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A B S T R A C T 

Little Red Dots (LRDs) are compact sources at z > 5 discovered through James Webb Space Telescope spectroscopy. Their 
spectra exhibit broad Balmer emission lines ( � 1000 km s−1 ), alongside absorption features and a pronounced Balmer break –
evidence for a dense, neutral hydrogen medium, in which the n = 2 state is significantly populated. When interpreted as arising 

from active galactic nucleus broad-line regions, inferred black hole masses from local scaling relations exceed expectations 
given their stellar masses, challenging models of early black hole–galaxy co-evolution. However, radiative transfer effects in 

dense media may also impact the formation of hydrogen emission lines. We model three scattering processes shaping hydrogen 

line profiles: resonance scattering by hydrogen in the n = 2 state, Raman scattering of ultraviolet (UV) radiation by ground-state 
hydrogen, and Thomson scattering by free electrons. Using 3D Monte Carlo radiative transfer simulations, we examine their 
imprint on line shapes and ratios. Resonance scattering produces strong deviations from Case B flux ratios, clear differences 
between H α and H β, and encodes gas kinematics in line profiles but cannot broaden H β due to conversion to Pa α. While 
Raman scattering can yield broad wings, scattering of the UV continuum is disfavoured given the absence of strong full width 

at half-maximum variations across transitions. Raman scattering of higher Lyman-series emission can produce H α/H β wing 

width ratios of � 1 . 28, agreeing with observations. Thomson scattering can reproduce the observed � 1000 km s−1 wings under 
plausible conditions – e.g. Te ∼ 104 K and Ne ∼ 1024 cm−2 – and lead to black hole mass overestimates by factors � 10. Our 
results provide a framework for interpreting hydrogen lines in LRDs and similar systems. 

Key words: line: formation – radiative transfer – scattering – galaxies: active – galaxies: high-redshift – quasars: emission lines. 
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 I N T RO D U C T I O N  

ittle Red Dots (LRDs) are compact sources in the early universe 
t z > 5 identified by James Webb Space Telescope ( JWST ) spec-
roscopy (Y. Harikane et al. 2023 ; D. D. Kocevski et al. 2023 ; H.
. Akins et al. 2025a ; J. E. Greene et al. 2024 ; J. Matthee et al.
024 ). They exhibit broad emission features with widths exceeding 
000 km s−1 in hydrogen and helium lines (M. Brazzini et al. 2025 ;
. Juodžbalis et al. 2025 ; V. Rusakov et al. 2025 ; A. Torralba et al.
025 ; F. D’Eugenio et al. 2025c ), typically interpreted as signatures
f active galactic nuclei (AGNs). Many LRDs show a ‘v-shaped’ 
pectrum with a blue ultraviolet (UV) continuum and a red UV to
ptical slope (e.g. H. B. Akins et al. 2025a ; X. Ji et al. 2025a ),
ften a Balmer break (D. J. Setton et al. 2025 ; B. Wang et al. 2024 ).
hile LRDs often lack traditional AGN indicators, such as strong 
-ray (A. Sacchi & A. Bogdan 2025 ; R. Maiolino et al. 2025b ),

adio emission (A. J. Gloudemans et al. 2025 ), or an infrared (IR)
xcess (C. C. Williams et al. 2023 ; M. Xiao et al. 2025 ), other faint
 E-mail: sjchang@mpa-garching.mpg.de 
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ndicators such as Fe II emission (E. Lambrides et al. 2024 ) or high
onization emission lines (M. Tang et al. 2025 , cf. E. Lambrides
t al. 2024 ) have been identified. This rather unusual combination of
pectral properties challenges standard AGN interpretations and the 
pplicability of standard calibrations of bolometric luminosity. 

LRDs appear to host unexpectedly massive supermassive black 
oles (SMBHs, F. Pacucci et al. 2023 ; K. Inayoshi 2025 ). The broad
mission features in H α and H β allow estimates of black hole mass

BH using single epoch virial methods (J. E. Greene & L. C. Ho
005 ; A. E. Reines & M. Volonteri 2015 ; J.-H. Woo et al. 2015 ),
hich are commonly applied to nearby AGNs. Using this approach, 

ecent studies (I. Juodžbalis et al. 2024 ; K. Inayoshi & R. Maiolino
025 ; I. Juodžbalis et al. 2025 ; A. J. Taylor et al. 2025a , b ) have
stimated MBH ∼ 108 −9 M� for LRDs. However, it remains unclear 
hether Balmer line widths are reliable tracers of MBH in these 

ystems (see also lower MBH by X-ray; T. T. Ananna et al. 2024 ).
. Rusakov et al. ( 2025 ) suggest that the broad wings are shaped by
lectron (Thomson) scattering, based on their observed exponential 
rofiles, and derive SMBH masses that are ∼ 10 − 100 times smaller
hen using Balmer line luminosities instead of widths. Additionally, 
. P. Naidu et al. ( 2025 ) propose that resonance scattering of H β
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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hotons in a dense neutral medium contributes to the line broadening,
ffering an alternative explanation to a virialized broad-line region
BLR). Thus, while potentially crucial radiative transfer (RT) effects
n LRDs are discussed in the literature, a systematic theoretical study
nvestigating those effects is still missing. 

Spectra of LRDs frequently exhibit not only broad Balmer emis-
ion lines but also complex profiles, including absorption features,
-Cygni-like shapes in the H α and H β lines, and significant Balmer
reaks. These features point to the presence of gas that is optically
hick to Balmer transitions, likely due to an abundant population
f hydrogen atoms in the n = 2 state (I. Juodžbalis et al. 2024 ; J.
atthee et al. 2024 ; A. Graaff et al. 2025 ; K. Inayoshi & R. Maiolino

025 ; R. P. Naidu et al. 2025 ; F. D’Eugenio et al. 2025a , b ; X. Ji
t al. 2025a ; R. Maiolino et al. 2025a ). Interestingly, H α and H β

ften show distinct line profiles: H α frequently shows a P-Cygni-like
hape with blueshifted absorption and a redshifted emission peak,
hile H β tends to exhibit deeper absorption and a less prominent red
eak. In contrast, Paschen lines typically lack absorption features (M.
razzini et al. 2025 ; I. Juodžbalis et al. 2025 ). These observational

rends suggest that RT effects (i.e. resonance scattering of Balmer
ines) may play a key role in shaping the emergent line profiles. 

While resonance scattering is typically invoked to explain the fre-
uency and spatial diffusion of Lyman- α (Ly α) in neutral hydrogen
nvironments (D. A. Neufeld 1990 ; M. Dijkstra et al. 2019 ), similar
rocesses can occur for Balmer lines in environments like LRDs,
here a significant n = 2 population exists. Thus, modeLling the

esonance scattering of Balmer photons is crucial for understanding
ydrogen line formation in these systems. However, importantly,
he atomic physics of Balmer resonance scattering differs from that
f Ly α. For example, electrons in the atomic hydrogen excited by
 β photons from n = 2 to 4 can decay via multiple de-excitation

hannels to n = 3, 2, or 1, with each branch leading to different
ine formations, while H α involves transitions from n = 3 to 2. As
 result, H β photons are more likely to be converted into Pa α via
ascades to the n = 4 → 3 transition, due to multiple scatterings.
hese distinctions highlight the necessity for RT models that incor-
orate both these multiple branches of Balmer line scattering and the
hysical and kinematic properties of the scattering medium. 
Other scattering processes can also produce broad hydrogen line

rofiles. Thomson scattering by free electrons can generate symmet-
ic, exponential wings around emission lines, with widths scaling
ith the electron thermal speed ( ∼ 500 km s−1 at T = 104 K).
uch wings have been observed and studied in Type IIn supernovae
L. Dessart et al. 2009 ), symbiotic stars (M. Sekeráš & A. Skopal
012 ; S.-J. Chang et al. 2018b ), AGNs (R. J. Weymann 1970 ; R. A.
unyaev & L. G. Titarchuk 1980 ; H.-W. Lee 1999 ; A. Laor 2006 ), and
ecently in LRDs (V. Rusakov et al. 2025 cf. M. Brazzini et al. 2025 ).

Raman scattering, where UV photons near Lyman-series wave-
engths are inelastically scattered by ground-state hydrogen atoms,
an also generate extremely broad, often asymmetric features around
almer lines like H α and H β (S.-J. Chang et al. 2015 ). Raman
ings have been observed and investigated in symbiotic stars (H.
ussbaumer, H. M. Schmid & M. Vogel 1989 ; J. J. Yoo, J.-Y. Bak &
.-W. Lee 2002 ; S.-J. Lee & S. Hyung 2018 ; S.-J. Chang et al.
018b ), dense star-forming regions (M. A. Dopita et al. 2016 ; W. J.
enney 2021 ), and AGNs (S.-J. Chang et al. 2015 ; M. Kokubo 2024 ),

nd are proposed for LRDs as well (M. Kokubo & Y. Harikane 2025 ).
hese scattering mechanisms offer alternative explanations for the
road Balmer components in LRDs, independent of virialized motion
n a classical AGN BLR. Even if scattering is not the dominant
echanism, its contribution complicates the interpretation of line
idths and, therefore, affects standard black hole mass estimation
NRAS 545, 1–21 (2026)
ethods, as the observed broadening may additionally originate from
cattering processes rather than purely kinematic broadening. 

Given the complex line shapes and multiple broadening mecha-
isms, we investigate how RT effects influence hydrogen emission-
ine profiles in LRDs, focusing on H αand H β. We perform Monte
arlo RT simulations including three key processes: resonance

cattering of H α and H β, Thomson scattering by free electrons,
nd Raman scattering by neutral hydrogen. Section 2 details the
hysics of each mechanism, the model geometry, and the simulation
etup. Section 3 presents the emergent spectra and explores how each
rocess shapes the line profiles. In Section 4 , we examine observable
ignatures such as line profiles and explore the impact of scattering
n the estimation of black hole mass. 

 M E T H O D  

o understand the formation of Balmer line profiles in the LRDs, we
onduct Monte Carlo RT simulations focusing on three scattering
rocesses: (i) resonance scattering of Balmer lines, H αand H β, by
ydrogen atoms in the metastable 2 s state, (ii) Raman scattering of
V continuum photons by ground-state hydrogen atoms, and (iii)
homson scattering of Balmer line photons by free electrons. Each
echanism can contribute to the broadening and shaping of emission

ines, producing features such as P-Cygni profiles, double peaks, or
road wings in the spectra. 
In order to explore the impact of scattering processes on ob-

ervables, our simulations adopt a simplified spherical geometry,
here a central point source is embedded within a uniform scattering
edium. For each process, we use appropriate Monte Carlo RT codes

o track photon propagation and scattering interactions, account-
ng for the specific cross-sections, branching ratios, and physical
onditions relevant to each scattering mechanism. The following
ections describe the setup, physics, and simulation methods for
ach scattering process in detail. 

.1 Radiative transfer framework and geometry 

o investigate the formation of hydrogen emission lines in LRDs,
e consider RT through different scattering processes within a

implified geometry. Our model consists of a central isotropic point
ource embedded in a uniform scattering medium, as illustrated in
ig. 1 . The central source emits either hydrogen line photons (for
esonance and Thomson scattering) or a flat UV continuum (for
aman scattering). 
The geometry of the scattering medium is spherical, characterized

y an outer radius R and an inner radius set at 0 . 01 R. The number
ensity of hydrogen atoms or electrons is uniform within this
egion. For each scattering mechanism, we apply relevant physical
arameters that control the resulting line profiles: 

(i) For resonance scattering of Balmer lines, H α and H β, we
onsider the neutral hydrogen column density in the 2 s state, NHI , 2 s ,
he random velocity dispersion σR , and an optional bulk radial
utflow velocity vexp . The velocity field parameters σR and vexp 

nfluence the frequency shifts and the formation of double-peaked
rofiles or P-Cygni features. 
(ii) For Raman scattering of the UV continuum, we adopt a flat

ncident spectrum covering the Lyman-series region from Ly β to
y δ. The process depends primarily on the total H I column density
HI , as the broadening of Raman-scattered features is dominated by

he interaction cross-section, branching probabilities near the Lyman
ransitions, and the energy conservation during Raman scattering
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Figure 1. Schematic illustration of the model geometry. A central point source emits either H αand H β photons (orange points for resonance and Thomson 
scattering) or a UV continuum (a blue point for Raman scattering), surrounded by a spherical scattering region. The sphere is divided into three wedges 
representing the different scattering processes: (a) resonance scattering of Balmer lines, H α and H β, in a spherical H I region populated with 2s-state hydrogen 
atoms, characterized by a column density NHI , 2s , a random motion σR , and an expansion velocity vexp . (b) Raman scattering of UV photons near the Lyman 
series by ground-state H I atoms with a column density NHI , producing broad optical and IR features (e.g. H α, H β, and Pa α). (c) Thomson scattering of Balmer 
line photons by free electrons in a spherical H II region, characterized by electron temperature Te and electron density ne , producing symmetric broadening 
proportional to the electron’s thermal speed vth , e . 

Table 1. Key parameters for each scattering process. The ranges represent typical values used in our simulations. 

Type of scattering Parameter Typical range 

Resonance H I column density in the 2 s state NHI , 2s 1012 − 1016 cm−2 

Expansion velocity vexp 0 − 500 km s−1 

Random motion of H I gas σR 13.6 (hydrogen thermal motion at T = 104 K) − 100 km s−1 

Width of intrinsic emission σSrc 0 − 400 km s−1 

Raman H I column density NHI 1020 − 1023 cm−2 

Thomson Electron temperature Te 104 − 106 K 

Thomson optical depth τTh 0 . 01 − 10 
Width of intrinsic emission σSrc 50 − 500 km s−1 
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i.e. Raman broadening). We neglect the effects of bulk or turbulent 
otions, as they have a negligible impact on the broadening of Raman

eatures compared to the intrinsic energy shift from the inelastic 
cattering. 

(iii) For Thomson scattering of Balmer lines, the scattering region 
s an ionized H II sphere characterized by the electron density ne , tem-
erature Te , and the resulting Thomson optical depth τTh = σTh ne R. 
he broadening of the scattered line profiles arises primarily from 

he thermal motions of electrons vth =
√ 

2 kT /me ≈ 548 km s−1 at 
e = 104 K. Similar to Raman scattering, we neglect the effect of
ulk outflows or turbulence, as these do not significantly impact 
he Thomson-scattering process due to the high thermal speed of 
lectrons and wavelength-independent scattering cross-section. 

The RT simulations for each process are performed using dedi- 
ated Monte Carlo codes, as detailed in Sections 2.2 –2.4 . The input
arameters for each scattering process are summarized in Table 1 . 

.2 Resonance scattering of Balmer lines 

esonance scattering in Balmer lines is expected in environments 
here the n = 2 population of hydrogen is significantly enhanced. 

n LRDs, the presence of Balmer absorption features and a strong
almer break is indicative of this condition. Since H α and H β
hotons can be trapped and experience multiple scatterings within 
ptically thick gas, their emergent profiles are sensitive to the 
elocity structure and geometry of the medium. Modelling this 
rocess is essential to explain their P-Cygni-like profiles and the 
symmetric absorption observed in Balmer lines, particularly the 
ifferent behaviours of H α and H β. 

.2.1 Physical mechanism 

esonance scattering of Balmer lines occurs when hydrogen atoms 
n the 2 s state absorb photons near the H α and H β transition
nergies, exciting electrons to the n = 3 or 4 states, respectively.
he subsequent de-excitation of the electron can result in the re-
mission of a photon at the same wavelength or, through branching,
roduce photons in other lines such as Pa α. This process is analogous
o Ly α scattering (see e.g. review by M. Dijkstra et al. 2019 ), but for
almer transitions. 
The key role of the 2 s state arises from its long lifetime (ap-

roximately 0.1 s), which is orders of magnitude longer than the
ifetimes of the np excited states ( ∼ 10−9 s). This long lifetime
nables a significant population of hydrogen atoms to accumulate 
n the 2 s state, providing a reservoir for resonance scattering. The
tomic structure of hydrogen and relevant transitions are illustrated 
n Fig. 2 . 
MNRAS 545, 1–21 (2026)
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M

Figure 2. Energy levels of atomic hydrogen in n = 1 − 4. Solid arrows indicate the ‘resonant transitions’ involved in resonance scattering (see Section 2.2 ), 
while dashed arrows show other possible transitions for H α, H β, and Pa α (omitting the higher Lyman transitions; ‘Case B’ assumption). 

Table 2. Atomic parameters of H α and H β to calculate their scattering 
cross-section in equation ( 1 ). 

H α(2 s → 3 p) H β(2 s → 4 p) 

f 0.4360 0.1028 
� 4 . 4 × 107 s−1 8 . 4 × 106 s−1 

ν0 4 . 5600 × 1014 s−1 6 . 1694 × 1014 s−1 

Notes . The first row shows the oscillator strength from 2 s to np state. The 
second and third rows represent the damping term and line centre frequency. 

 

V

σ

w  

H

H

H
ν  

w  

o  √
 

t  

m
 

c

τ

τ

2

W  

c  

L  

t  

Table 3. Branching ratio of permitted transitions at 3 p and 4 p states. 

Initial state 3 p 3 p 4 p 4 p 4 p 

Final state 1 s 2 s 1 s 2 s 3 s, 3 d 
Branching ratio 0.882 0.118 0.839 0.119 0.042 
Branching ratio w/o 1 s – 1 – 0.739 0.261 
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The scattering cross-section for a Balmer line is described by a
oigt profile: 

ν =
√ 

πe2 

me c 

f 

�νD 

H ( a, x) , (1) 

here f is the oscillator strength, �νD 

is the Doppler width, and
 ( a, x) is the Voigt function: 

 ( a, x ) = a 

π

∫ ∞ 

−∞ 

e−y2 

( x − y )2 + a2 
d y . (2) 

ere, a = �/ (4 π�νD 

) is the natural width parameter, and x = ( ν −
0 ) /�νD 

is the dimensionless frequency offset. The thermal Doppler
idth is �νD 

= ν0 vth /c, where vth =
√ 

2 kT /mH 

is the thermal speed
f hydrogen at a temperature T . As the total random motion σR =
 

vth 
2 + v2 

turb , assuming the microturbulent approximation with the
urbulent speed vturb , we set the thermal speed vth to be the random
otion of hydrogen σR in our simulation. 
Adopting the atomic data in Table 2 , the optical depths at line

entre for H α and H β are given by: 

0 , H α ≈ 33 . 4

(
NHI , 2 s 

1014 cm 

−2 

)( σR 

12 . 8 km s−1 

)−1 
, (3) 

0 , H β ≈ 5 . 83

(
NHI , 2 s 

1014 cm 

−2 

) ( σR 

12 . 8 km s−1 

)−1 
. (4) 

.2.2 Branching ratios and line conversion 

hen an H α photon excites a 2 s electron to the 3 p state, the electron
an decay to either the n = 1 (1 s) or n = 2 (2 s) state, emitting
y β or H α, respectively (see also Fig. 2 ). The branching ratio to

he 1 s state is significantly larger (0.882) than that to the 2 s state
NRAS 545, 1–21 (2026)
0.118), as shown in Table 3 . However, under the Case B assumption,
he 3 p → 1 s transition is neglected, as Ly β photons are typically
eabsorbed by the surrounding H I medium with the 1 s state. As the
opulation of the n = 1 state is much higher than that of the n = 2
tate, if the gas is optically thick for Balmer lines, it is also optically
hick for Lyman series. Thus, the Case B assumption is natural in
he scattering medium for resonance scattering. Consequently, H α

hotons predominantly remain H α throughout the scattering process.
For H β photons, excitation to the 4 p state allows decay to the n = 1

1 s), n = 2 (2 s), or n = 3 (3 s/ 3 d) states. The raw branching ratios for
hese transitions are 0.839, 0.119, and 0.042, respectively. When the
 s transition is suppressed under the Case B assumption, the relative
ranching ratio to the n = 3 state increases to 0.261. Therefore, the
onversion of H β photons into Pa α via the 4 p → 3 s/ 3 d transition
s not negligible and must be considered in the simulation for the
ptically thick medium. This process also generates H α photons at
he scattering location, as the Pa α cascade involves a subsequent
 s/ 3 d → 2 p transition (see Fig. 2 ). 

.2.3 Monte Carlo simulation 

he resonance scattering simulations are performed using the 3D
onte Carlo code RT-SCAT (S.-J. Chang et al. 2023a ; S.-J. Chang &
. Gronke 2024 ) in which discrete photon packages are followed

hrough real and frequency space until they escape the simulation
omain, at which point the emergent properties are recorded. Specif-
cally, we follow these steps: 

(i) Define the spherical geometry characterized by an H I column
ensity in the 2 s state NHI , 2s , a random motion σR , and an expansion
elocity vexp ; the radial bulk motion v( r) is constant (i.e. v( r) = vexp ).

(ii) Generate isotropic H α and H β photons from the central source,
ith an intrinsic Gaussian width σSrc . 
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Figure 3. Schematic illustration of Raman scattering of UV radiation near 
Ly γ . The black solid lines represent the energy levels of atomic hydrogen. The 
light blue line indicates the incident UV radiation near Ly γ . The blue arrow 

represents Rayleigh scattering, in which the electron de-excites to the n = 1 
state, emitting Ly γ . The red and orange arrows represent Raman scattering 
to the n = 2 and 3 states, producing H β and Pa α, respectively. 
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(iii) For each photon, determine the scattering location. Using a 
imensionless free path of the photon, τf = − ln r , where r is a
andom number drawn uniformly in [0,1], a free path of a photon lf 
s given by τf /σν ; σν is a scattering cross-section (equation 1 ). The
requency ν is adopted as the frequency in the rest frame of the cell,
here the photon penetrates. 
(iv) Determine the scattering outcome: 

(a) For H α, photons always remain H α after scattering. 
(b) For H β, the final state is selected by the branching ratios.

If a random number r drawn uniformly in [0,1] is smaller than
the branching ratio to the n = 2 state, 0.739, the photon remains
H β. Otherwise, it converts to Pa α with an accompanying 
H αphoton at the same location (with the wavelength at the line
centre in the atom rest frame). Because of the low number of H I

atoms in the n = 3 state, the Pa α photon immediately escapes,
while the newly generated H α photon continues to propagate in 
the spherical H I region. 

(v) Compute the new photon direction with the isotropic distribu- 
ion and frequency shift by a random motion σR . While the incident
nd scattered frequencies are identical in the rest frame of atomic 
ydrogen, which scatters a photon, the scattered frequency in the 
est frame of the cell is changed due to the Doppler shift caused by
he random motion of the hydrogen. 

(vi) Repeat steps (iii)–(v) until the photon escapes the grid. 
hen collecting photons, the photon’s frequency is converted to the 

requency in the observed frame, taking into account the kinematics 
t the last scattering location. 

(vii) Back to a step (ii) until the total number of intrinsic photons
ecomes 108 . 

A visual representation of this process is shown in the left panel
f Fig. 1 . The detailed Monte Carlo method of RT-SCAT is described
n section 2.5 of S.-J. Chang & M. Gronke ( 2024 ). We will show
imulated results of resonance scattered H α, H β, and Pa α profiles in
ection 3.1 . 

.3 Raman scattering 

aman scattering generates extremely broad wings around Balmer 
ines, due to the inelastic scattering of UV photons near Lyman-series
avelengths by neutral hydrogen. While this process requires strong 
V radiation fields and large NHI , both conditions are plausible in 
RDs, which show V-shaped spectral energy distributions (SEDs) 
nd deep Balmer breaks. If Lyman emission lines or a strong UV
ontinuum exist, Raman scattering can significantly reshape the 
almer line profiles and even mimic AGN-like broad components. 

.3.1 Physical mechanism 

aman scattering with H I atom is an inelastic process in which a
V photon near the hydrogen Lyman series is scattered by a ground-

tate hydrogen atom, producing an optical or IR photon through de- 
xcitation to n > 1 states. If the electron returns to the ground state
 n = 1) after scattering, the process is elastic, and the photon retains
ts original energy; this is known as Rayleigh scattering. In contrast, if
he electron de-excites to higher energy levels ( n > 1), the scattered
hoton undergoes an energy shift corresponding to the difference 
etween the Lyman transition energy and the new state. Specifically, 
V continuum photons near Ly β form scattered features around H α

hrough Raman scattering to the n = 2 state. Fig. 3 illustrates how
aman scattering of an Ly γ photon to n = 2 and 3 states results in

he conversion of the UV photon to H α and Pa α, respectively. 
Computing the probability of Raman scattering occurring as a 
unction of a wavelength in the far-UV regime is non-trivial. While
he scattering probability for Rayleigh and Raman scatterings is given
y the total cross-section, the individual transition probabilities are 
iven by the Branching ratios, which are the ratio between the cross-
ection for Raman scattering divided by the total scattering cross- 
ection. Thus, the sum of the branching ratios to the n = 1 state
Rayleigh scattering) and n > 1 states (Raman scattering) is unity.
ig. A1 shows the total scattering cross-section and branching ratios 

o each n state. 
This process involves an energy shift corresponding to the Lyman 

ransition energy, given by 

inc = Esc + ELyman , (5) 

here Einc is the energy of the incident UV photon, Esc is the
nergy of the scattered photon, and ELyman is the energy of the
orresponding Lyman transition. For instance, following the example 
o Pa α depicted in Fig. 3 (light blue to red arrow), Einc ≈ ELy γ ,

Lyman = ELy β , and Esc ≈ EPa α . 
The scattered wavelength is computed correspondingly as 

1 

λsc 
= 1 

λinc 
− 1 

λLyman 
, (6) 

here λLyman is the wavelength of the relevant Lyman transition (e.g. 
y β and Ly γ ). 
This scattering process leads to an emergent broad line. To first

rder, the emergent line shape follows the corresponding cross- 
ection (cf. Fig. A1 ). However, the broadening of Raman-scattered 
eatures arises not only from the natural cross-section dependence but 
lso from the energy shift. This can be illustrated by the differential
elation between the incident and scattered wavelengths, which is 
iven by 

 λsc =
(

λsc 

λinc 

)2 

d λinc , (7) 
MNRAS 545, 1–21 (2026)
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here the factor ( λinc /λsc ) 
2 represents the additional broadening from

he Raman-scattering process. As the derivative of the velocity is
iven by d v = d λ/λ, this factor becomes λsc /λinc in velocity space,
hich is ∼ 6 . 4 and 5 for H αand H β, respectively. 
Due to the cross-section dependence, the overall broadening of

aman features depends primarily on the total H I column density
HI , with higher NHI leading to broader features with widths

xceeding several thousand km s−1 (H.-W. Lee & J.-H. Yun 1998 ;
.-J. Chang et al. 2015 , 2018b ; M. Kokubo 2024 ). Unlike resonance
cattering, the effects of the bulk velocity vexp or the random motion
R are negligible compared to the intrinsic broadening from the
nergy shift, assuming the continuum radiation as an input source.
owever, if UV emission lines, such as He II lines at 1025, 972, and
49 Å and O VI resonance lines at 1032 and 1038 Å (rather than
he continuum) undergo Raman scattering, the kinematics of the H I

egion and the profile of input radiation (H. M. Schmid 1989 ; T. J.
arries & I. D. Howarth 1996 ; S.-J. Chang & H.-W. Lee 2020 ; B.-E.
hoi et al. 2020 ; J.-E. Heo et al. 2021 ; S.-J. Chang et al. 2023b ) can
ffect the formation of Raman-scattered features. 

We will show results of Raman-scattered continuum photons in
ection 3.2 and discuss Raman-scattered features of the emission

ines of the higher Lyman series (Ly β and Ly γ ) in Appendix B . 

.3.2 Monte Carlo simulation 

he Raman-scattering simulations are performed using the Monte
arlo code STARS (S.-J. Chang & H.-W. Lee 2020 ), following these

teps: 

(i) Define the spherical geometry with uniform H I column density
HI . 
(ii) Generate a flat UV continuum between 940–1060 Å from the

entral source or Gaussian emission of Lyman series. 
(iii) For each photon, determine the scattering location using the

otal scattering cross-section (the black solid line in Fig. A1 ). The
etails to calculate a free path are described in (iii) of Section 2.2.3 . 
(iv) Select the de-excitation channel (i.e. final state of the electron)

ased on branching ratios computed from the Kramers–Heisenberg
ormula. If the random number r from 0 to 1 is smaller than the
ranching ratio to the n > 1 state, the photon Raman scatters and
onverts to an optical or IR photon (e.g. H α from Ly β, and H β and
a α from Ly γ ). Otherwise, the photon undergoes Rayleigh scattering
nd remains a UV photon. 

(v) Compute the scattered wavelength λsc using equation ( 6 ), and
enerate the new photon direction following the Thomson-scattering
hase function (equation 9 ) as Raman scattering is off-resonance
cattering (W. J. Karzas & R. Latter 1961 ). If the photon Raman
catters, it is considered to escape the grid immediately. 

(vi) Repeat steps (iii)–(v) until the photon escapes the grid or
ndergoes Raman scattering. 
(vii) Back to a step (ii) until the total number of intrinsic photons

ecomes 108 . 

The detailed Monte Carlo method of STARS is described in
ection 2 of S.-J. Chang & H.-W. Lee ( 2020 ). We will investigate
he formation of the broad wings around hydrogen lines by Raman
cattering and estimate their widths in Section 3.2 . 

.4 Thomson scattering 

homson scattering is particularly relevant in the presence of ionized
as in LRDs. The exponential wings observed in many Balmer
rofiles suggest the influence of electron scattering, as proposed in
NRAS 545, 1–21 (2026)
revious work (A. Laor 2006 ; V. Rusakov et al. 2025 ). Importantly,
homson scattering produces symmetric broadening across all lines
hen the emission region is embedded within the scattering medium.
nlike resonance or Raman processes, Thomson scattering can

ntroduce significant line broadening without requiring large gas
elocities. This poses a challenge for interpreting Balmer line widths
s purely virial in origin, motivating detailed modelling of this
echanism in the LRD context. 

.4.1 Physical mechanism 

homson scattering is an elastic process in which photons scatter
ith free electrons, without any change in photon energy in the

lectron’s rest frame. The scattering cross-section is independent of
avelength (G. B. Rybicki & A. P. Lightman 1986 ) and given by 

Th ≈ 6 . 65 × 10−25 cm 

2 . (8) 

he angular distribution of scattered photons is described by the
homson phase function: 

 ( θ ) = 3 

16 π
(1 + cos 2 θ ) , (9) 

here θ is the scattering angle between the incident and scattered
irections. With this scattering phase function, the probability of
orward and backward scattering is greater than that of scattering in
he perpendicular direction. 

The broadening of the scattered photon spectrum arises from the
hermal motion of electrons. The thermal speed of electrons is 

th , e =
√ 

2 kTe 

me 

≈ 548 km s−1 

(
Te 

104 K 

)1 / 2 

, (10) 

here Te is the electron temperature. Since the scattering cross-
ection is wavelength-independent, the resulting broad features from
homson scattering appear around any emission lines from the same
mission region with a similar width in velocity space, if these lines
re emitted from the same region. 

.4.2 Monte Carlo simulation 

ince Thomson scattering is an elastic process in the electron’s rest
rame, like resonance scattering, the Thomson-scattering simulations
re performed using the Monte Carlo code RT-SCAT (S.-J. Chang &
. Gronke 2024 ) with the wavelength-independent cross-section,

ollowing these steps: 

(i) Define the spherical geometry with uniform electron density
e , electron temperature Te , and compute the Thomson optical depth
Th = σTh ne R. 

(ii) Generate isotropic photons from the central source, with an
ntrinsic Gaussian width σSrc . Due to the wavelength independence
f the Thomson scattering cross-section, the generated photon
epresents any emission from the central source (e.g. H α and H β). 

(iii) For each photon, determine the scattering location using the
homson cross-section σTh in equation ( 8 ) [details are described in

iii) of Section 2.2.3 ]. 
(iv) Compute the new photon direction using the Thomson phase

unction. The scattered wavelength is identical to the incident one in
he rest frame of the electron. However, the scattered wavelengths
ary in the observed frame. With a 3D velocity from a Maxwell–
oltzmann distribution v e = vth , e ̂  v at an electron temperature Te , a

cattered wavelength in the observed frame λs is given by 

s ≈ λi 

[ 
1 + vth , e 

c 
ˆ v · ( ˆ k i − ˆ k s )

] 
, (11) 
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Figure 4. Conversion rate from H β to Pa α through inelastic H βscattering 
from n = 2 → 4 → 3, CH β→ Pa α , as a function of NHI , 2s . The blue dots show 

the simulation results for the monochromatic case, while the red dashed line 
represents the analytic solution derived in equation ( 15 ). The vertical dashed 
line represents the NHI , 2s corresponding to an optical depth of unity at the H β

line centre ( τ0 ,Hβ = 1). The conversion rate CH β→ Pa α increases with NHI , 2s , 
as higher optical depths lead to more scatterings and chances of branching 
via the 4 p → n = 3 (3 s/ 3 d) transition. 

Figure 5. Emergent flux ratios experiencing H β scattering of H α/H β (blue), 
H β/Pa α (red), and H α/Pa α (orange) as functions of NHI , 2s . The ratio 
variations originate from H β scattering, as shown in Fig. 4 . The vertical 
dashed line marks the NHI , 2s corresponding to an optical depth of unity at 
the H β line centre ( τ0 ,Hβ = 1). The horizontal dashed lines indicate the line 
ratios expected under Case B recombination. 
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here ˆ k i and ˆ k s are unit vectors of incident and scattered photons, 
nd λi is an incident wavelength in the observed frame; the range of

ˆ 
 · ( ˆ k i − ˆ k s ) term is [ −1 , 1]. 

(v) Repeat steps (iii)–(iv) until the photon escapes the grid. 
(vi) Back to a step (ii) until the total number of intrinsic photons

ecomes 108 . 

The detailed Monte Carlo method of RT-SCAT is described in 
ection 2.5 of S.-J. Chang & M. Gronke ( 2024 ; also see A. Laor
006 ; H. J. Kim, H.-W. Lee & S. Kang 2007 ; S.-J. Chang et al.
018b ; H. Y. Choe & H.-W. Lee 2023 ). We will explore Thomson-
cattered features for various electron temperatures Te and optical 
epths τTh , and investigate which environment forms an exponential 
rofile. 

 RESULTS  

n this section, we present the simulated spectral features of hydro- 
en emission lines arising from resonance, Raman, and Thomson 
cattering processes. Our RT models predict how each mechanism 

mprints distinct signatures on Balmer lines, such as H α and H β. We
ystematically explore the effects of key physical parameters for each 
cattering process. In Section 3.1 , we investigate the multitransition 
ffects in the n = 2 and 3 states involved in H β scattering and
he formation of H α and H β spectra. In Section 3.3 , we explore
he formation of Thomson-scattered features for various electron 
emperatures and optical depths. In Section 3.2 , we investigate 
he broad wings around hydrogen emission lines through Raman 
cattering of UV radiation near the Lyman series. 

.1 Resonant scattering of Balmer lines 

.1.1 Pa α and H α from H β scattering 

hile H β photons undergo scattering, they can convert to Pa α and 
 α photons through transitions from the 4 p state to the 3 s and 3 d 

tates, with a branching ratio BR3 of 0.261 (see Fig. 2 and Table 3 ).
o quantify this process, we adopt a monochromatic source emitting 
 β photons at the line centre and estimate the conversion rate of H β

o Pa α via scattering to n = 3 states, defined as 

H β→ Pa α = �H β→ Pa α

�H β, in 
, (12) 

here �H β, in is the number of intrinsic H β photons, and �H β→ Pa α

s the number of escaping Pa α photons generated by H β scattering. 
ig. 4 shows CH β→ Pa α as a function of NHI , 2s . 
CH β→ Pa α increases with increasing NHI , 2s in Fig. 4 because higher 

ptical depths lead to more scatterings, providing more opportunities 
or H β photons to convert to Pa α and H α via the 4 p → 3 s/ 3 d 
ransition. To understand this trend, we derive an analytic solution 
or CH β→ Pa α. 

The effective optical depth for the n = 3 transition in a spherical
eometry is BR3 τ0 , H β , where BR3 is the branching ratio to the n = 3
tate, ∼ 0 . 26. The number of escaping H β photons consists of those
hat either escape directly or undergo scattering into the 2 s state.
n other words, they are photons that escape without converting 
ia the n = 3 transition. The number of escaping H β photons is
hus 

H β = �H β, in e
−BR3 τ0 , H β . (13) 

he number of Pa α photons produced via scattering is �in − �H β , 
.e. 

H β→ Pa α = �H β, in 

(
1 − e−BR3 τ0 , H β

)
. (14) 
hus, the conversion rate is 

H β→ Pa α = �H β→ Pa α

�H β, in 
= 1 − e−BR3 τ0 , H β (15) 

ig. 4 shows that the analytic solution and the simulation results
atch well. For τ0 , H β > 0 . 5, the simulation slightly exceeds the

nalytic estimate due to multiple scatterings, which increase the 
ffective path length via random walks. 

Fig. 5 presents the variation of line flux ratios – H α/H β, H β/Pa α,
nd H α/Pa α – as functions of NHI , 2s , assuming intrinsic line ratios
onsistent with Case B recombination. As H β photons begin to 
onvert into Pa α and H α at NHI , 2s � 1013 cm−2 , the H α/H β ratio
MNRAS 545, 1–21 (2026)
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ncreases with NHI , 2s . This trend is similar to the common Balmer
ecrement due to the dust extinction, but it originates from H β

cattering. However, note that the intrinsic spectra used in Fig. 5 are
-functions at the respective line centres. If, on the other hand, the
ncident radiation has a broad intrinsic width and photons can escape

ore easily directly from the central source without significant
nteraction, the variation in line ratios can be significantly smaller. 

.1.2 Formation of the H α spectrum 

n this section, we examine the emergent H α spectra for a Gaussian
nput profile with an intrinsic width of σSrc = 200 km s−1 . Consider-
ng that H α RT involves only the 2 s − 3 p transition – analogous
o Ly α RT with the 1 s − 2 p transition – we anticipate spectral
ehaviour similar to that of Ly α – however, typically at much lower
ptical depths. Fig. 6 illustrates H α spectra for varying NHI , 2s , σR ,
nd vexp using an intrinsic spectral width of σSrc = 200 km s−1 . 

In the left panel of Fig. 6 , as NHI , 2s increases, the double-peaked
rofiles near the line centre become more pronounced, and the
eparation between the peaks widens due to an increased number
f scatterings. The central panel shows that increasing the random
otion of the scattering medium σR leads to broader double peaks,

eflecting enhanced frequency diffusion driven by greater random
as motions. 

In the right panel of Fig. 6 , an outflow velocity smaller than σSrc 

i.e. vexp = 50 and 100 km s−1 ) shows a P-Cyni profile composed
f an absorption-like feature blueward of line centre and a red peak.
or larger outflow velocities (vexp ≥ 500 km s−1 ), scattering becomes
egligible because the medium effectively becomes optically thin for
he intrinsic photons. 

In summary, the spectral behaviour of H α is similar to that of Ly α,
lbeit Ly α is typically studied at much larger column densities NHI �
017 cm−2 . Leaving aside the doublet structure, the emergent H α

pectrum resembles the one typically found for metal resonance lines
bserved in outflowing environments (e.g. Mg II , J. X. Prochaska, D.
asen & K. Rubin 2011 ; S.-J. Chang & M. Gronke 2024 ). 

.1.3 H β spectrum 

n this section, we consider the intrinsic H β emission from a central
ource, assuming a width of σSrc = 200 km s−1 . The RT of H β

nvolves transitions from the 4 p state to both the 2 s state and the
 s/ 3 d states. The scattering characteristics of H β differ from those
f H α and Ly α because of the transition to the 3 s/ 3 d states, as
iscussed in Section 3.1.1 . 
Fig. 7 shows H β spectra for various NHI , 2s , σR , and vexp . In

he left and central panels for a static medium (vexp = 0 km s−1 ),
he spectra do not exhibit clear double-peaked features like those
bserved in H α spectra in Fig. 6 . Instead, the profiles look like
imple Voigt absorption profiles centred at the intrinsic wavelength.
his occurs because most H β photons rarely experience sufficient
cattering events to form a double-peaked profile before converting
nto Pa α. As discussed in Section 3.1.1 , when the optical depth at
 β exceeds ∼ 10, most H β photons undergo scattering through the
 p → 3 s/ 3 d transition, converting into Pa α and H α photons (cf.
ig. 2 ). The branching ratio to n = 3 states ∼ 0 . 26 is non-negligible,

mplying that it is statistically unlikely for H β photons to remain in
he H β state after more than about four scatterings ( ∼ 1 /BR3 ). 

In the right panel of Fig. 7 , for the slow outflow case smaller
han σSrc = 200 km s−1 ( vexp = 50 and 100 km s−1 ), a red peak
merges due to the scattering in the outflowing medium. This
ehaviour contrasts with the static case because the frequency shifts
NRAS 545, 1–21 (2026)
n an outflow allow some scattered H β photons to escape before
onversion to Pa α. Nevertheless, since conversion to Pa α is still
fficient, the red peak in H β remains weaker compared to that seen
n the corresponding H α spectra in the right panel of Fig. 6 . We will
iscuss the differences between H α and H β spectra in the following
ection. 

.1.4 Comparing H α, H β, and Pa α spectra 

ig. 8 illustrates the impact of multiple-transition scattering of
 β photons on the emergent line profiles of H β, H α, and Pa α,

ssuming only H β emission as input radiation. In the top panel
or the static medium (vexp = 0 km s−1 ), the H β spectrum exhibits a
entral absorption-like feature without clear double peaks, indicating
ignificant photon conversion into Pa α via the 4 p → n = 3 transi-
ion. The Pa α spectrum emerges as a symmetric Gaussian profile,
haped by the random motion σR of the medium. Simultaneously,
his conversion generates additional H α photons, which are emitted
t the line-centre wavelength and subsequently scatter, forming a
ouble-peaked profile. 
In the bottom panel of Fig. 8 , the presence of the outflow (vexp =

0 km s−1 ) significantly modifies the spectral shape. The H β line
xhibits a prominent P-Cygni profile. The partial photons on the
lue side of the line centre are scattered into the n = 3 states due to
he outflowing medium, converting into Pa α photons that escape as
 blueshifted emission. The simultaneously generated H α photons
ontinue to scatter, forming a redshifted peak. The effect of H β

cattering in the outflowing medium creates distinct observational
ignatures, blueshifted Pa α and redshifted H α emission features. 

To investigate the observational impact of H β scattering, we
ssume the central source emits intrinsic Gaussian profiles for H α,
 β, and Pa α with intrinsic width σSrc = 200 km s−1 and relative flux

atios following Case B recombination. Since the n = 3 population of
eutral hydrogen is negligible due to its short lifetime, intrinsic Pa α
hotons escape directly without scattering, resulting in a symmetric
aussian profile. 
Fig. 9 presents the observable emergent spectra (i.e. considering

oth the intrinsic as well as converted radiation) of H α, H β, and Pa α
n the outflowing case. Both H α and H β exhibit P-Cygni profiles,
ith the red peak of H α stronger than that of H β, due to additional
hotons produced via the n = 3 transition. The Pa α profile has
n enhanced blueward peak due to the direct conversion from H β

cattering, as shown in Fig. 8 . 
In summary, even though the optical depths of H α and H β are

f similar magnitudes due to the same NHI , 2s column density and
omparable cross-sections (equation 3 ), their RT processes differ
ubstantially. While H α RT closely mirrors that of Ly α in a low
ptical depth regime (i.e. dominated by resonance scattering without
ine conversion), H β photons cannot undergo a large number of
catterings due to the large branching ratio into the n = 3 state. As
 result, the H α line can be significantly reshaped due to resonant
T, and H β only shows absorption-like features (with additional
a α emergent at the corresponding velocity offset. We will discuss

he potential impact of resonant scattering on observed Balmer line
rofiles in Sections 4.2 and 4.4 . 

.2 Raman scattering 

ig. 10 shows the Raman-scattered features around various hydrogen
ines, H α, H β, H γ , Pa α, Pa β, and Br α from the UV continuum near
y β, Ly γ , and Ly δ. As NHI increases, Raman features get broader,
eflecting the fact that a wider range of UV continuum photons near
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Figure 6. Spectra of resonance-scattered H α for different values of NHI , 2s (left panel), random velocities σR (centre panel), and bulk outflow speeds vexp 

(right panel). The spectra are normalized by dividing the peak flux of intrinsic radiation; thus, the y-axis is the relative flux. Fiducial parameters are set to 
NHI , 2s = 1014 cm−2 , vexp = 0 km s−1 , and σR = 30 km s−1 . The intrinsic Gaussian emission profile width σSrc is fixed at 200 km s−1 . Spectral variations closely 
resemble those of Ly α under similar optical depth conditions, although typical Ly α optical depths are orders of magnitude larger. 

Figure 7. Spectra of resonance-scattered H β for various NHI , 2s (left), σR (centre), and vexp (right). The parameters of the fiducial case (black dot–dashed line) 
and the range of parameters for each panel are the same as those in Fig. 6 . The spectra are normalized by dividing the peak of intrinsic radiation at v = 0 km s−1 ; 
y-axis represents the relative flux. Unlike the double-peaked structures prominently visible in the H α spectra in the left and centre panels of Fig. 6 , the H β line 
generally shows a central absorption-like feature due to significant photon conversion to Pa α via scattering into n = 3 states. 
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he Lyman series undergo Raman scattering to form broad features 
round hydrogen lines (S.-J. Chang et al. 2015 , 2018b ). 

For example, UV continuum near Ly β produces broad wings 
round H α via Raman scattering into the n = 2 state. Similarly,
y γ photons scatter into both n = 2 and 3 states, generating Raman
eatures near H α and Pa α, respectively. Ly δ photons also contribute 
ia Raman scattering into the n = 4 state, producing Br α features.
t high NHI ( > 1021 cm−2 ), the incident flat continuum is fully

mprinted onto the Raman-scattered features, resulting in a flattened 
pectral shape near each line centre. The slight slopes in these 
at regions originate from the energy conservation inherent in the 
aman-scattering process (equation 7 ). 
The left panel of Fig. 10 shows that the Raman H α feature is

roader than those of H β and H γ at the same NHI . This trend
s driven by two factors: (1) the larger Raman-scattering cross- 
ection near Ly β compared to Ly γ and Ly δ (see Fig. A1 ), and (2)
he different wavelength-broadening factors in equation ( 7 ). As a 
esult, the α line of each hydrogen series (Balmer, Paschen, and 
rackett) exhibits the broadest Raman wings relative to the higher 
rder transitions, assuming a flat input continuum. These spectral 
rends offer a potential observational diagnostic: broader wings of 
almer lines (e.g. H α compared to H β) may indicate a Raman-

cattered wing. We discuss these observational signatures of Raman 
cattering further in Section 4.3 . 
f
We further compare the widths and profile shapes of Raman- 
cattered features around hydrogen lines. In Fig. 11 , when NHI =
020 −23 cm−2 , the width of Raman H α features spans ∼1000 to 
0 000 km s−1 , scaling approximately as NHI 

1 / 2 . Moreover, the width 
aries across hydrogen lines depending on their origin of Lyman 
eries; H α, H β, and H γ arise from Raman scattering of Ly β, Ly γ ,
nd Ly δ, respectively. Because Ly β has both a higher scattering
ross-section and a larger Raman wavelength shift (see Fig. A1 and
quation 7 ), H α wings are significantly broader – typically by a factor
f ∼3 – compared to H β. 
In summary, Raman scattering produces broader features at higher 

HI due to increased optical depth and interaction range with the UV
ontinuum. Continuum Raman-scattered features show the different 
idths of each hydrogen line. If H α wings are significantly broader

han H β, it suggests a contribution from Raman scattering of the UV
ontinuum. However, this width contrast is not significant when Ly β
nd Ly γ appear as intrinsic emission features in the input radiation,
ather than a flat continuum. We discuss this case in more detail in
ection 4.3 and Appendix B . 

.3 Thomson scattering 

ig. 12 shows simulated results of Thomson-scattered line profiles 
or various electron temperatures Te = 104 −6 K and Thomson optical 
MNRAS 545, 1–21 (2026)
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Figure 8. Simulated spectra as a consequence of resonantly scattered H β

RT, including 4 p → n = 2 and 4 p → n = 3 transitions and assuming only 
H β Gaussian emission with σSrc = 200 km s−1 . The colours of solid lines 
represent simulated spectra of H β (blue), H α (red), and Pa α. H α and Pa α
spectra are composed of photons produced by H β scattering to the n = 3 
state, while H βspectra are composed of scattered and directly escaping H β. 
y-axis is the number of photons per km s−1 to show how many photons 
convert from H β to Pa α and H α. NHI , 2s and σR are fixed at 1015 cm−2 and 
30 km s−1 , respectively. The top panel shows spectra for a static medium 

( vexp = 0 km s−1 ), while the bottom panel presents results for an outflowing 
medium ( vexp = 50 km s−1 ). 
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epth τTh = 0 . 1 − 10. Since the dependence on the input radiation
s negligible if σSrc < ve , th (i.e. in most cases), we assume a width
f the intrinsic emission σSrc = 50 km s−1 to focus on the broad
ing features due to Thomson scattering. In the left panel of
ig. 12 , the width of the scattered wings increases with increasing Te ,
ollowing the trend in electron thermal velocity vth , e in equation ( 10 ).
ince Thomson scattering is independent of photon wavelength, the
esulting broad wings appear around all emission lines with similar
hapes, as discussed in Section 2.4 . 

The bottom panel of Fig. 12 shows the dependence on the optical
epth τTh for a fixed electron temperature Te = 104 K. In the optically
hin case ( τTh ≤ 1), where single scattering dominates, the profiles
xhibit exponential wings, consistent with the analytical form ∝
xp ( −v/v0 ) (R. A. Sunyaev & L. G. Titarchuk 1980 ; H.-W. Lee
999 ; A. Laor 2006 ). With the single scattering approximation, the
nalytic solution of the Thomson-scattered profile is given by 

 ( v) = f0 e
−v/v0 , (16) 
NRAS 545, 1–21 (2026)
here vo ≈ 1 . 1 ve , Th (A. Laor 2006 ). This analytic solution (black
ashed line) is akin to the Thomson wing at τTh = 0 . 1, in the
ottom panel of Fig. 12 . When τTh increases, the profile gets broader
s a higher optical depth provides the opportunity for additional
cattering. However, as still single scattering mainly determines the
ormation of Thomson-scattered features, the profile follows the
xponential profile well at τTh ≤ 1. 

In the optically thick case ( τTh � 2), multiple scatterings modify
he profile shape, deviating from the exponential form as can be
een in the bottom panel of Fig. 12 . This results in a mismatch
etween the simulated profiles (solid lines) and the exponential fits
dashed lines). The cumulative effects of repeated velocity shifts
nd directional variations through multiple scatterings result in a
aussian-like profile near the line centre with a power-law wing (R.
. Sunyaev & L. G. Titarchuk 1980 ; L. Dessart et al. 2009 ). 
To quantify the broadening, we estimate the full width at half-
aximum (FWHM) of the Thomson-scattered profiles. In the top

anel Fig. 13 , we show the FWHM as a function of electron
emperature. As expected from equations ( 16 ) and ( 10 ), the FWHM
ncreases as T 1 / 2 

e , independent of τTh . In the bottom panel, we
how how the spectral broadening depends on the Thomson optical
epth. FWHM remains constant for τTh < 1, where single scattering
ominates, but increases approximately linearly with τTh in the
ptically thick regime due to the cumulative effect of multiple
catterings. 

In summary, Thomson scattering produces symmetric, broad line
ings whose width scales with T 1 / 2 

e and τTh . In the optically
hin regime, the line profile exhibits exponential profiles – a key
iagnostic feature that has been identified in broad Balmer emission
f some AGNs and LRDs (e.g. A. Laor 2006 ; V. Rusakov et al.
025 ). However, in the optically thick case ( τTh ≥ 5), the Thomson-
cattered feature becomes non-exponential (as shown in the bottom
anel of Fig. 12 . Moreover, if the Thomson-scattering medium is
utflowing, bulk motions can cause asymmetry in the broad scattered
ings, as demonstrated in Appendix C (see also L. H. Auer & D. van



Radiative transfer in LRDs 11

Figure 10. Raman-scattered features of hydrogen lines for various H I column densities, NHI = 1020 −22 . 5 cm−2 . The vertical axis F /FUV denotes the flux of 
the Raman feature normalized by the incident UV continuum near the corresponding Lyman-series line. Specifically, FUV refers to the continuum around Ly β, 
Ly γ , and Ly δ for H α, H β, and H γ , respectively. Left: Raman features in Balmer lines: H α (top), H β (middle), and H γ (bottom). Right: Raman features in IR 

transitions: Pa α (top), Pa β (middle), and Br α (bottom). As NHI increases, the wings broaden due to Raman scattering of UV continuum photons over a wider 
frequency range. 

Figure 11. FWHM of Raman-scattered features. FWHM is plotted as a 
function of NHI = 1020 −23 cm−2 . The red, blue, and green solid lines 
represent Raman features of Balmer lines H α, H β, and H γ , respectively, 
while dashed and dot–dashed lines correspond to Paschen and Brackett lines. 
The orange solid line represents FWHM of Thomson-scattered features as 
a function of Te at fixed optical depth τTh = 1. Unlike Thomson scattering 
– which yields the same width for all hydrogen lines due to its wavelength- 
independent cross-section –Raman scattering produces broader H α wings 
than H β or H γ , driven by differences in scattering cross-section and Raman 
wavelength shift. 
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lerkom 1972 ). Observationally, the absence of a strong red–blue 
symmetry in LRD Balmer wings would constrain vexp /vth , e �1 in 
he H II scattering layer. We will further discuss the implications of
 Thomson origin for Balmer line broadening in Section 4 . 

 DI SCUSSI ON  

.1 Observational signatures of scattering mechanisms 

e have investigated three distinct RT processes that can shape the
bserved profiles of hydrogen emission lines in LRDs: 

(i) Resonance scattering of Balmer lines with hydrogen atoms in 
he 2s state can produce double-peaked or P-Cygni-like features, 
nfluenced by the kinematics of the medium (i.e. vexp and σR in 
he geometry used here). Furthermore, resonance scattering of H β

ffects the flux ratio of hydrogen lines, as multiple H β scatterings
onvert H β photons to Pa α and H αvia de-excitation to the n = 3
tate (see Fig. 4 and Section 3.1.1 ). 

(ii) Raman scattering of UV continuum photons near the Lyman 
eries by ground-state hydrogen atoms can generate broad wings 
round Balmer lines, with widths up to several tens of thousands of
m s−1 , depending primarily on the H I column density NHI (with the
idth scaling as NHI 

1 / 2 ; see Section 3.2 and specifically Fig. 11 ). 
(iii) Thomson scattering of Balmer line photons by free electrons 

eads to symmetric broadening, with widths proportional to the 
lectron’s thermal speed vth , e . While mostly this leads to exponential 
ings ( ∝ exp ( −v/ve , th )), in the optically thin case (Thomson opti-

al depth τTh < 1), Thomson-scattered features exhibit potentially 
bservable deviations (cf. Section 3.3 and Fig. 12 ). 
MNRAS 545, 1–21 (2026)
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Figure 12. Spectra composed of Thomson-scattered photons, normalized by 
the peak flux at the line centre. Top: Thomson-scattered profiles for various 
electron temperatures Te = 104 −6 K at fixed optical depth τTh = 1, plotted 
in linear scale. The width of the line wings increases with Te , corresponding 
to higher electron thermal speeds. Bottom: Thomson-scattered profiles in the 
red wing of the line centre at fixed Te = 104 K for various optical depths 
τTh = 0 . 1−10, plotted in logarithmic scale. Solid lines show Monte Carlo 
simulation results, and dashed lines represent exponential fits. At low optical 
depths ( τTh < 1), profiles follow an exponential shape, while at higher depths 
( τTh � 2), multiple scatterings distort the profile from the exponential form. 

 

R  

o  

d  

s  

r  

L  

p  

e  

t  

A  

d  

L

4  

R  

p  

e  

Figure 13. FWHM of Thomson-scattered features. Top: FWHM as a 
function of electron temperature Te for different optical depths: τTh = 1 
(solid), 2 (dashed), and 5 (dot–dashed). The grey dashed line indicates 
the scaling FWHM ∝ T

1 / 2 
e , consistent with thermal Doppler broadening. 

Bottom: FWHM versus τTh for fixed Te = 104 (solid), 105 (dashed), and 
106 K (dot–dashed). In the optically thick regime ( τTh > 1), FWHM increases 
with τTh due to multiple scatterings. In the optically thin case ( τTh < 1), 
FWHM remains nearly constant and is dominated by single scattering. 

T  

a  

M  

e  

t  

P  

i  

H  

l  

t  

H  

H
 

a  

L  

r  

H
s  

d  

p  

e
 

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/545/4/staf2131/8362050 by Institute of Science and Technology Austria user on 12 February 2026
Fig. 11 shows a summary of the emergent line width due to
aman and Thompson scattering. Importantly, the broad components
f hydrogen emission lines arising from Raman scattering exhibit
ifferent widths for each line, while Thomson scattering produces
imilar broadening across all lines, emitted from the same emission
egion. One should note that if indeed the broad component of
RDs originates from Raman or Thomson scattering, it should be
olarized (H.-W. Lee & J.-H. Yun 1998 ; H.-W. Lee 1999 ; H. J. Kim
t al. 2007 ) and will be observable through future instruments and
elescopes such as the Habitable Worlds Observatory (C. Neiner,
. Girardot & J.-M. Reess 2025 ). These distinctions provide a
iagnostic for identifying the dominant scattering mechanism in
RDs. Tables 4 summarize the key properties of each process. 

.2 Can resonance scattering broaden the observed H β profile?

esonance scattering leads to both frequency and spatial diffusion of
hotons. For example, resonantly scattered Ly α emission typically
xhibits a double-peaked profile in static media (D. A. Neufeld 1990 ).
NRAS 545, 1–21 (2026)
he absorption features seen in the Balmer lines of LRDs indicate
n enhanced n = 2 population (I. Juodžbalis et al. 2024 , 2025 ; J.
atthee et al. 2024 ; K. Inayoshi & R. Maiolino 2025 ; R. P. Naidu

t al. 2025 ), suggesting that the gas in these systems is optically
hick to Balmer transitions, thus enabling resonance scattering. R.
. Naidu et al. ( 2025 ) proposed that the double-peaked H β profile
n LRDs originates from resonance scattering, analogous to Ly α.
owever, the presence of multiple branching channels at the n = 4

evel makes H β resonance scattering fundamentally different from
hat of Ly α. This section explores whether resonance scattering of
 β in the static medium can realistically account for the observed
 βfeatures. 
For H α, the emergent profile in a static medium shows a char-

cteristic double peak due to resonance scattering (see Fig. 6 ), like
y α. However, as discussed in Section 3.1.1 , in the optically thick
egime ( τH β � 10), most H β photons undergo conversion to P α and
 α via transitions to the n = 3 state. As a result, the emergent H β

pectrum in these conditions primarily reflects photons that escape
irectly, with an absorption-like dip at the line centre (see the top
anel of Fig. 8 ). Most scattered H β photons near the line centre thus
scape the medium as Pa α or H α photons. 

To test whether H β resonance scattering can be a dominant broad-
ning mechanism, we perform RT simulations in a static medium
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Table 4. Summary of scattering mechanisms in LRDs. 

Process Medium Spectral features Broadening 

Resonance (H α, H β) H I ( n = 2, 2 s) Double peaks, P-Cygni, variation in the H α/H βflux ratio –
Raman (UV → optical/IR) H I ( n = 1, 1 s) Broad wings with different widths for each line, up to ∼ 104 km s−1 ∝ √ 

NHI 

Thomson Free electrons Symmetric broadening with same width for all lines, up to ∼ 103 km s−1 ∝ √ 

Te , τTh 

Figure 14. H α and H β spectra at NHI = 1017 cm−2 , σRan = 100 km s−1 , 
and σSrc = 100 km s−1 . The intrinsic flux ratio of H α and H β is fixed at 
1 to compare profiles of emergent spectra. The solid and dashed red lines 
represent H α spectra from intrinsic H α and H β, respectively. The blue solid 
line is H β spectra multiplied by a factor of 100. At high NHI and σRan , H β

can be broadened by scattering, but its flux is extremely low as most photons 
convert to H α through numerous scatterings. 
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vexp = 0 km s−1 ) with a high column density of NHI , 2s = 1017 cm−2 

i.e. τ0 , H β > 103 ) and random velocity dispersion σR = 100 km s−1 . 
e inject H α and H βphotons from a central source, each with

ntrinsic width σSrc = 100 km s−1 and equal flux, ensuring all photons 
ndergo multiple scatterings. Fig. 14 shows the emergent H α

pectrum from intrinsic H α(solid red line) and from intrinsic H β

mission (dashed black line). The two spectra are nearly identical, as
ost H β photons are rapidly converted to H α in the inner scattering

egion and then escape via subsequent scatterings. 
Although the vast majority of H β photons are converted to Pa α

nd H α ( ≈ 99 per cent in this case), a small fraction emerges as H β.
he emergent H β spectrum (blue line, scaled by a factor of 100 for
isibility) in Fig. 14 ) exhibits a clear double-peaked profile. Notably, 
he peak separation in H β is similar to that in H α, since τ0 , H α ≈ τ0 , H β .
n summary, H β spectra can indeed develop a double-peaked shape 
ia resonance scattering. However, due to the efficient conversion to 
a α, the emergent H β flux is several orders of magnitude weaker

han H α. Since the flux ratio of H α/H β in LRDs is not exceeding a
undred, resonance scattering of H β is unlikely to be the dominant 
roadening mechanism. 1 
 Note that if the H I gas is optically thick not only to Balmer lines but also 
o the Paschen series – due to a large n = 3 population – then P α photons 

ay also undergo scattering. In this case, the emergent H β flux can increase, 
nd P α shows a double-peaked profile. In gas that is optically thick to both 
yman and Balmer series, the scattering behaviours of Ly β and H αresemble 

hose of H β and P α in gas that is optically thick to Balmer and Paschen 
eries, respectively. S.-J. Chang et al. ( 2018a ) explored H αand Ly β emission 
ia resonance scattering and found both can exhibit double-peaked profiles. 
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.3 Detection of Raman broad wing 

aman-scattered wings around H α and H β have been observed in 
 variety of astrophysical environments, such as symbiotic stars (H. 
ussbaumer et al. 1989 ; S.-J. Lee & S. Hyung 2018 ; S.-J. Chang

t al. 2018b ), planetary nebulae (H.-W. Lee & S. Hyung 2000 ; H.-
. Lee et al. 2006 ; L. F. Miranda, J. M. Torrelles & J. Lillo-Box

022 ), and H II regions (M. A. Dopita et al. 2016 ; W. J. Henney
021 ). Theoretical studies have also predicted Raman broad wings 
n AGNs (S.-J. Chang et al. 2015 ; M. Kokubo & Y. Harikane 2025 ).
he strength of the Raman-scattering wings depends on the input UV

adiation. If all incident UV photons are fully Raman scattered, the
esulting scattered features have strengths of approximately ∼ 10−3 

elative to the input UV flux (see Fig. 10 ) due to less energetic
cattered photons (equation 5 ) and Raman broadening (equation 
 ). Therefore, environments where Raman scattering is observed 
ypically require both strong UV radiation and an optically thick H I

edium. 
LRDs can provide such conditions, given their strong Balmer 

reaks and V-shaped SEDs (D. D. Kocevski et al. 2023 ; J. E. Greene
t al. 2024 ; J. Matthee et al. 2024 ; H. B. Akins et al. 2025b ; A.
. Taylor et al. 2025b ). However, the broad wings around H α and
 β observed in LRDs exhibit similar widths over 1000 km s−1 

M. Brazzini et al. 2025 ; I. Juodžbalis et al. 2025 ; F. D’Eugenio
t al. 2025a , b ), which contrasts with the basic Raman-scattering
xpectation (see Fig. 11 ) which predicts, e.g. an FWHM ratio of ∼ 3
etween H α and H β. 

Thus, it seems that Raman scattering is unlikely to be important
or LRDs. However, it is important to note that Raman scattering
o the n = 2 state, specifically the transition 1 s → np → 2 s, leaves
n electron in the metastable 2 s state and can enhance the n = 2
opulation, increasing the optical depth for resonance scattering 
f Balmer lines. Therefore, although it likely does not shape the
mergent spectrum, Raman scattering of continuum photons can still 
ffect the RT dynamics in this manner. 

In addition, as shown in Appendix B , Raman scattering of emission
ines from the Lyman series can, in fact, produce broad wings of
omparable width for both H α and H β. Assuming the same width of
y β and Ly γ emissions, the widths of Raman-scattered H α and H β

re ≈ 6 . 4 and 5.0 [cf. equation ( 7 ) and Section 2.3 ] times broader
han those of the Lyman series, resulting in the width ratio of H α

nd H β ≈ 1 . 28. This is because the Raman-scattered profiles reflect
he velocity distribution of the source emission rather than that of
he Raman cross-section. This implies that for observed widths of 

1000 km s−1 for LRDs in H α, the width of Ly β needs to be ∼
50 km s−1 , which is well within the observed narrow component of 
RDs. 
In this case, to form the broad feature with 10 per cent of H α(H β)

ux by Raman scattering, the flux ratio of Ly β/H α≈ 0 . 64 (Ly γ /H β≈
 . 5) is required, assuming Ly β (Ly γ ) photons are fully Raman
cattered due to high NHI . Although a higher Lyman series emission,
uch as Ly β and Ly γ , is not allowed under Case B recombination,
he flux ratios of Ly β/H αand Ly γ /H βare ≈ 5 and 2 under Case A
ecombination (P. J. Storey & D. G. Hummer 1995 ), respectively,
MNRAS 545, 1–21 (2026)
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Figure 15. Spectra of H α (red), H β (blue), and Pa α (orange) for a model including both Thomson and resonance scattering, shown for two Thomson optical 
depths: τTh = 1 (solid) and 2 (dashed). Fluxes are normalized at v = 2000 km s−1 , assuming a spectral resolution of R = 3000 ( ∼100 km s−1 ) and an intrinsic 
Gaussian ( σsrc = 200 km s−1 ; shown in grey). The scattering geometry (the sketch in the left panel) consists of a central source surrounded by a spherical region 
of radius R, with an inner ionized (H II ) region ( r < 0 . 01 R) producing Thomson scattering, and an outer neutral (H I , with with significant n = 2 population; 
0 . 01 R < r < R) producing resonance scattering. The H II region has a temperature Te = 104 K, while the H I region is characterized by NHI , n = 2 = 1016 cm−2 , 
an outflow velocity of 100 km s−1 , and a random velocity dispersion of 100 km s−1 . Left and right panels show linear and logarithmic flux, respectively. 
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hich are high enough to cause significant Raman-scattered features
round H α and H β. 

Consequently, without strong emission in the higher Lyman series,
aman scattering cannot be the dominant process responsible for

he broad wings around Balmer lines in LRDs. However, if Ly β
nd Ly γ emission lines are present, Raman scattering could still
ontribute, producing a characteristic FWHM ratio of H α to H β

f � 1 . 28 (cf. Fig. B2 and Appendix B ). Future higher signal-to-
oise observations of larger LRD samples may be able to detect
uch subtle line width differences. Additionally, while higher Lyman-
eries photons are converted to Balmer lines due to Raman scattering,
n practice a fraction of Ly β and Ly γ photons may escape and
ecome observable. Currently, such higher Lyman lines have not been
etected in LRDs, but future rest-UV spectroscopy (e.g. R. Tripodi
t al. 2025 ) may uncover them. If such Lyman emission features
re observed, comparing their measured spectral widths with those
equired for Raman broadening could serve as a test of this scenario.
s discussed above, Raman scattering can explain H α wings of
1000 km s−1 only if the corresponding Ly β line has an FWHM

f ∼ 150 km s−1 . Therefore, detecting a higher Ly β/H αwidth
atio would argue against Raman scattering from higher Lyman-
eries emission as the primary origin of the observed broad
ings. 

.4 Combining Thomson and Resonance scattering 

he spectra of hydrogen emission lines in LRDs exhibit broad
omponents of similar width in both Balmer and Paschen lines
ranging from 1000 to 2000 km s−1 ; M. Brazzini et al. 2025 ; I.
uodžbalis et al. 2025 ), along with absorption-like features near the
ine centre, but only for the Balmer lines. As shown in Section 3.1 ,
esonance scattering of H α and H β produces P-Cygni-like or
ymmetric double-peaked profiles in Balmer lines, while Thomson
cattering contributes similarly broad wings to both Balmer and
aschen lines (Section 3.3 ). These effects are consistent with several
pectral features observed in LRDs. Therefore, in this section, we
NRAS 545, 1–21 (2026)
xplore how the combination of these two scattering mechanisms
hapes the emergent hydrogen line profiles. 

We adopt a scattering geometry with a central emission source
nd a spherical scattering medium of radius R. The central source
mits hydrogen lines – H α, H β, and Pa α with intrinsic widths of
Src = 200 km s−1 and flux ratios under Case B recombination. We
ssume that the intrinsic width is less than the electron thermal
otion, ve , th ( ≈ 500 km s−1 at 104 K), as the line broadening due

o Thomson scattering becomes negligible when the width exceeds
e , th ; we will discuss the dependence on the width of the Thomson
roadening in Section 4.6 . 
The scattering medium is composed of two layers: an inner ionized

egion responsible for Thomson scattering and an outer neutral region
ausing resonance scattering. The inner region (within 0 . 01 R) is fully
onized and characterized by electron temperature Te and Thomson
ptical depth τTh . The outer region is a neutral H I gas with the 2 s
opulation, characterized by column density NHI , 2s , outflow velocity
exp , and turbulent velocity σR . Here, we assume a dense and compact
 II region, as a H II region would be highly ionized to be Thomson

hick. Thus, Thomson-scattered photons in this compact region act
ike the broad incident radiation from the central source. Note that
he formation of H α and H β line profiles depends on the radius of
he H II region relevant for Thomson scattering (see Appendix D ).
n addition, if an outflow velocity of H II region is comparable to or
xceeding the electron thermal speed, the Thomson-scattered wings
ecome asymmetric (Appendix C , see also L. H. Auer & D. van
lerkom 1972 ; C. Huang & R. A. Chevalier 2018 ). 
Intrinsic photons emitted from the central source first undergo

homson scattering in the inner H II region. Then, H α and H β

hotons experience additional resonance scattering in the outer
 I layer. In contrast, Pa α photons do not experience resonance

cattering, as the n = 3 level has a much shorter lifetime than the
 = 2 state (see Fig. 2 ) and hence is unlikely to be overpopulated. 
Fig. 15 shows the emergent spectra of H α, H β, and Pa α for τTh = 1

nd 2, which correspond to electron column density ≈ 1 . 5 × 1024 and
 . 0 × 1024 cm−2 , respectively. Both H α and H β exhibit P-Cygni-like
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rofiles caused by resonance scattering and develop broad wings due 
o Thomson scattering. Pa α shows a single-peaked profile centred at 
ero velocity, consistent with no resonance scattering. In the left panel 
linear scale), the core profiles of H α and H β ( | v| < 500 km s−1 ) do
ot depend on τTh . In the right panel (log scale), the line wings
 | v| > 500 km s−1 ) are significantly enhanced with increasing τTh , 
emonstrating the dominant role of Thomson scattering in producing 
road wings in this case. 
Interestingly, the red peak of the emergent H αis more prominent 

han that of H β (cf. left panel of Fig. 15 ). This is because multiple
esonance scatterings convert H β photons into Pa α and H α (as 
iscussed Section 3.1.3 ). This enhanced red peak of H α with respect
o H β is also seen in observations (I. Juodžbalis et al. 2024 ; M.
razzini et al. 2025 ), indicating the importance of Balmer resonance 

cattering. 
Another noteworthy spectral feature is the similarity of the 

bsorption features in the blue parts of the spectra (cf. Fig. 15 ).
his similarity is not seen in observations, where typically the H α

bsorption-like feature is weaker than that of H β. This discrepancy 
ikely results from the fact that H α emission may originate not 
nly from regions embedded in optically thick gas but also from
dditional regions less affected by strong scattering. The absence of 
 broad component of [O III ] forbidden line (I. Juodžbalis et al. 2024 ,
025 ; X. Ji et al. 2025a , b ; R. Maiolino et al. 2025a ), suggests that
artial hydrogen emission originates from regions not enshrouded 
y optically thick gas. 2 If these outer regions produce hydrogen lines
ia collisional excitation and have a high H α/H βratio, the resulting
 α profile will show weaker absorption. This additional emission 

an ‘fill’ the line centre, thus producing dissimilar spectral features. 
Quantifying the (dis)similarity in the observations, and the com- 

arison to detailed multifrequency RT models will help to char- 
cterize the scattering medium of LRDs and help to disentangle the 
otentially multiple emission sources. In future work, we will expand 
his study using a larger simulation library to fit observed LRD
pectra, considering different scattering geometries and additional 
mission sources. Furthermore, the high-resolution spectroscopy of 
almer lines in LRDs is required to understand their formation. 

.5 Formation of hydrogen Balmer lines in optically thick, 
ense gas 

lthough our simulations only consider resonance scattering of 
wo Balmer lines, combining Thomson and resonance scattering 
lready produces a wide diversity of line profiles. Under the Case
 recombination assumption (on-the-spot approximation), higher 
yman-series lines (Ly β, Ly γ , etc.) are assumed to be optically

hick and to convert into lower series lines via interaction with neutral
ydrogen. If the H I gas has a high n = 2 population and is optically
hick to all Balmer transitions (i.e. on-the-spot approximation for 
almer lines), only H α photons can escape, due to the metastable 
ature of the 2 s state. This modifies the Balmer line ratios. Therefore,
arious H α/H βratios observed in LRDs (M. Brooks et al. 2025 ; A.
. Taylor et al. 2025b ) may be due to RT effects, rather than dust
xtinction. 

The collisional process in a dense gas, such as the BLR in AGN
nd stellar atmosphere, affects the formation of Balmer lines (S. 
. Drake & R. K. Ulrich 1980 ; S. Collin-Souffrin, S. Dumont &
 Note that the broad wing feature and P-Cygni-like profile of He I line at 
0 830 Å observed in LRDs (I. Juodžbalis et al. 2024 ; X. Lin et al. 2025 ) can 
lso be due to scattering processes. 

t
T  

r
d
e  
. Tully 1982 ; K. T. Korista & M. R. Goad 2004 ; G. J. Ferland
t al. 2017 ). At a high electron number density ( ne > 108 cm−3 ),
he collisional de-excitation is not negligible, thus electrons in the 
 = 4 states are easier de-excited than in the n = 3 state. It causes a
ifference between intrinsic H α and H β profiles, and their emission 
egion is not identical. Thus, if the Thomson scattering originates 
rom a dense gas (e.g, M. C. Begelman & J. Dexter 2025 ), H α and
 β emission experience Thomson scattering with different optical 
epth, resulting in a difference in strength of the broad component
round the hydrogen emission lines (M. Brazzini et al. 2025 ). 

This extreme gas condition may be relevant not only for LRDs and
GN, but also for other objects where H α shows strong emission
hile higher Balmer lines show an absorption-dominated feature. 

n future studies, we will investigate the formation of Balmer lines
nder these conditions, including the effects of scattering on higher 
rder Balmer lines such as H γ and H δ. 

.6 Overestimating MBH 

due to Thomson scattering 

mission-line profiles in AGN spectra are essential for estimating the 
MBH mass MBH with the naive expectation being MBH ∝ FWHM 

2 . 
sing samples of (low-redshift) black holes where the mass is 
recisely determined through reverberation mapping, as well as the 
almer line widths are measured, one can calibrate the MBH –FWHM 

elation empirically. This has been done in numerous studies (J. E.
reene & L. C. Ho 2005 ; A. E. Reines & M. Volonteri 2015 ; J.-H.
oo et al. 2015 ). Specifically, A. E. Reines & M. Volonteri ( 2015 )

ound 

log MBH = 6 . 60+ 0 . 47 log 

(
LH α

1042 erg s−1 

)
+ 2 . 06 log 

(
FWHM H α

103 km s−1 

)
(17) 

here LH α and FWHM H α are the luminosity and FWHM of the H α

road component, respectively. 
However, as mentioned above, this relation is calibrated using a 

ocal (mostly z < 0 . 055) AGN sample and its applicability to LRDs
presumably AGN at high redshift – is still uncertain. Moreover, 
almer absorption features commonly seen in LRDs are rare in 

ocal AGNs (P. B. Hall 2007 ; X. Lin et al. 2025 ), suggesting denser
r more complex gas environments. Additionally, the exponential 
hape of the broad wings observed in LRDs (which is typically
bsent in local AGNs) suggests Thomson scattering may contribute. 
herefore, it is important to evaluate how Thomson scattering could 
ias MBH measurements in such systems. 
In this section, we assess how Thomson scattering affects black 

ole mass estimates under two scenarios: (1) a Thomson-dominated 
ase, and (2) a Thomson-thick BLR case. These two setups are
llustrated in Fig. 16 . Note that a similar analysis was recently carried
ut by V. Rusakov et al. ( 2025 ) who assumed that a narrow-line
mission region is embedded within Thomson-thick gas. Here, we 
ake a more agnostic approach to the intrinsic emission mechanism 

f the Balmer lines. 

.6.1 Thomson-dominated case 

n the first scenario, the Thomson-dominated case, we assume that 
he broad component of H αoriginates from only Thomson scattering. 
he H α emission region is surrounded by free electrons (i.e. an H II

egion). The intrinsic emission undergoes Thomson scattering and 
evelops broad wings, which are similar to the spherical geometry 
xplored in Section 3.3 . We consider two intrinsic line widths,
MNRAS 545, 1–21 (2026)
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M

Figure 16. Schematic illustrations (top) and black hole mass estimates (bottom) for two scenarios involving Thomson scattering. Left: Thomson-dominated 
case – a central source embedded in an ionized, optically thick medium produces electron-scattered profiles with exponential wings. The resulting spectra are 
fit with two Gaussians to estimate MBH as a function of electron temperature and optical depth. Right: scattered-BLR case – a virialized BLR emits through a 
Thomson-scattering in H II region, with an added narrow-line component. The bias in MBH due to scattering is shown as a function of intrinsic mass. See the 
text for model details. 
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Src = 100 and 200 km s−1 , and run simulations in a range of
lectron temperatures Te = 5 × 103 –2 × 105 K and Thomson op-
ical depths τTh = 0 . 1 − 5 (corresponding to electron densities of
e ≈ 5 × 104 − 2 . 5 × 106 ( R/ 10 pc )−1 ). 3 

Although the system contains no actual black hole as the broad
omponent originates from Thomson scattering, not AGN BLR, we
t the emergent line profiles using two Gaussian components to
stimate an artificial black hole mass MBH . The top-left panel of
ig. 16 shows an example of this fitting process. The input spectrum
black dashed) is a narrow Gaussian line with width σSrc , while the
otal emergent spectrum (blue solid) includes a broad wing from
homson scattering. We fit the total spectrum using a two-Gaussian
odel 

GG ( v) = FG1 + FG2 

= 

A1 √ 

2 πσ 2 
1 

exp 

(
− v2 

2 σ 2 
1 

)
+ A2 √ 

2 πσ 2 
2 

exp 

(
− v2 

2 σ 2 
2 

)
, (18) 

here FG1 and FG2 represent the narrow and broad components,
espectively, and we impose σ2 > σ1 in the fitting process. An
xample fit for the broad component FG2 is shown as the orange
ashed line in the top part of Fig. 16 . 
NRAS 545, 1–21 (2026)

 As LRDs exhibit a blackbody temperature ≈ 5000 − 6000 K, and the 
ense gas emitting blackbody radiation is proposed as a Thomson-scattering 
edium (M. C. Begelman & J. Dexter 2025 ), we consider a lower electron 

emperature ( < 104 K). 

t  

r  

g  

c  

c  

g  

o

6

To estimate the black hole mass MBH from the broad spectral
omponent, we fix the total line luminosity LH α = 1042 erg s−1 

onsistent with typical LRDs ( LH α ∼ 1042 −43 erg s−1 , J. Matthee
t al. 2024 ; I. Juodžbalis et al. 2025 ). The luminosity of the broad
omponent is then A2 / ( A1 + A2 ) × LH α . Assuming a Gaussian, we
alculate the FWHM of the broad component as 2 . 355 σ2 . Combining
his with equation ( 4.6 ), the black hole mass estimate becomes: 

log MBH ≈ 6 . 60 + 0 . 47 log 

(
A2 

A1 + A2 

)
+ 2 . 06 log 

(
2 . 355 σ2 

103 km s−1 

)
(19) 

e apply this equation across simulations with various Te and τTh ,
or both σSrc = 100 and 200 km s−1 . 

The bottom-left panel of Fig. 16 shows the resulting inferred MBH 

alues. Note that since there is no intrinsic broad component in this
odel, there is no black hole and thus no correct black hole mass.
he inferred MBH increases with both Te and τTh , while dependence
n σSrc is negligible. When Te > 105 K or τTh > 1, MBH exceeds
07 M�, despite no intrinsic virial motion. This result demonstrates
hat Thomson scattering alone can mimic a broad component, leading
o significant overestimation of MBH through Gaussian fitting. For
eference, if the narrow component represents emission from a
enuine BLR, an intrinsic velocity of σSrc = 100 km s−1 would
orrespond to MBH , int ≈ 105 M�. Therefore, if the broad Balmer
omponents of LRDs are shaped by Thomson scattering in ionized
as ( Te > 104 K; V. Rusakov et al. 2025 ), the inferred MBH may be
verestimated by a factor of > 10. 
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.6.2 Thomson-scattered broad-line region case 

n the second scenario – the Thomson-scattered BLR case – we 
onsider a geometry similar to the first, with a central emission
egion surrounded by an H II medium. However, the emission region 
s treated as the BLR of an AGN, where the gas is virialized by a
entral SMBH. 

The top-right panel of Fig. 16 shows an example spectrum for this
etup. To cover a wide range of intrinsic MBH , we adopt σSrc = 

5–700 km s−1 (black dashed line), corresponding to MBH , int = 

04 −7 M� at fixed LH α = 1042 erg s−1 , based on the MBH scaling 
elation. We set Te = 104 and 105 K and explore τTh = 0 . 1 − −5.

e also include an additional emission region located outside the 
homson-scattering medium, representing a narrow-line region, star- 

orming region, or outflow. This component has a fixed width of
0 km s−1 and contributes half the flux of the intrinsic BLR emission. 
he total emergent spectrum (green solid line in the top-right panel 
f Fig. 16 ) thus consists of Thomson-scattered BLR emission and a
arrow Gaussian component. As previously, we fit the total spectrum 

ith two-Gaussian profiles in equation ( 4.6 ) and estimate MBH using
quation ( 19 ), assuming the total H α luminosity fixed at 1042 erg s−1 .

The bottom-right panel of Fig. 16 shows the resulting MBH 

stimates MBH , Th as a function of the intrinsic black hole mass 
BH , int . The intrinsic masses are obtained by fitting spectra with no 

cattering (i.e. τTh = 0). The Thomson-scattering fraction is given by 
 − exp ( −τTh ). In the optically thin regime ( τTh < 1), the scattering
raction is small, and MBH , Th ≈ MBH , int ; most scattered photons 
ontribute only weakly to the observed profile. However, even in this
ase, an exponential wing extending beyond 1000 km s−1 is present 
ue to scattering. 
In the optically thick regime ( τTh � 1), the scattering fraction 

ecomes significant ( ≈ 0 . 86 at τTh = 2), and Thomson scattering
ominates the broad component formation. This leads to a nearly 
at MBH , Th curve, with mass overestimation by more than an 
rder of magnitude. At intermediate optical depth ( τTh ≈ 1), the 
verestimation depends on the intrinsic line width. For narrow 

ntrinsic width (σSrc < 200 km s−1 ), the scattered photons are in- 
erpreted as the primary broad component. For a broader width 
σSrc > 200 km s−1 ), the scattering causes additional broadening, 
eading to MBH overestimates by factors of ∼ 2. Consequently, if 
homson scattering occurs in the gas surrounding the BLR, the 
bserved line width can be significantly broadened by thermal 
lectron motions, resulting in overestimated black hole masses. 

.6.3 Implications for line profiles and MBH estimates 

n summary, this section investigates the effect of Thomson scattering 
n black hole mass measurements. We explored two scenarios: (1) 
 Thomson-dominated wing and (2) a Thomson-scattered BLR. In 
oth cases, we estimated MBH using the standard scaling relation 
alibrated from reverberation mapping of local AGN. In the first 
ase, we showed that pure Thomson scattering can generate broad 
ings around Balmer lines, resulting in fictitious black hole masses 

xceeding 106 M� when Te ≥ 104 K and τTh ≥ 0 . 1. In the second 
ase, we demonstrated that scattering of BLR emission broadens the 
bserved profile and leads to overestimation of MBH , particularly 
hen τTh ≥ 1. Although Thomson scattering has a weaker impact on 
BH estimates in the optically thin regime ( τTh < 1), it still produces

xponential wings in the far line wings, as seen in local AGNs (e.g.
. Laor 2006 ). 
The role of Thomson scattering in LRDs remains debated. V. 

usakov et al. ( 2025 ) proposed that the broad H α features in LRDs
re dominated by Thomson scattering, suggesting that intrinsically 
arrow emission lines with widths ∼ 100 − 200 km s−1 are broad- 
ned through scattering in dense, ionized gas, which is similar to
ur first scenario. In contrast, M. Brazzini et al. ( 2025 ) argued that
he broad hydrogen line features in LRDs are inconsistent with 
his Thomson-dominated scenario. They suggest that if scattering 
ominates, the H α-scattering fraction should be higher than that of
 β due to dust extinction. However, as discussed in Section 4.5 , the
homson optical depth of H β can be higher than that of H α in dense
nvironments, complicating this interpretation. These contrasting 
iews highlight the need for detailed RT modelling to understand 
he formation of broad emission features in LRDs. 

Our scenarios have important implications for LRDs, where 
almer absorption features suggest dense gas environments. Thom- 

on scattering can naturally produce exponential wings and apparent 
ine broadening, potentially biasing MBH estimates. In addition, if 
he bulk velocity of the scattering medium is faster than the electron
hermal speed, Thomson scattering can provide asymmetric wings 
n emission lines, depending on the velocity structure of the gas.
owever, line profile analysis alone is insufficient to distinguish 
etween kinematic and scattering origins of broad wings. Since 
homson scattering induces strong polarization (H.-W. Lee 1999 ; 
. J. Kim et al. 2007 ), future spectropolarimetric observations of
RDs are a potential avenue to test this hypothesis. 

 C O N C L U S I O N  

n this study, we explored the physical origin of the hydrogen line
rofiles observed in LRDs, which are compact, high-redshift sources 
dentified through JWST spectroscopy. These systems exhibit broad 
ings (FWHM � 1000 km s−1 ) in Balmer and helium emission

ines, along with Balmer absorption features and a strong Balmer 
reak, indicating a dense, neutral hydrogen medium in the n = 2
tate. Under such conditions, RT effects may affect the formation of
ydrogen lines. 

We performed 3D Monte Carlo RT simulations to examine three 
ey scattering mechanisms that shape hydrogen line profiles: (1) 
esonance scattering by hydrogen in the n = 2 state, (2) Raman
cattering of UV photons by ground-state hydrogen ( n = 1), and (3)
homson scattering by free electrons. For H β, we explicitly include
ultibranching transitions in the resonance scattering process, ac- 

ounting for both n = 4 → 2 and n = 4 → 3 decay channels. These
athways allow H β photons to convert into Pa α and H α, significantly
uppressing the emergent H β flux. For Raman scattering, we adopt 
avelength-dependent cross-sections and branching ratios near the 
yman series. For Thomson scattering, we explore a range of electron 

emperatures ( Te ) and optical depths ( τTh ). 
Our results from each scattering process show that: 

(i) Resonance scattering explains the distinct profile differences 
etween H α, H β, and Pa α and leads to photon conversion from H β to
a α and H α, altering flux ratios (i.e. leading to large deviations from

he value under the Case B recombination, see Fig. 5 ) and absorption
epths. We have demonstrated how these effects imprint the gas 
eometry and kinematics on the emergent line shapes (Section 3.1 ),
nd will explore their diagnostic power systematically in future work. 

(ii) While resonant scattering can significantly alter (and for very 
arge optical depths) widen the emergent H α spectrum significantly, 
his is not the case for H β due to the efficient conversion to Pa α
Section 4.2 ). 

(iii) Raman scattering can produce extremely broad wings (up to ∼
04 km s−1 ), with widths scaling approximately as FWHM ∝ √ 

NHI 
MNRAS 545, 1–21 (2026)
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nd different degrees of broadening for each Balmer line (Fig. 11
nd Section 3.2 ). We show that the observed Balmer line widths are
ot consistent with these continuum Raman-scattered features. In
ddition, the UV continuum in LRDs is likely too faint, effectively
uling out Raman-scattered continuum photons to be the origin of
he broad Balmer lines observed (Section 4.3 ). 

(iv) However, we also show that if higher Lyman series with the
idth ∼ 150 km s−1 are fully Raman scattered, the width of the
aman wing around H α and H β is over 1000 km s−1 , with an FWHM

atio of H α and H β is ≈ 1 . 28 (Fig. B2 and Appendix B ). 
(v) Thomson scattering produces symmetric broad wings with

imilar widths across all hydrogen lines. In the optically thin
egime, the wings exhibit exponential profiles, with widths scaling as
WHM ∝ √ 

Te (Figs 11 and 12 ). At higher optical depths ( τTh � 2),
he wings deviate from the exponential shape due to multiple
catterings, and their width further increases with τTh (Figs 12 and
3 ). 

We show that a combination of Thomson and resonant scattering
an explain most spectral features observed in LRDs, specifically the
road wings and the central asymmetric double peak (Section 4.4 ).
owever, to understand different absorption features and broad
ings of Balmer lines, the additional RT effects, such as on-the-spot

pproximation of Balmer lines, collisional excitation, and collisional
e-excitation, are required (Section 4.5 ). 
Importantly, we demonstrate that if the broad component of

almer lines is shaped by Thomson scattering rather than intrinsic
road emission, then black hole masses estimated using methods
or local AGNs can be significantly overestimated (Section 4.6 ). For
ptically thick cases ( τTh ≥ 2), the overestimation can exceed a factor
f 10 (Fig. 16 ). 
Our results show the importance of detailed RT modelling when

nterpreting hydrogen line profiles, not only for LRDs and AGN,
ut also for other astrophysical systems exhibiting broad hydrogen
ings and absorption features. In future work, we will apply our

imulation library to analyse observed spectra of LRDs and expand
ur models to include more complex environments, such as those
ombining resonance and Thomson scattering in multiphase media. 
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PPENDI X  A :  RAMAN-SCATTERI NG  

ROSS-SECTION  

ig. A1 shows the total scattering cross-section for both Rayleigh and
aman scatterings near Ly β, Ly γ , and Ly δ, as well as the branching

atios for Raman scattering to n = 2, 3, and 4 states, computed using
he Kramers–Heisenberg formula (H.-W. Lee 2013 ; S.-J. Chang et 
l. 2015 ). 
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Table B1. Raman broadening factor, γ = λsc /λinc , for various transitions. 

Input photon N∗
HI , 100 Scattered photon γ

Ly β ≈ 2 × 1021 cm−2 H α 6 .4 
Ly γ ≈ 1022 cm−2 H β 5 .0 

Pa α 19 .3 
Ly δ ≈ 5 × 1022 cm−2 H γ 4 .6 

Pa β 13 .5 
Br α 42 .7 

Notes. ∗NHI for fully Raman-scattered case. The first and third columns 
list the incident (Lyman-series) and corresponding Raman-scattered photons, 
respectively. The second column gives the H I column density NHI , 100 required 
for an incident Lyman line with a width of 100 km s−1 to be fully Raman 
scattered. The fourth column shows the velocity broadening factor γ , which 
relates the FWHM of the scattered and incident profiles. 
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PPENDIX  B:  R A M A N  BROA D  FEATURES  BY  

Y MAN-SERIES  EMISSION  

s discussed in Section 3.2 (cf. Fig. 11 ), Raman-scattered H α wings
re typically ∼ 3 times broader than those of H β when the input
adiation is a flat UV continuum. This difference arises from the
avelength-dependent scattering cross-sections near Ly β and Ly γ .
owever, when the input radiation contains strong Ly β and Ly γ

mission lines, the width ratio between Raman H α and H β features
an be significantly lower. In particular, if both lines are fully
onverted into Raman-scattered photons at high NHI , the resulting
idths are determined by the intrinsic line profile and the Raman
avelength shift, as given by equation ( 7 ). In this case, the width

atio between H α and H β converges to ∼ 1 . 28. 
Fig. B1 shows Raman-scattered H α and H βfrom Lyman-series

missions for two representative column densities: 1021 and
023 cm−2 . We assume a Gaussian input profile for both Ly β and Ly γ
ith σSrc = 200 km s−1 . At low NHI , the H α Raman wing is ∼ 2 − 3

imes broader than that of H β due to cross-section differences,
NRAS 545, 1–21 (2026)

igure B1. Raman-scattered features around H α(red) and H β(blue) pro- 
uced by Ly β and Ly γ emission lines. The input Lyman-series lines are 
ssumed to have intrinsic widths of 200 km s−1 and an equivalent width 
f 10 Å. Solid and dashed lines correspond to low (1021 cm−2 ) and high 
1023 cm−2 ) column densities, respectively. 

igure B2. FWHM of Raman features around H α and H β, and their ratio, 
s a function of NHI . At high column density ( ∼ 1023 cm−2 ), where Lyman- 
eries photons are fully converted into Raman features, the H α/H β width ratio 
pproaches the theoretical value of ∼ 1 . 28 (from equation 7 ). At low NHI ( ∼
020 cm−2 ), the ratio is ∼ 3, reflecting the wavelength dependence of the 
aman-scattering cross-section, as seen in the flat continuum case (Fig. 11 ). 
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esembling the flat continuum case shown in Fig. 10 . At high NHI ,
he H α and H βprofiles become comparable in width, as nearly all
nput photons are scattered. 

To quantify the trend of Raman H α and H βwidths, Fig. B2 shows
he FWHM of the Raman H α and H β features, and their ratio, as a
unction of NHI , for two input widths: σSrc = 100 and 200 km s−1 .
t low NHI ( < 1021 cm−2 ), the scattering cross-section primarily

ontrols the profile width and favours broader H α wings. As NHI 

ncreases, the conversion probability becomes saturated, and the
ntrinsic width σSrc begins to dominate the emergent profile. At high

HI ( > 1022 cm−2 ), the H α/H β FWHM ratio converges to the theo-
etical value of ∼ 1 . 28, determined by the Raman wavelength shifts.

When Lyman-series emission lines of equal intrinsic width are
ully Raman scattered, the width of the resulting Raman features is
et by the broadening factor in equation ( 7 ). As noted in Section 2.3.1 ,
he additional broadening in velocity space is 

= �vsc 

�vinc 
= λsc 

λinc 
, (B1) 

here λsc and λinc are the wavelengths of the scattered and incident
hotons, respectively. Table B1 lists γ for each transition, along with
he H I column density NHI , 100 at which an incident Lyman line of
00 km s−1 width is fully Raman scattered. For column densities
elow NHI , 100 , the FWHM ratio between Raman H α and H β reverts
o the UV continuum case ( ≈ 3 as shown in Fig. 11 ). Notably, since
oth Raman H β and Pa α originate from an inelastic scattering of
y γ , their FWHM ratio is fixed at ≈ 3 . 86, which is the ratio of their
espective broadening factors. 

In summary, Raman scattering of Ly β and Ly γ emission lines
eads to H α and H β broad wings with similar widths when the H I

olumn density is high, but different widths of Balmer and Paschen
ines. This effect can mimic the symmetric wing profiles produced
y Thomson scattering and must be considered when interpreting the
rigin of broad components in Balmer lines. 

PPENDI X  C :  T H O M S O N  SCATTERI NG  IN  

UTFLOWI NG  G A S  

s discussed in Section 3.3 , Thomson scattering in a static medium
roduces symmetric broad wings around emission lines, with a width
roportional to

√ 

Te . However, when the scattering medium exhibits
 bulk outflow comparable to or exceeding the electron thermal
elocity, vth , e ≈ 548 km s−1 at Te = 104 K, Doppler shifts by the
ulk motion can break the symmetry of the Thomson-scattered
ings (e.g. L. H. Auer & D. van Blerkom 1972 ; C. Huang & R.
. Chevalier 2018 ). For this reason, we consider an outflow in
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Figure C1. Spectra composed of Thomson-scattered photons for various 
outflow velocities vexp , normalized by the peak flux of the static case (vexp = 

0 km s−1 ). The line colours correspond to vexp = 0 (black), 100 (grey), 500 
(orange), and 1000 km s−1 (red). As vexp increases, the spectra become 
asymmetric, with enhanced red wings. 
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nras/article/545/4/staf2131/8362050 by Institute of Science a
he spherical H II geometry for Thomson scattering and assume a 
onstant radial outflow velocity, which is similar to the outflow 

elocity in the geometry for resonance scattering in Section 2.2 . 
Fig. C1 shows Thomson-scattered spectra for various outflow 

elocities, vexp = 0–1000 km s−1 , at an electron temperature Te = 

04 K and Thomson optical depth τTh = 1. At vexp � 100 km s−1 , 
he wings remain nearly symmetric since the bulk velocity is much 
maller than vth , e . At higher velocities (vexp � 500 km s−1 ), the 
mergent spectrum develops a pronounced red asymmetry, reflecting 
he Doppler shift of photons scattered by outflowing electrons. This 
ffect becomes significant as vexp /vth , e approaches unity or higher, 
nd may serve as a diagnostic of fast, outflowing H II regions
n systems where the Balmer wings show measurable red–blue 
symmetry. Conversely, when the bulk velocity of the ionized gas is
uch smaller than vth , e , the scattered wings remain nearly symmetric, 

s shown in the spectroscopic study of P Cygni (e.g. A. P. Bernat &
. L. Lambert 1978 ). 
igure D1. Emergent H α(red), H β(blue), and Pa α (orange) line profiles for diffe
eometry with an inner ionized (H II ) region for Thomson-scattering and an outer n
ux normalization and other simulation parameters are identical to those used in 

he Thomson region extends to RTh = 0 . 01 R (fiducial, matching the τTh = 1 mod
arger, the broad wings become more prominent, and the differences between the H
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PPENDI X  D :  D E P E N D E N C E  O N  R A D I I  O F  H  I I 

N D  H  I REGI ONS,  C O M B I N I N G  T H O M S O N  

N D  R E S O NA N C E  SCATTERI NG  

n this section, we examine how the size of the inner ionized
egion for Thomson scattering affects emergent line profiles when 
oth Thomson and resonance scattering are active, as discussed in 
ection 4.4 . Fig. D1 shows the resulting H α, H β, and Pa α spectra
or three different Thomson region radii: RTh = 0 . 01 R , 0 . 5 R , and
 . 99 R, all at a fixed Thomson optical depth τTh = 1. The outer neutral
egion, enabling resonance scattering, extends from RTh to R and 
ontains hydrogen in the n = 2 state. Other parameters are fixed:
utflow velocity vexp = 100 km s−1 , turbulent velocity σR = 100 
m s−1 , intrinsic width σSrc = 200 km s−1 , and H I column density
n the 2 s state NHI , 2s = 1016 cm−2 , which are identical to those of
pectra in Fig. 15 . 

In Fig. D1 , the profile difference between H α and H β diminishes
s the Thomson region expands. This trend arises from the interaction
etween geometry and scattering behaviour. Since the Thomson 
ptical depth is fixed, the emergent energy distribution from the 
nner H I region remains similar regardless of its size. However, the
patial path taken by photons after emission differs significantly. 

In the small Thomson region case (e.g. RTh = 0 . 01 R), photons
uickly exit the ionized core and enter the neutral H I shell, where
hey undergo resonance scattering. Because the H II region is small,
hotons that scatter in the H I shell are unlikely to re-enter the
homson region; the effects of resonance and Thomson scattering 

emain spatially separated. In contrast, when the ionized region is 
arge (e.g. RTh = 0 . 99 R), photons undergoing resonance scattering
ear the boundary between H I and H II regions can easily scatter
ack into the ionized zone. These photons are then subject to
dditional Thomson scattering before escaping. This back-and-forth 
etween the two regions effectively reduces the impact of resonance 
cattering, as many photons escape via Thomson scattering rather 
han multiple resonance scattering H I region. 

Since the line profile differences between H α and H β originate 
rimarily from resonance scattering, especially due to branching in 
 β, this effect becomes suppressed as RTh increases. As a result, in

he large ionized region case (right panel of Fig. D1 ), the H α and H β

rofiles appear nearly identical. 
MNRAS 545, 1–21 (2026)

rent sizes of the Thomson-scattering region. All models assume a spherical 
eutral (H I ) region with n = 2 hydrogen enabling resonance scattering. The 

Fig. 15 ; all spectra are normalized at v = 2000 km s−1 . From left to right, 
el in Fig. 15 ), 0 . 5 R, and 0 . 99 R. As the Thomson-scattering region becomes 
 α and H β profiles driven by resonance scattering are reduced. 
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