hβ ≈ 1.8.
Conclusions. Such low decrements are observed in highly ionized density bounded nebulae, associated with starburst environments.
Nevertheless, both flat decrement cases can be reconciled assuming an unresolved absorption feature. RUBIES EGS-49140, shows a
high broad Hα/Hβ, but Hγ/Hα and Hδ/Hα ratios are lower than expected for extinction-modified case B, hinting at an unphysically
steep dust law. These line ratios may be due to increased optical depth in the Balmer lines, as a direct effect of high density (logne >
9) gas surrounding the black hole. If case B recombination does hold in most LRDs, they must be moderate-to-heavily dust obscured
(AV ≃ 1 − 8) while the host-galaxy should be dust-free, suggesting that the extinction in the broad lines is local to the LRD and not
due to the general ISM of the host galaxy.

Key words. Galaxies: active – Galaxies: nuclei – Galaxies: high-redshift – Galaxies: individual: RUBIES-EGS-49140 – Line:
profiles – dust, extinction

1. Introduction

Over the past few years JWST has uncovered a growing number
of high redshift luminous objects displaying broad recombina-
tion lines. Among these broad line systems, a new population of
red, compact, point-like sources has emerged. These “Little Red
Dots” (LRDs, Greene et al. 2024; Matthee et al. 2024), exhibit
blue UV colors and red optical slopes in the rest frame, with the
inflection point occurring ubiquitously around the Balmer break
(Setton et al. 2024). The observed spectral energy distributions
(SEDs) of LRDs could initially be approximately reproduced by
a range of models – from dust-obscured active galactic nuclei
(AGN) with minimal stellar mass, to massive stellar populations,
or a combination of both (Killi et al. 2024; Rinaldi et al. 2024;
Wang et al. 2024) – but now, more extreme Balmer breaks in
the SEDs clearly rule out a stellar origin or standard AGN sce-
nario (Naidu et al. 2025; de Graaff et al. 2025b). With the nature
of LRDs still under debate, the prevailing consensus suggests
that they host supermassive black holes (SMBHs), based on the
broad width and high luminosities of their Balmer lines and
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their compact spatial sizes (Harikane et al. 2023; Maiolino et al.
2024; Rusakov et al. 2025).

The interpretation that these objects are AGN has faced
several challenges. Firstly, recent work reports a lack of x-
ray emission, even with non-detections in deep Chandra imag-
ing, (Akins et al. 2024; Ananna et al. 2024; Kokubo & Harikane
2024; Maiolino et al. 2025; Yue et al. 2024), as well as an ab-
sence of radio emission (Akins et al. 2024; Gloudemans et al.
2025; Mazzolari et al. 2024; Setton et al. 2025). Secondly, their
rest-frame mid- and far-IR SEDs are flat, implying that their
red colours are not primarily due to extreme dust extinc-
tion (Pérez-González et al. 2024), combined with a lack of
hot, dusty torus emission (Akins et al. 2024; Williams et al.
2024; Setton et al. 2025). As mentioned above, many objects
show Balmer breaks with varying strengths (Setton et al. 2024;
de Graaff et al. 2025b; Ji et al. 2025) with Naidu et al. (2025)
reporting the strongest Balmer break to date, indicating a pos-
sible old stellar component in their SED (Wang et al. 2024),
or, more likely, absorption by dense gas surrounding the broad
line region (BLR) (Rusakov et al. 2025; Naidu et al. 2025;
Inayoshi & Maiolino 2025; Kido et al. 2025). Furthermore, if
the Balmer line widths are dominated by Doppler broadening,
then the inferred black holes are too massive compared to the
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local MBH − Mstar relation given their host galaxy stellar mass
(Maiolino et al. 2024), and given the high redshift of these ob-
jects z ≳ 4, this may require heavy black hole seeds masses
(Trinca et al. 2023). Recent work by Rusakov et al. (2025) rec-
onciles some of the above tensions by showing that the dominant
permitted-line broadening is due to electron scattering of pho-
tons in a very dense cocoon of ionized gas surrounding the black
hole (see also e.g. Chang et al. 2025; D’Eugenio et al. 2025b;
Torralba et al. 2025). This results in 1–2 dex lower black hole
masses, and provides a natural explanation for the x-ray weak-
ness of these objects, as they would be high accretion rate objects
with strong Compton cooling of the corona producing the hard
x-rays.

The V-shaped continua of LRDs pose yet another puzzle;
the red optical slopes suggest significant dust-attenuation (AV ≃

2 − 4), while their blue UV spectra imply AV ≃ 0 (Killi et al.
2024; Casey et al. 2024). Recent JWST studies have investi-
gated the dust content in LRDs in an attempt to resolve this.
Rinaldi et al. (2024) use SED modeling on a sample of LRDs
to retrieve an average AV ≃ 1.2 under pure stellar assump-
tions, while using an AGN template yields AV ≃ 2.7. Spectro-
scopic studies of the Balmer decrement (Hα/Hβ) in LRDs fur-
ther reveal that narrow lines are consistent with no extinction
(Hα/Hβ ≃ 2.5), while for the broad components, Hα/Hβ ≳ 8.9
(AV ≳ 3.6) on average, indicating severe dust extinction in the
broad line region (Brooks et al. 2025). Also, Killi et al. (2024)
find similar results, by estimating the AV both from continuum
fits and the narrow and broad Balmer decrements. However, cau-
tion must be used when using the Balmer decrement to infer the
dust properties of LRDs. In very high electron density conditions
(log ne > 8, Netzer 1975; Drake & Ulrich 1980), Case B may not
be a valid assumption: self-absorption of Balmer photons, colli-
sional excitation to n > 2 and collisional de-excitation, render
the Balmer lines optically thick. Both dust extinction and such
deviations from Case B may modify the Balmer decrement in
similar ways (Netzer 1975; Drake & Ulrich 1980). This degen-
eracy can be lifted by examining higher-order Balmer lines (e.g.
Hγ, Hδ): simple dust extinction reduces the Hγ/Hα and Hδ/Hα
ratios in a manner that is consistent with the adopted extinction
curve and inferred AV , whereas the effects of high density can
alter each ratio in a different way, depending on the local neb-
ular conditions. As these changes can be accurately predicted
with radiative-transfer calculations (see Chang et al. 2025, for a
discussion of the above in the context of LRDs), the observed
Balmer ratios can in principle be used to constrain the density of
the emitting gas, and to some degree, the electron temperature
(Te). Thus, in the context of high z AGN and LRDs, by analyz-
ing multiple Balmer line ratios and treating the broad and narrow
components separately, one can (i) estimate the various AV val-
ues for objects consistent with Case B, determining whether the
red continuum is primarily due to a dust-reddened AGN with the
blue UV originating from star formation (or vice versa), and (ii)
when deviations from Case B are present, use the pattern of line
ratios to estimate physical conditions in the BLR and NLR.

In this work, we use medium and high resolution spectra to
decompose the Hα, Hβ, Hγ and Hδ lines of a sample of high
SNR LRDs into their narrow and broad components. We exam-
ine potential deviations from Case B recombination by comput-
ing the flux ratios for every component. We introduce the spec-
troscopic sample and describe our methodology in Section 2.
The measured flux ratios, the inferred AV values, as well any
departures from Case B are presented in Section 3. We discuss
the implications of these findings on the nature of LRDs in Sec-
tion 4, and conclude with a summary in Section 5. Upper limits

are quoted at the 95% confidence limit. Detections are claimed
at 3σ or greater significance.

2. Observations and Methods

2.1. Observations

We build on the work of Rusakov et al. (2025) by analyzing a
subset of the LRDs included in their sample. Their dataset con-
sists of broad-line JWST galaxies, with Hα linewidths greater
than 1000 km s−1, median SNR > 5 per 10Å for the continuum-
subtracted region ± 2000 km s−1 around the Hα line, available
in medium or high resolution grating spectra. They also include
a stack of objects with lower SNR (1 < SNR/10 Å< 5) spec-
tra. From this parent sample, we select objects with medium- or
high-resolution spectral coverage of the Hα, Hβ, and Hγ lines,
while the Hδ line is also used when available. The data are
publicly available from several JWST observing programs using
the NIRSpec spectrograph (Jakobsen et al. 2022) with Program
IDs: 1181 (JADES; Eisenstein et al. 2023), 4233 (RUBIES;
de Graaff et al. 2025a) and 1345 (CEERS; Finkelstein et al.
2023). We use version 4 (‘v4’) of the reduced spectra, retrieved
from the DAWN JWST Archive (DJA1, de Graaff et al. 2025a;
Heintz et al. 2025; Pollock et al. 2025). Detailed information on
our sample is provided in Table 1, while the corresponding SEDs
are shown in the Appendix (Figure A.1).

2.2. Methods

A key property of many LRDs is the extended wings found
in the Hα emission lines. In our sample we also find simi-
larly broad Hβ and Hγ emission in various objects (see for ex-
ample Object A; Figure 1). We assume that the Balmer emis-
sion in these LRDs is composed of a narrow intrinsic line
core and exponential wings, as a result of electron scatter-
ing through a Compton-thick medium (Rusakov et al. 2025).
The above framework represents a central engine (for example,
an accreting supermassive black hole), embedded in a cocoon
of highly dense, ionized gas (Rusakov et al. 2025; Naidu et al.
2025; de Graaff et al. 2025b; Inayoshi & Maiolino 2025). Fol-
lowing the work of Rusakov et al. (2025), our fiducial model
consists of three components:

– A narrow component: a Gaussian emission line of width
σnr, corresponding to emission coming either from the host
galaxy, or a narrow line region.

– An unscattered component: a Gaussian emission line with a
width σg, describing the light escaping the dense medium
without being scattered.

– A scattered component: a convolution of the above non-
scattered gaussian with an exponential of width σexp, to ac-
count for electron scattering of photons.

The sum of the unscattered and scattered components, (taking
into account possible absorption) is hereafter referred to as the
broad component.

The fiducial model is used to fit the Hα lines in our sam-
ple. We tie the narrow Hα width (σnr) and redshift to those of
the [O iii]4959,5007Å doublet in velocity space, by introducing
a flat 50 km s−1 prior around the latter. To fit the broad Hα com-
ponents, in Object A, we also use a P Cygni profile (e.g. see
Sneppen et al. 2023), while in object E a Gaussian absorption
component is used. Adding the [N ii] doublet in our model does
1 DOI: 10.5281/zenodo.8319596
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ID Survey-Field-MSAID α (h:m:s) δ (o:′:”) Redshift

A JADES-GN-68797 12:36:54.993 62:08:46.283 5.0405

C JADES-GN-73488 12:36:47.375 62:10:38.039 4.1327

E RUBIES-EGS-49140 14:19:34.139 52:52:38.675 6.6847

F CEERS-EGS-1244 14:20:57.757 53:02:09.748 4.4771

I JADES-GN-53501 12:37:10.814 62:11:36.860 3.4294

J JADES-GN-38147 12:37:04.962 62:08:54.307 5.8694

K RUBIES-EGS-50052 14:19:17.629 52:49:48.996 5.2392

Table 1: The ID, Survey-ID, right ascension (α), declination (δ) and redshift of the objects used in this work. Objects A, F, I and J
are shown as a extracted from the DJA. References to the rest of the objects are given: C; Maiolino et al. (2024), E; Kocevski et al.
(2025); Wang et al. (2024), K; Harikane et al. (2023). The typical uncertainties in the redshift are about 3 × 10−4, while α and δ
measurements are J2000.0.

not significantly improve any of the Hα fits and so its use is
omitted. All widths are corrected for the instrumental resolution
of the gratings. The actual resolution of all gratings is taken to
be 1.7 times higher than the nominal values cited in the NIR-
Spec documentation, as suggested by instrument modelling of
point sources in the literature (de Graaff et al. 2024).

After retrieving the Hα profile, we fit Hβ, Hγ and Hδ with
the same widths, redshift and (where applicable) P Cygni pa-
rameters (see Rusakov et al. 2025) as the respective Hα lines, but
with different amplitudes. We choose to treat the non-scattered
and scattered components as one component with a single am-
plitude, in order to avoid overfitting in cases where the broad
components are weak or not detected altogether. We determine
that the above provides a robust fit to observations in all cases,
with the exception of Object E; the Hβ line of object E requires
an absorption profile with a different width, systemic velocity
and amplitude than the Hα absorption profile. In general, there
are good reasons to believe that the profiles of the Balmer lines
might be the same or different due to radiative transfer effects,
depending on how extreme the column density is, but in most of
these cases, the fits were good adopting this technique.

In this work, we use dynesty v.2.1.5 (Speagle 2020;
Koposov et al. 2024) with static nested sampling (Skilling 2004,
2006), adopting 75n live points (walkers), where n is the num-
ber of free parameters. To efficiently explore complex posterior
landscapes, we use random-walk sampling (Skilling 2004) and
multi-ellipsoidal bounding (Feroz et al. 2009) around the set of
live points, to account for possible degeneracies and multimodal-
ity. We note that dynesty is not a traditional optimizer, as it does
not explicitly search for a global minimum. The sampling is ter-
minated once the change in the log-evidence is lower than a user-
specified threshold. Thus, after obtaining the highest likelihood
posterior distributions for all free parameters with dynesty, we
use them as initial conditions for a Levenberg-Marquardt min-
imization algorithm via lmfit v.1.3.2 (Newville et al. 2024),
from which we derive our global best-fit solution. We provide
the best-fit solutions for the Hα, Hβ, Hγ, and Hδ lines of JADES-
GN-68797 (Object A) in 1. We note that there is no narrow emis-
sion detected in this object. As a result, for JADES-GN-68797
we treat the non-scattered and the scattered components sepa-
rately (using different amplitudes per component) when fitting
Hβ, Hγ and Hδ. The best-fit solutions for the rest of the objects
in our sample, are presented in the Appendix. After repeating the
above procedure for each Balmer line (Hα, Hβ, Hγ, and Hδ), we
use the posterior distributions from dynesty to compute flux

distributions for both the narrow and broad components of the
lines. The best-fit flux for each component corresponds to the
flux derived from integrating our model evaluated at the global
best-fit parameters, while uncertainties are taken as the 16th and
84th percentiles of the derived flux distribution. We consider the
component of a line to be detected, if its flux is more than 3σ
above zero.

We then propagate these flux posteriors to derive distribu-
tions of the flux ratios of interest (e.g. Hα/Hβ). The best-fit value
of a line ratio corresponds to the ratio of the respective best-fit
fluxes, while the uncertainties are derived from the 16th and 84th
percentiles of the distribution of ratios. Throughout this paper, in
case the component of a line in the numerator is not detected, we
report the 2σ upper limit on the ratio.

3. Results

We hypothesize that the broad- and narrow-line components
could represent emission from distinct regions and could possi-
bly be associated with different gas densities, temperatures, and
extinctions. In such a framework, the flux ratios of the total line
(the sum of both broad and narrow) gives a potentially mislead-
ing picture, yielding a heterogeneous landscape of line-ratios.
In particular, we find the total line ratios for the various objects
sometimes do not yield line ratios that can be made consistent
with Case B recombination even with arbitrary extinction for any
reasonable extinction law (see Figure 2).

Nevertheless, when decomposed, the line ratios of the nar-
row and broad components present distinct patterns, most of
which are consistent with Case B plus dust extinction. This result
shows that it is important to decompose the lines into their re-
spective physical components. Figure 3 shows the ratios Hα/Hβ,
Hγ/Hα and Hδ/Hα observed for both the broad and narrow lines.
Comparing this with the expected ratio for Case B with different
extinction curves (SMC, LMC, MW, Gordon 2024b) as a func-
tion of AV reveals several key results.

As clearly seen from Hα/Hβ, the narrow component is gen-
erally consistent with no extinction, whereas the broad compo-
nent requires a substantial AV . Specifically, the Balmer decre-
ment (Hα/Hβ) is on average 2.81 and 11.3 for the narrow and
broad components, respectively. For a Case B coefficient with
2.7 <Hα/Hβ < 3.03 (ne = 500 cm−3, 5000 K < T < 30000 K),
this corresponds to AV, narrow ∼ 0 and AV, broad = 4.1 ± 0.2.

The increase in the Hα/Hβ ratio can be facilitated by both
dust extinction and high density effects that can make the Balmer
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Fig. 1: The best-fit solutions for the Hα, Hβ, Hγ and Hδ of
JADES-GN-68797 (ID A), as noted in their respective panels.
The separate components that make up the line profile are also
shown. We note that there is no narrow emission detected in
JADES-GN-68797.

lines optically thick (e.g. self-absorption conditions, Netzer
1975; Drake & Ulrich 1980). Examining another line-ratio can
break this degeneracy, so we extend our analysis to Hγ/Hα in
Figure 3 (left panel). While several broad lines only have ten-
tative detections or non-detections in Hγ, both objects A and
E include clear detections. While A remains broadly consistent
with Case B, we note that E shows a mild 1.8σ deviation from
Case B, assuming (Hα/Hβ)Case B = 2.7.

To test whether this inferred mild tension with Case B for ob-
ject E is meaningful, we can use the next line-ratio in the Balmer

Fig. 2: Balmer line ratio diagram showing total line Hα/Hβ vs.
Hγ/Hα. The black shaded regions mark the intrinsic Case B
ratios across a range of reasonable values, while the col-
ored dashed lines show the LMC (Gordon 2024a), SMC
(Gordon et al. 2024) and Milky Way (Gordon et al. 2023) ex-
tinction laws, derived using the dust_extinction package
(Gordon 2024b). The arrow indicates the direction of increasing
dust attenuation.

series as further corroboration, i.e. Hδ/Hα (see Figure 3, right
panel). The broad Hδ component is not detected for any object,
but for object E even the 2σ upper-limit of (Hδ/Hα)< 0.006
is substantially below the range predicted for any dust extinc-
tion law and the broadest range of Case B recombination ratios.
In particular, as shown in Figure 4, this line ratio deviates more
than 5σ from the expected Case B recombination ratio, assuming
(Hα/Hβ)Case B = 2.7. Overall the broad line ratios of all objects
in our sample apart from Object E can be consistent with Case B
recombination with extinction. Nevertheless, we caution that the
Hγ broad component is undetected in all objects except A and
E, while we place only upper limits for the Hδ broad component
in all objects. Observations with enough exposure time to detect
the broad component of higher order Balmer lines are required
to ascertain whether deviation from Case B recombination is a
common occurrence in LRDs.

3.1. Deviations from Case B in the Narrow Line Ratios

We highlight objects C (JADES-GN-73488) and F (CEERS-
EGS-1244) for their unusually flat Balmer decrements. In both
objects, the narrow component shows a Hα/Hβ ratio well be-
low the lowest expected Case B ratio of ≃ 2.7. Specifically, Ob-
ject C has a narrow Hα/Hβ ≃ 1.88+0.16

−0.15, a 5σ deviation from
Case B (Hα/Hβ = 2.7), implying an unphysical −1.44 < AV <
−1.09, for the Case B Balmer decrement range 3.03 >Hα/Hβ
> 2.7 explored in this work. The higher-order ratios are Hγ/Hα
= 0.21 ± 0.04 and Hδ/Hα = 0.15+0.04

−0.04, fairly consistent with
Case B. Object F shows a very similar pattern; its narrow Balmer
decrement, Hα/Hβ ≃ 1.84+0.19

−0.40 is 4.6σ deviant from Case B
(−1.49 < AV < −1.15), while Hγ/Hα = 0.163+0.76

−0.03 and Hδ/Hα
= 0.144+0.07

−0.03, are consistent with Case B with no dust extinction
within about 90% confidence. In other words, for both objects,
either the Hα line is too weak by about 50% or the Hβ line is too
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Fig. 3: Balmer line ratio diagrams showing the narrow and broad Hα/Hβ vs. Hγ/Hα (left) and Hα/Hβ vs. Hδ/Hα (right) ratios.
Broad ratios are shown as brown circles and narrow ratios as black squares. The black shaded regions mark the intrinsic Case B
ratios across a range of reasonable values. The colored dashed lines show the LMC (Gordon 2024a), SMC (Gordon et al. 2024),
and Milky Way (Gordon et al. 2023) extinction laws, derived using the dust_extinction package (Gordon 2024b). The arrows
indicate the direction of increasing dust attenuation.

Hα/Hβ Hγ/Hα Hδ/Hα AV

ID Survey-Field-MSAID Narrow Broad Narrow Broad Narrow Broad Narrow Broad

A 1 JADES-GN-68797 - 16.57+1.66
−1.62 - 0.017+0.003

−0.003 - < 0.012 - 5.14+0.24
−0.21

C 2 JADES-GN-73488 1.88+0.16
−0.15 19.64+3.16

−2.61 0.21+0.04
−0.04 < 0.059 0.15+0.04

−0.04 < 0.052 −0.96+0.20
−0.20 5.82+0.50

−0.39

E 2 RUBIES-EGS-49140 3.05+1.97
−0.61 8.72+0.37

−0.39 0.21+0.04
−0.08 0.027+0.003

−0.004 < 0.094 < 0.006 0.21+0.33
−0.27 -

F 2 CEERS-EGS-1244 1.84+0.19
−0.40 > 6.83 & < 0.083 0.16+0.06

−0.03 < 0.032 0.14+0.07
−0.03 > 2.45 −0.15+0.44

−0.29 > 2.45

I JADES-GN-53501 3.84+1.37
−1.08 8.44+1.43

−1.21 < 0.25 < 0.066 < 0.09 < 0.088 1.28+2.13
−0.81 3.28+0.56

−0.41

J JADES-GN-38147 2.91+0.45
−0.42 > 25.22 0.16+0.04

−0.03 < 0.006 - - 0.01+0.40
−0.23 > 7.00

K RUBIES-EGS-50052 3.35+1.26
−0.78 3.29+1.54

−0.91 < 0.28 < 0.012 < 0.14 {< 0.12} 0.63+1.38
−0.78 1.72+2.20

−0.87
1 JADES-GN-68797 does not have a detected narrow component in any line examined.
2 These objects deviate from Case B recombination (see Section 3). They are the only objects whose extinction curve fits yield χ2

ν > 1.

Table 2: Narrow and broad line ratios as well as the corresponding narrow and broad AV values estimated from simultaneously fitting
all available line ratios.

strong by about 50% compared to the other Balmer lines to be
consistent with Case B recombination ratios. The above can be
investigated further by examining other combinations of line ra-
tios in our sample. To this end, we present the Hγ/Hβ vs. Hδ/Hβ
ratios in Figure 5.

The constraining power of most line ratios in Figure 5 is lim-
ited due to the fact that Hγ and Hδ are either weakly detected,
or undetected. Nevertheless, looking at the narrow line ratios for
Objects C and F we can deduce the following: the narrow Hγ/Hβ
and Hδ/Hβ ratios are broadly consistent with Case B and no dust
extinction. This would imply that the narrow Hα flux is lower
than expected, either because of intrinsic suppression or an un-
derestimation in its measurement. We revisit this point in more
detail in Section 4.1.

By contrast, the broad line components of both objects can be
consistent with Case B ratios with heavy extinction. Specifically,
the inferred Hα/Hβ = 19.64+3.16

−2.62 (Object C) and Hα/Hβ > 6.83
(Object F), while their Hγ and Hδ are undetected; we place upper
limits for both ratios, of Hγ/Hα < 0.059 (Hγ/Hα < 0.083) and
Hδ/Hα < 0.052 (Hδ/Hα < 0.032) for object C (object F). The
Balmer decrements imply a range of 5.96 > AV > 5.61 and
AV > 2.45 for Objects C and F respectively.

This dichotomy of relatively dust-free (and even flatter than
Case B) narrow line ratios, along with severely reddened broad
emission, reinforces the interpretation that the narrow and broad
lines arise from spatially and physically distinct regions.
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Fig. 4: Left: The Hδ line of Object E (RUBIES-EGS-49140). The data are shown with a yellow fill and the best fit with a black
line, the modeled Hδ line profile based on the 5σ upper limit of its flux as a brown line, and the predicted Hδ line profile under
Case B recombination assumptions as a blue line. The best fit solution yields χ2

ν = 1.08, while the 5σ and the Case B predicted
solutions yield χ2

ν = 1.15 and χ2
ν = 1.27 respectively. Right: The Hδ/Hα flux ratio posterior distribution. The black and brown lines

represents the 2 and 5σ upper limits respectively. The blue line indicates the expected line ratio under Case B recombination and
the AV = 3.52 derived from the Hα/Hβ ratio. Assuming a steeper curve, or a higher intrinsic Hα/Hβ ratio increases the expected
Hδ/Hα ratio, making the deviation even more significant.

Fig. 5: Balmer line ratio diagrams showing the narrow and
broad Hγ/Hβ vs. Hδ/Hβ ratios for our sources. Broad ratios are
shown as brown circles and narrow ratios as black squares. The
black shaded regions mark the intrinsic Case B ratios across a
range of reasonable values. The colored dashed lines show the
LMC (Gordon 2024a), SMC (Gordon et al. 2024), and Milky
Way (Gordon et al. 2023) extinction laws, derived using the
dust_extinction package (Gordon 2024b). The arrows indi-
cate the direction of increasing dust attenuation.

3.2. Deriving the extinction in our sample

We finally estimate the different AV values implied by the nar-
row and broad line ratios calculated in this work. These calcu-

lations are done based on all three line ratios (except for Ob-
ject J, for which there is no medium resolution coverage of the
Hδ line). In this way, we derive a more robust measurement of
AV compared to one derived solely from the Hα/Hβ ratio. To this
end, we assume an intrinsic Hα/Hβ ratio of 2.86 and we use the
dust_extinction package v. 1.5 (Gordon 2024b), adopting a
Small Magellanic Cloud average extinction curve (RV = 3.02,
Gordon et al. 2024). The object IDs, line ratios and estimated AV
values using the above method are presented in Table 2. As dis-
cussed in the previous subsection, the narrow component is on
average consistent with little-to-no dust, while the broad compo-
nent is severely reddened. This discrepancy between the narrow
and broad AV is highlighted in Figure 6.

4. Discussion

In this work, we examine the line ratios between Hα, Hβ, Hγ
and Hδ (where there is spectral coverage) and we find that
most objects in our high-z AGN sample can be made consistent
with Case B recombination assumptions. Nevertheless, we have
found two objects deviating in the narrow component, and one
broad component (one of two objects for which the broad Hγ is
detected) is inconsistent with Case B. In this section we examine
these three objects in sections 4.1 and 4.2, while in sections 4.3
and 4.4 we discuss the implications of the results of this work.

4.1. Flat narrow Balmer line ratios

JADES-GN-73488 (Object C) and CEERS-EGS-1244 (Ob-
ject F) show particularly peculiar narrow-line behavior, as shown
in section 3.1; both showing narrow Hα/Hβ < 2 with a deviation
greater than 4σ from Case B recombination. Meanwhile, their
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Fig. 6: The nebular attenuation inferred from the narrow and
broad line ratios. Objects deviating from Case B in the narrow
component are plotted as AV > 0 lower limits and are denoted
in gray. The black dashed line represents the AV (narrow) = AV
(broad) case. We adopt an SMC extinction curve (Gordon et al.
2024).

narrow Hγ/Hα and Hδ/Hα ratios are consistent with Case B,
within about ∼ 1.5σ.

Because such results are surprising and could in principle be
driven by modeling choices, we explicitly tested the robustness
of the narrow-component measurement by refitting each object
with several alternative parameterisations. We tested 1) a case
where there is no escaping fraction of unscattered light, i.e. re-
moving the unscattered Gaussian component, 2) a case where no
narrow line/host emission is detectable, i.e. removing the narrow
Gaussian component, and 3) a model which assumes the broad
line-shape of these objects is not exponential, with their broad
component described by two Gaussians. The resulting fits of all
three scenarios are substantially worse than the fit presented in
the appendix for these objects. Quantitatively, model 1) yields
∆χ2 = 98, ∆BIC = 92 (Object C) and ∆χ2 = 16, ∆BIC = 10
(Object F), model 2) results in ∆χ2 = 107, ∆BIC = 89 (Ob-
ject C) and ∆χ2 = 66, ∆BIC = 54 (Object F), while for a three-
Gaussian model (model 3) we report ∆χ2 = 30, ∆BIC = 34
and ∆BIC = 39, ∆BIC = 37 for Objects C and F respectively.
These values indicate that the fiducial model provides a statisti-
cally better description of the data than its alternatives, and hence
that the presence of a narrow component and the measured nar-
row fluxes are not an obvious artifact of the chosen broad-line
parameterisation.

Finally, it could be argued that the deviations from Case B
could also be alleviated by splitting the narrow emission into two
separate components and assuming a different AV for each. This,
however, cannot solve the problem here, as the flat ratios point to
missing Hα flux in the case of Object C, or a combination of sup-
pressed Hα and enhanced higher order Balmer emission for Ob-
ject F. These scenarios cannot be reconciled by combining two
Case B components with different extinctions. This is because
dust extinction affects higher order Balmer lines more strongly
than Hα; any mixture of Case B spectra subject to different AV
values, will always yield observed Hα/Hβ ratios greater than, or
equal to the intrinsic Case B value.

4.1.1. The case for a hidden absorption line

In principle, the flat narrow-line Balmer ratios could be rec-
onciled if the flux in the narrow Hα line is underestimated.
D’Eugenio et al. (2025a) use multi-epoch JWST NIRSpec/MSA
and NIRSpec/IFU spectra of an LRD at z ≃ 5.077, observed
by the JADES (Eisenstein et al. 2023) and BlackTHUNDER
(PID 5015; PIs H. Übler and R. Maiolino) surveys. Among
other results, they note that the G395H high-resolution data show
absorption features almost at rest (vabs = −13 km s−1), which
is not detected in the G395M medium resolution data of the
same epoch. If such a feature was included in our model, it
would reduce the inferred broad flux of the examined emis-
sion lines, while increasing the narrow line flux by the same
amount. Motivated by this argument, as well as private commu-
nication with Jorryt Matthee confirming that unresolved absorp-
tion emerges occasionally when re-observing LRDs with higher
resolution or longer exposure time, we refit the Hα lines of ob-
jects C and F with an extra component corresponding to unde-
tected/unresolved absorption affecting their broad emission com-
ponent. The amplitude of an unresolved absorber and that of the
narrow Gaussian are of course degenerate in such an explana-
tion. Therefore, we adopted a conservative prior that forces the
narrow amplitude to be at least as large as in the fiducial (no-
absorption) fit; this choice biases the solution towards transfer-
ring flux from the broad to the narrow component. The fit results
are shown in Figures 7 and 8. Upon applying absorption, these

Fig. 7: The Hα fit including unresolved absorption for JADES-
GN-73488 (Object C).

objects become consistent with Case B. Specifically, object C
yields Hα/Hβ = 2.97+0.99

−0.03, while for Object F we have Hα/Hβ
= 3.11+0.80

−0.85. Repeating the methodology of section 3.2 yields a
narrow AV = 0.12+0.017

−0.18 and AV = 0.25+0.18
−0.17 for Objects C and F

respectively, both consistent with no extinction. By contrast, the
broad AV values are consistent within 1σ of the fiducial model
values for both objects, remaining consistent with Case B and
dust extinction. The fits with and without an absorption compo-
nent are statistically indistinguishable (χ2

fiducial − χ
2
absorption < 3);

however, the absorption model introduces one additional free pa-
rameter (the absorption amplitude) and is obviously penalised by
the BIC, which increases by 2 and 6 for Objects C and F, respec-
tively. We nevertheless caution that this inclusion is artificial, in
the sense that it requires constraining the priors of the fit so that
the flux in the narrow component is increased. When allowing
the parameters to be completely free, the best result corresponds
to the fiducial model. In addition, the data used in the analysis of
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Fig. 8: The Hα fit including unresolved absorption for CEERS-
EGS-1244 (Object F).

JADES-GN-73488 (Object C) are high resolution, with the ob-
ject being the second highest signal-to-noise ratio object in our
sample (Rusakov et al. 2025). In that sense, at least for Object C,
such a hidden feature seems unlikely.

4.1.2. Comparison with other observations

Recent work probing the new population of high redshift objects
revealed by JWST has revealed Hα/Hβ ratios lower than 2.7. For
example, Zhang et al. (2025) explore the Balmer decrement of
the narrow component of five narrow-line LRDs and find two
objects whose decrements are flat enough to imply AV ∼ −0.5.
Nevertheless, these decrements are not as flat as those presented
in this work. McClymont et al. (2025) and Sun & Yan (2025)
examine a sample of star-forming, narrow-line JWST-detected
galaxies, finding lower Hα/Hβ ratios than predicted by Case B:
several objects detected both in lower resolution PRISM and
medium resolution grating spectra have Hα/Hβ < 2, consistent
with our results.

In summary, we have tested whether the unusually flat nar-
row Balmer decrements in Objects C and F can be attributed
to modeling biases. Our model comparisons favour the fiducial
model over the alternatives explored. Given that similarly low
narrow Hα/Hβ ratios have been reported in other LRDs and in
high-redshift star-forming systems, we consider the departure
from Case B in these narrow components to be a possible so-
lution, although surprising. In Section 4.3 we discuss possible
physical explanations and the wider implications of this result.

4.2. Deviation from Case B in the broad component of
RUBIES-EGS-49140

The broad component of RUBIES-EGS-49140 (Object E) ex-
hibits a clear deviation from Case B recombination; its Hγ/Hα
ratio deviates from Case B by ∼ 2σ while the Hδ/Hα ratio is
more than 5σ lower than the value expected for Case B and dust
extinction.

As shown in Figure 3, the Hγ/Hα and Hδ/Hα ratios are lower
than what the Hα/Hβ ratio would imply under Case B conditions
with extinction. The fact that RUBIES-EGS-49140 deviates
from Case B has been recently reported also in D’Eugenio et al.
(2025b), using the broad Hα, Hβ and Hγ line ratios. Before con-
cluding in a deviation from Case B recombination, we also tested
whether a steeper extinction curve would alleviate the tensions.

Specifically, a Fitzpatrick (1999) Milky Way extinction curve
with a variable RV was used. We found that not even an RV of
2 was sufficient to accommodate the rapidly decreasing flux in
the broad component of the Balmer lines, leading to the conclu-
sion that an unphysically steep curve is needed to explain the
anomalous Balmer emission of RUBIES-EGS-49140.

This object shows a strong absorption feature in the cores of
both the Hα and Hβ, in a form that does not resemble a P Cygni
profile (see Figure C.1b). The broad component of Hγ is too
faint and contaminated by the [O iii] 4363Å line for the absorp-
tion profile to be detected, while the Hδ line is entirely unde-
tected. We model the Hα profile with a Gaussian absorber of
FWHM ≈ 350 km s−1, redshifted by 47 km s−1 with respect to
its broad component, while Hβ requires a Gaussian absorber of
FWHM ≈ 520 km s−1, blueshifted by −79 km s−1. Each absorber
removes a significant fraction of the broad flux; 10% and 21%
for Hα and Hβ respectively, with the absorption depth increasing
with decreasing wavelength, as also found in D’Eugenio et al.
(2025b). The small velocity offsets of these absorbers strongly
suggest that the absorbing gas is also the emitting gas, pointing
to a self-absorption scenario (Rusakov et al. 2025), rather than
an unrelated fast outflow or a foreground cloud (as examined by
Juodžbalis et al. 2024). The latter scenario can also be dismissed
from the fact that the absorption profiles of these lines are differ-
ent from one another.

These self-absorption features imply that the Balmer lines
are optically thick, violating a core assumption of Case B.
In the optically thick limit the Balmer lines become depth-
dependent: due to a varying optical depth per line, each tran-
sition probes a different escape depth in the emitting cloud, so
Hα and Hβ are naturally expected to have systematically dif-
ferent absorption profiles. Recent observational studies argue
that LRDs are embedded in gas cocoons exhibiting high volume
and column densities (Rusakov et al. 2025; Naidu et al. 2025;
de Graaff et al. 2025b; Inayoshi & Maiolino 2025; Taylor et al.
2025), high enough to give rise to non-Case B Balmer emis-
sion (Netzer 1975; Drake & Ulrich 1980). We then conclude
that the most plausible scenario for the absorption features in
RUBIES-EGS-49140, is self–absorption in an optically thick
broad line cocoon. In the densities and temperatures required
for the Balmer lines to be optically thick, collisional excitation
to n > 2 also affects the hydrogen level populations; quantifying
the intrinsic Balmer ratios in this object requires full radiative
transfer calculations.

4.3. Reddened AGN with a star-forming host galaxy?

Recent JWST studies of high-z AGN and LRDs reveal dust
obscuration, while the host galaxies, when observable, often
show little-to-no reddening in the UV and the narrow compo-
nents of recombination lines. For example, Killi et al. (2024);
Rinaldi et al. (2024) analyzed J0657_1045 at z ≈ 4.53 and found
that it was unresolved in red/NIR filters but extended in blue/UV
filters. Their spectral fits required two separate continua; a heav-
ily reddened power-law (AV ≈ 5.6) dominating the optical spec-
trum, with a nearly dust-free power-law (AV ≈ 0.38) describ-
ing the UV. The above results were confirmed by their emis-
sion line ratio fits. Across LRD samples, the narrow-line regions
often show unattenuated Balmer decrements, contrary to the
broad lines (Matthee et al. 2024; Brooks et al. 2025; Zhang et al.
2025). Interestingly enough, in some cases, flat narrow Hα/Hβ–
some as low as 2 – are reported in the literature for LRDs
(Brooks et al. 2025).
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A number of theoretical work reinforces the above two-
component picture. Volonteri et al. (2025) use the OBELISK
(Trebitsch et al. 2021) cosmological simulation to identify sim-
ulated sources with colors similar to those observed in LRDs.
They find that such color-selected systems are better described
by a dusty AGN dominating the red NIRCam filters, while the
blue NIRCam filters are dominated by emission from the host
galaxy. In fact, they argue that a galaxy without an active nu-
cleus would not be able to satisfy the color selection criteria
of LRDs. Finally, any composite object consisting of an AGN
and a star-forming host that has the properties of LRDs, tends
to show on average AV = 1–5, necessary to produce the red
optical slopes. This range is in broad agreement with our find-
ings. Similarly, LaChance et al. (2025) use the Astrid (Ni et al.
2022; Bird et al. 2022; Ni et al. 2024) cosmological hydrody-
namic simulation to hunt for LRDs. They conclude that the com-
ponents that make up LRDs include 1) a recently quenched star-
forming host galaxy, 2) a luminous AGN accreting at a high Ed-
dington ratio and 3) adequate dust attenuation so that the red op-
tical slope is dominated by the AGN while the UV is dominated
by stars.

In this work, for the first time, we include the analysis of
Balmer lines beyond Hα and Hβ, yielding more accurate esti-
mates of AV and allowing us to discriminate sources that do not
follow Case B recombination. Assuming the validity of Case B,
for objects whose Hγ and Hδ lines are upper limits, we find that
almost all objects show a significant difference between the ex-
tinction derived from the narrow lines and that required by the
broad lines, with an average AV,narrow ≈ 0 and AV,broad ≈ 4.13.
Quantitatively, using an SMC dust law for which the UV extinc-
tion, A1500 Å ≈ 5.4 × AV (Nakazato & Ferrara 2024), the average
broad AV in our sample implies a UV transmitted fraction of
fUV = 10−0.4 AUV ≈ 10−2.2 AV ≈ 10−9. The above fraction would
suggest that no UV light escapes unless the dust law in the UV
is intrinsically very flat. Clumpiness does not really work, as it
would produce a flat curve in the optical as well, which is con-
trary to the reddening we are measuring. In a dust-dominated
scenario, our results favour the notion that the broad/optical-NIR
colors arise from a central engine heavily extinguished by dust,
with the blue/UV colors emerging from a spatially distinct re-
gion with minimal dust attenuation.

4.4. Lack of dust emission in the Infrared and the
implications of departures from Case B

However, while we find in this work that a high percentage of
our objects, yield broad line Balmer ratios that show consis-
tency with high dust extinction, an enduring puzzle in the lit-
erature is the mismatch between the Balmer decrement-inferred
obscuration in LRDs and their IR emission. JWST studies with
MIRI reveal that LRDs are too faint in the rest-frame NIR, show-
ing no traces of a compact, warm dusty torus emission, com-
monly found in AGN (Akins et al. 2024; Pérez-González et al.
2024; Leung et al. 2024; Setton et al. 2025). Moreover, invoking
a dusty torus model to fit the optical/NIR spectra of LRDs yields
a dust temperature of Tb ∼ 2500 K (Killi et al. 2024), which
not only exceeds the sublimation temperatures of carbon-based
dust (Tb ∼ 2000 K, Kobayashi et al. 2009), but is also signifi-
cantly higher than typical dust torus inner temperatures of Type 1
AGN (Tb ∼ 1400 K, Kishimoto et al. 2007; Hönig & Kishimoto
2010). In order to reconcile the constraints set by MIRI on hot
dust, the dust needs to be spatially extended (Li et al. 2025),
or distributed in clumps (Hönig & Kishimoto 2010; Casey et al.

2024), shifting the peak of the black-body dust distribution to
the mid-infrared.

Recent work has established that LRDs are embedded in ex-
tremely dense gas, with column densities of the order of NH ∼

1024−1026, cm−2 (Rusakov et al. 2025; Kido et al. 2025; Ji et al.
2025; Naidu et al. 2025). Under such conditions, Hα emission
can be significantly enhanced by self-absorption or by collisional
excitation to the n = 3 level, producing artificially steep Balmer
decrements. Interpreting these steep ratios under the assumption
of pure Case B recombination leads to an overestimation of the
dust extinction in their spectra. If these high-density effects are
indeed at play in LRDs, then part of the tension between the
large inferred AV values and the relatively weak IR emission
could be alleviated. Furthermore, the redness of their continuum
slopes are then at least partly explained by the nebular continua.
A comprehensive analysis of LRDs will therefore require deeper
spectroscopic observations – sensitive enough to detect the broad
components of higher-order Balmer lines (Hγ and above) – com-
bined with modelling that explicitly accounts for high-density
effects. Even without detections of Hδ and higher-order lines,
objects whose spectra are strongly shaped by high-density gas
should still exhibit clear departures from Case B, as seen in
RUBIES-EGS-49140 (Object E). Several more cases as clear or
clearer than Object E in the data would militate against extinc-
tion as the primary cause of large Balmer decrements.

4.4.1. Negative Balmer decrements

Balmer decrements lower than the Case B value are ob-
served in galaxies at low z (e.g. Atek et al. 2009; Scarlata et al.
2024) and high z (e.g. Cameron et al. 2024; Topping et al.
2024; McClymont et al. 2025; Sun & Yan 2025), and could
be associated with density-bounded nebulae in starbursts
(McClymont et al. 2025). In density bounded regions, the as-
sumption that Lyman photons are instantaneously absorbed and
thus pump the corresponding Balmer lines, breaks down. As a
result, the emerging total Balmer emission looks anomalous be-
cause the various line ratios change as a function of cloud depth,
only reaching Case B when the Lyman lines become optically
thick (McClymont et al. 2025). The objects in our sample with
narrow component Balmer decrements Hα/Hβ ≈ 2 (Objects C
and F) are also the bluest objects in the sample (see Extended
Data Figure 2 in Rusakov et al. 2025). If these blue colors are
indeed not powered by the black hole itself, as hinted by the re-
sults in this work, then their coincidence with flat Balmer ratios
– observed in star forming galaxies at high-z – points toward a
star-forming origin for the blue component of LRDs.

Alternatively, when taking into account the scattering
of Balmer photons due to increased optical depth, Balmer
self-absorption and collisional de-excitation, one can reach
Hα/Hβ as flat as the values found in this work (see Netzer
1975; Drake & Ulrich 1980; Scarlata et al. 2024, and refer-
ences therein). However, the processes that arise from in-
creased Balmer optical depth are important at very high densi-
ties (logne > 10, Netzer 1975; Drake & Ulrich 1980) and overall
physical conditions which do not resemble a typical extended
NLR. We therefore argue that a density bounded nebula ori-
gin for these flat narrow decrements or unresolved absorption
in the broad lines are more plausible scenarios. The interested
reader is referred to Netzer (1975); Drake & Ulrich (1980) and
Scarlata et al. (2024) for a very thorough discussion on the va-
lidity of Case B recombination and the conditions which lead to
its breakdown.
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High-z AGN and LRDs seem to be a remarkably heteroge-
neous population (Rinaldi et al. 2024; Carranza-Escudero et al.
2025). We expect that a combination of physically distinct re-
gions (star-forming and AGN-like) may need to be invoked to
explain their UV spectra, with the relative contribution of each
component varying from object to object.

5. Summary

In this work, we analyzed the Balmer line ratios (Hα, Hβ, Hγ,
Hδ) of a sample of high-z AGN compiled in Rusakov et al.
(2025), decomposing each line into their respective narrow and
broad components. By incorporating higher-order Balmer lines,
we tested for departures from Case B recombination and quan-
tified dust extinction with improved accuracy. Our results show
that Case B cannot be robustly ruled out for all examined nar-
row components, and 6 out of 7 broad components, given the
non-detections of Hγ and Hδ. To be consistent with Case B, we
find that the broad components would require heavy obscuration
(AV ∼ 4.13) while the narrow components are on average dust-
free (AV ∼ 0). Regardless of the origin of the difference, this
dichotomy strongly supports a two-component scenario, where
the broad lines (and possibly the optical/NIR emission) origi-
nate from a high column density AGN, while the narrow lines
(and possibly the UV continuum) arise from a low-dust narrow
line region or star-formation.

Our results also show clear evidence of deviations from
Case B recombination; out of only two objects with a detected
broad component in Hγ, one (RUBIES-EGS-49140) shows a
significant departure from Case B, with the broad Hδ/Hα ratio
lying more than 5σ below the Case B prediction. Furthermore,
we present two objects (JADES-GN-73488 and CEERS-EGS-
1244) whose narrow Hα/Hβ are surprisingly flat (∼ 2), indicative
of emission arising from density bounded nebulae in starbursts
or unresolved absorption in their broad lines. We point out that
it is also possible that other objects in our sample intrinsically
deviate from Case B, but such deviations remain hidden because
their Hγ and Hδ broad components are only constrained by up-
per limits. To determine whether such deviations are common
among high-redshift AGN, future observations must achieve
higher signal-to-noise and spectral resolution, enabling robust
detection of the broad components of higher-order Balmer lines.

Finally, if the observed ratios truly reflect Case B with heavy
dust extinction, then intrinsic luminosities – and thus black hole
masses inferred from virial methods – would likely be underes-
timated. An AV of 5, implies a flux correction factor of 100.4AV =
100; since logMBH ∝ 0.5logLHα (Greene & Ho 2005), in such
a case the inferred mass would increase by about 1 dex due to
the dust correction. Conversely, in cases where Case B does not
hold, any estimate based on Balmer emission becomes unreli-
able, and detailed radiative transfer modeling on an object-by-
object basis is required.
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Appendix A: Object SEDs
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Fig. A.1: Spectral energy distribution for LRDs in the sample.

Appendix B: Line Fluxes

Table B.1: Flux estimates for the narrow and broad components of Hα, Hβ, Hγ, and Hδ lines of the objects investigated in this
work, in units of 10−19 erg s−1 cm−2. Object A (JADES-GN-68797) has no detectable narrow component, while there is no spectral
coverage of Hδ for Object J (JADES-GN-38147)

Hα Hβ Hγ Hδ

ID Survey-Field-MSAID Narrow Broad Narrow Broad Narrow Broad Narrow Broad

A JADES-GN-68797 - 2183.19+5.02
−27.06 - 131.73+13.43

−12.56 - 36.26+6.52
−6.55 - < 25.73

C JADES-GN-73488 34.93+2.52
−2.46 306.35+6.08

−4.74 18.591+0.839
−0.853 15.60+2.38

−2.10 7.44+1.39
−1.48 < 17.95 5.34+1.26

−1.20 < 15.79
E RUBIES-EGS-49140 23.23+10.59

−3.48 1202.75+14.02
−25.10 7.62+1.64

−1.66 137.89+5.17
−5.96 4.81+0.79

−1.07 32.36+3.30
−5.16 < 2.38 < 7.79

F CEERS-EGS-1244 77.83+5.44
−15.71 486.96+16.94

−7.09 42.21+4.20
−3.72 < 71.98 12.67+3.08

−2.88 < 41.21 11.21+3.38
−2.61 < 15.98

I JADES-GN-53501 53.37+12.64
−12.82 334.70+16.88

−17.25 13.89+2.80
−2.71 39.68+6.06

−5.53 < 11.38 < 21.12 < 4.24 < 29.00
J JADES-GN-38147 88.24+11.90

−11.77 283.55+12.56
−13.20 30.33+2.14

−1.86 < 10.97 14.36+2.28
−2.01 < 1.65 - -

K RUBIES-EGS-50052 31.20+7.20
−6.23 60.09+6.52

−8.32 9.31+1.96
−2.09 18.26+5.92

−5.82 < 7.49 < 6.72 < 3.98 < 7.07

Appendix C: Fits

In this section we provide the fit results for all the lines examined in this work.
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(a) (b)

Fig. C.1: Fits to the Balmer lines of Objects C (left, JADES-GN-73488) and E (right RUBIES-EGS-49140).

Appendix D: Posteriors

We provide the distribution of the relevant posterior parameter values for the Fiducial models for all fitted lines per object. The pa-
rameters presented for the narrow Hαnr, unscattered Hαun, scattered Hαexp and absorbed Hαabs include: the width σ in [nm] and the
amplitude A. The PCygni absorption/emission feature is modelled using the maximum ejecta velocity vout, the velocity of the pho-
tosphere vphot in units of the speed of light c, as well as the optical depth of the absorption, τ, using code presented in Sneppen et al.
(2023), originally adapted from Ulrich Noebauer’s code https://github.com/unoebauer/public-astro-tools. The components of the
profiles of Hβ, Hγ and Hδ are scaled to the same components of the respective Hα lines with a scaling factor, so that e.g. Hβnr =
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(a) (b)

Fig. C.2: Fits to the Balmer lines of Objects F (left, CEERS-EGS-1244) and I (right JADES-GN-53501).

AnrHαnr. We divide the lines of each object into narrow and broad, so that the unscattered and scattered components are scaled with
the same factor in all higher order Balmer lines. Object A and E are an exception; for Object A there is no narrow emission detected,
while for Object E no light emerges without being scattered. All corner plots are made using corner.py (Foreman-Mackey 2016)
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(a) (b)

Fig. C.3: Fits to the Balmer lines of Objects J (left, JADES-GN-38147) and K (right RUBIES-EGS-50052).
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Fig. D.1: Posterior corner plot for JADES-GN-68797 (Object A). All lines denoted in their respective corner plots.

Fig. D.2: Posterior probability corner plot for Object C (JADES-GN-73488). The relevant Balmer lines are denoted on their respec-
tive corner plots.
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Fig. D.3: As Fig. D.2 but for Object E (RUBIES-4233-49140).

Fig. D.4: As Fig. D.2 but for Object F (CEERS-EGS-1244).
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Fig. D.5: As Fig. D.2 but for Object I (JADES-GN-53501).

Fig. D.6: As Fig. D.2 but for Object J (JADES-GN-38147).
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Fig. D.7: As Fig. D.2 but for Object K (RUBIES-EGS-50052).
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