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A B S T R A C T 

Radiation pressure on spectral lines is a promising mechanism for powering disc winds from accreting white dwarfs (AWDs) 
and active galactic nuclei (AGNs). However, in radiation-hydrodynamic simulations, overionization reduces line opacity and 

quenches the line force, which suppresses outflows. Here, we show that small-scale clumping can resolve this problem. Adopting 

the microclumping approximation, our new simulations demonstrate that even modest volume filling factors ( fV ∼ 0 . 1–0 . 01) 
can dramatically increase the wind mass-loss rate by lowering its ionization state – raising Ṁwind and yielding Ṁwind /Ṁacc � 10−4 

for such modest filling factors. Clumpy wind models produce the UV resonance lines that are absent from smooth wind models. 
They can also reprocess a significant fraction of the disc luminosity and thus dramatically modify the broad-band optical/UV 

SED. Given that theory and observations indicate that disc winds are intrinsically inhomogeneous, clumping offers a physically 

motivated solution. Together, these results provide the first robust, self-consistent demonstration that clumping can reconcile 
line-driven wind theory with observations across AWDs and AGNs. 

Key words: accretion, accretion discs – hydrodynamics – radiative transfer – methods: numerical – novae, cataclysmic vari- 
ables – stars: winds, outflows. 
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 I N T RO D U C T I O N  

isc winds are a ubiquitous feature of accreting systems, spanning 
n extraordinary range of scales and plasma conditions. In accreting 
hite dwarfs (AWDs), ultraviolet observations reveal classic P-Cygni 
rofiles and blueshifted absorption lines (e.g. F. A. Cordova & K. 
. Mason 1982 ; J. L. Greenstein & J. B. Oke 1982 ; V. A. Cúneo

t al. 2023 ). In X-ray binaries (XRBs), winds are detected as warm
bsorbers and optical/X-ray P-Cygni profiles (e.g. M. Dı́az Trigo 
 L. Boirin 2016 ; T. Mu˜ noz-Darias et al. 2019 ; L. Abaroa & G.
. Romero 2024 ). On galactic scales, active galactic nuclei (AGNs) 
an display both broad ultraviolet absorption features and highly 
onized X-ray winds (e.g. R. J. Weymann et al. 1991 ; K. A. Pounds
t al. 2003 ; J. Gofford et al. 2013 ). These observations establish disc
inds as a common and energetically important phenomenon across 

ompact accretors. 
Radiative acceleration by spectral lines (‘line driving’) is one 

f the leading theoretical mechanisms proposed to power such 
inds. Originally proposed to explain the powerful mass-loss of hot, 

uminous stars (L. B. Lucy & P. M. Solomon 1970 ) and developed
nto a quantitative theory by J. I. Castor, D. C. Abbott & R. I. Klein
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 1975 ), hereafter the CAK parametrization, line driving exploits the
arge number of UV resonance transitions to amplify momentum 

ransfer well beyond pure electron scattering (see review by J. Puls, J.
. Vink & F. Najarro 2008 ). This framework has since been extended

o disc environments, where temperatures are comparable to those 
f OB stars (e.g. D. Proga, J. M. Stone & J. E. Drew 1998a ; D.
roga, J. M. Stone & T. R. Kallman 2000 ; D. Proga & T. R. Kallman
004 ). Observational evidence also supports the role of line driving
n AGN, with phenomena such as the ghost of Ly- α (e.g. N. Arav et al.
995 ; N. Arav 1996 ) and line-locking signatures in quasar spectra
e.g. K. T. Korista et al. 1993 ; W.-J. Lu & Y.-R. Lin 2018 ) directly
ointing to radiative line forces at work. Together, these theoretical 
nd observational arguments make line driving the most promising 
echanism for explaining disc winds across a range of accreting 

ompact objects. 
Despite its appeal, line driving faces a critical theoretical chal- 

enge: in several radiation–hydrodynamic studies that include de- 
ailed radiative transfer and ionization, the outflows become severely 
verionized and the line force is suppressed, so strong winds are
ot sustained (e.g. S. A. Sim et al. 2010 ; N. Higginbottom et al.
013 , 2014 ). Early radiation-hydrodynamic simulations that used 
he simplified CAK k–α formalism produced promising winds (e.g. 
. Proga et al. 1998a , 2000 ), but subsequent work incorporating full

adiative transfer and more realistic ionization treatments revealed 
hat these flows become too highly ionized to sustain efficient 
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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cceleration (e.g. S. A. Sim et al. 2010 ; N. Higginbottom et al.
013 , 2014 ). More recent Monte Carlo radiation-hydrodynamic
imulations likewise report mass-loss rates orders of magnitude
elow those inferred from observations and synthetic spectra devoid
f strong UV resonance lines (N. Higginbottom et al. 2024 ; A.
osallanezhad et al. 2025 ). This discrepancy between theory and

bservation remains a major obstacle to establishing line driving as
 dominant wind-driving mechanism. 

A promising resolution to the overionization problem is that
isc winds are intrinsically structured rather than smooth. Such
icrostructure arises naturally from the line-deshadowing instability

LDI), which produces strong small-scale density contrasts (S. P.
wocki, T. E. Holzer & A. J. Hundhausen 1983 ; S. P. Owocki,

. I. Castor & G. B. Rybicki 1988 ), with thermal and radiative–
ydrodynamic instabilities further amplifying inhomogeneity (M.
cCourt et al. 2018 ; R. C. Dannen et al. 2019 ; T. Waters &
. Proga 2019 ). Multidimensional simulations of line-driven disc
inds show that this kind of structure is a generic outcome (e.g.
. Proga et al. 1998a ; D. Proga & T. R. Kallman 2004 ; S. Dyda
 D. Proga 2018a , b ). Observationally, discrepancies between ρ2 

iagnostics (e.g. recombination and free–free emission) and ρ-
ependent UV resonance lines in the spectra of massive stars – and
nalogously in AGN – also point to inhomogeneous outflows (W. R.
amann & L. Koesterke 1998 ; L. M. Oskinova, W.-R. Hamann & A.
eldmeier 2008 ). We therefore consider clumping to be a physically
otivated ingredient rather than an ad hoc fudge factor. By enhancing

ecombination within overdense regions, clumping tends to lower the
ocal ionization parameter and may therefore increase the efficiency
f line driving. 
Here we use clumping to mean small-scale, optically thin mi-

roclumping that increases local density at fixed mass-loss rate. By
nhancing recombination within overdense regions, microclumping
owers the local ionization parameter and mitigates overionization,
elping to maintain the ions needed for efficient line driving. For
ompleteness, macroclumping/porosity (optically thick clumps) and
elocity-space porosity can also affect line transfer; here we focus
n microclumping and its impact on the ionization balance. 
To the best of our knowledge, the impact of sub-grid clumping

n radiation–hydrodynamic simulations of disc winds has so far
ever been explored. Here, we therefore present a proof-of-concept
nvestigation of whether clumping can actually resolve the long-
tanding overionization problem in line-driven disc winds. In order
o answer this question, we adopt the microclumping approximation
ommonly used in stellar-wind modelling (e.g. W. R. Hamann & L.
oesterke 1998 ; D. J. Hillier & D. L. Miller 1999 ; L. M. Oskinova
t al. 2008 ; J. Puls et al. 2008 ) and implemented in SIROCCO by
. H. Matthews et al. ( 2015 ). In this approximation, clumps are
ssumed to be smaller than all relevant length scales (including the
obolev length) and optically thin at all wavelengths. Microclumping

s, of course, just a limiting case of the possible types of sub-grid
tructure [e.g. the macroclumping (L. M. Oskinova, A. Feldmeier &
. R. Hamann 2004 ) and porosity (A. Feldmeier, L. Oskinova & W.
. Hamann 2003 ) concepts both refer to optically thick clumps].
owever, microclumping offers the simplest self-consistent way

o capture the essential effects of small-scale density structure on
he ionization balance and radiative acceleration. By systematically
arying the clumping factor within a reasonable range, we examine
ow inhomogeneity alters the wind’s physical state and its ability to
aunch and sustain outflows. Importantly, our goal is not to determine
 unique or ‘correct’ clumping factor, but rather to test the viability
f clumping as a physical mechanism (e.g. W. R. Hamann & L.
oesterke 1998 ; D. J. Hillier & D. L. Miller 1999 ; L. M. Oskinova
t al. 2008 ). 
NRAS 545, 1–9 (2026)
Our simulations show that small-scale clumping dramatically
educes the ionization state, restores the line force, and enables
owerful, sustained outflows. Moreover, clumped-wind models nat-
rally reproduce key observational signatures – notably the strong
V resonance lines absent in smooth wind models. Angle-averaged

mergent SEDs likewise exhibit deeper H/He bound–free edges,
tronger EUV suppression, and clear disc backwarming with in-
reasing clumping (Fig. 5 ). Similar conclusions have been suggested
n stellar-wind contexts (e.g. J. Puls et al. 2008 ; J. O. Sundqvist,
. P. Owocki & J. Puls 2018 ), but this work provides the first
obust, self-consistent demonstration in disc-wind simulations that
lumping reconciles line-driven wind theory with observations (cf.
. Higginbottom et al. 2014 , 2019 ; J. H. Matthews et al. 2025 ). Our

esults establish clumping as a key ingredient in physically realistic
odels of accretion-powered outflows and open a path toward more

elf-consistent studies of structured, line-driven winds across AWDs
nd AGN. 

The remainder of this paper is organized as follows. In Sec-
ion 2 , we describe our numerical set-up and the implementation
f microclumping in our radiation-hydrodynamic simulations. In
ection 3 , we present the main results. We discuss their implications
nd summarize our conclusions in Section 4 . 

 M E T H O D S  

ur Monte Carlo radiation–hydrodynamic (MC–RHD) simulations
ombine the publicly available Godunov-type hydrodynamics code
LUTO (v4.4; A. Mignone et al. 2007 ) with the Monte Carlo
adiative transfer code SIROCCO (K. S. Long & C. Knigge 2002 ;
. H. Matthews et al. 2025 ), which has been progressively extended
or modelling line-driven outflows (S. A. Sim, J. E. Drew & K. S.
ong 2005 ; N. Higginbottom et al. 2013 ; J. H. Matthews et al.
015 ). The two codes are coupled through an operator-splitting
cheme: PLUTO evolves the gas dynamics, while SIROCCO supplies
he frequency-dependent radiation field, ionization balance, heating
nd cooling rates, and line-driving accelerations. This MC–RHD
ramework has been extensively developed and validated in recent
isc–wind studies (N. Higginbottom et al. 2024 ; A. Mosallanezhad
t al. 2025 ). The key new feature of the present work is that we
ave enabled the microclumping prescription within SIROCCO for
C-RHD simulations for the first time. This allows us to quantify

he impact of small-scale inhomogeneity on the ionization balance
nd on the viability of line driving. 

.1 Numerical framework 

ur calculations are performed with the MC–RHD framework
ntroduced by N. Higginbottom et al. ( 2024 ) and recently applied
o disc winds in AWD systems with an ideal-gas equation of state
y A. Mosallanezhad et al. ( 2025 ). The method self-consistently
ouples hydrodynamics, radiative transfer, ionization balance, and
ine driving. The hydrodynamics is evolved using PLUTO with
= 5 / 3 and includes a radiative body force (radiative acceleration).

pecifically, our code solves the following set of equations: 

∂ ρ

∂ t 
+ ∇ · ( ρv ) = 0 , (1) 

∂ ( ρv ) 

∂ t 
+ ∇ · ( ρv v + pI ) = −ρ∇� + ρgrad , (2) 

∂ E 

∂ t 
+ ∇ · [ ( E + p)v ] = −ρv · ∇� + ρv · grad + ρL , (3) 
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here ρ is the gas density, v the velocity vector, p the gas pressure,
 the identity tensor, � = −GMWD /r the gravitational potential, 
rad the radiative acceleration, E = 1 

2 ρ| v |2 + ρe the total energy 
ensity, e the internal energy per unit mass, and L the net radiative
eating/cooling rate per unit mass. The Monte Carlo code SIROCCO 

omputes the ionization state, radiative acceleration, and radiative 
eating and cooling rates. 
Because full Monte Carlo radiative transfer is computationally 

xpensive, it is not performed at every hydrodynamic step. Instead, 
or AWD simulations we adopt a radiative update interval tRAD � tHD , 
ypically tRAD ≈ 2 s (corresponding to ∼ 103 hydrodynamic steps). 
onvergence tests spanning the range of tRAD used here show 

hat the ionization structure and radiation field are stable on this
imescale – no qualitative changes in ion fractions or mean-intensity 
rofiles – so our results are insensitive to the precise choice of tRAD .
etween radiative updates, approximate corrections are applied: L is 
djusted for changes in temperature and density, and grad is updated 
ccording to velocity gradients while holding the ionization state 
xed. A damping factor is applied after each SIROCCO call to avoid
iscontinuities, and the system is evolved until a quasi-steady wind 
olution is obtained. 

The computational grid is defined in spherical polar coordinates 
 r, θ ), with rin = RWD and rout = 10 RWD . The radial grid contains
28 logarithmically spaced zones (d ri+ 1 / d ri = 1 . 05), while the
ngular domain spans 0 ≤ θ ≤ π/ 2 and is divided into 96 zones
ith geometric progression (d θj+ 1 / d θj = 0 . 95), providing enhanced

esolution near the disc plane. Outflow boundary conditions are 
pplied at rin and rout , θ = 0 is treated as axisymmetric, and 
eflection symmetry is enforced at the mid-plane. A density floor 
f ρfloor = 10−24 g cm−3 is imposed to avoid numerical instabilities. 
The central object is a white dwarf of mass MWD = 0 . 6 M� and

adius RWD = 8 . 7 × 108 cm. The radiation source is a geometrically
hin, optically thick Shakura–Sunyaev accretion disc (N. I. Shakura 
 R. A. Sunyaev 1973 ) with effective temperature profile 

d , visc ( R) = T∗

(
RWD 

R 

)3 / 4 
( 

1 −
√ 

RWD 

R 

) 1 / 4 

, (4) 

here 

∗ =
( 

3 GMWD Ṁacc 

8 πσR3 
WD 

) 1 / 4 

, (5) 

nd we adopt a mass accretion rate Ṁacc = π × 10−8 M� yr −1 , typ- 
cal of high-state nova-like systems. The initial density distribution 
cross the grid is set by hydrostatic equilibrium in the latitudinal 
irection, 

( r, θ ) = ρd exp 

(
−GMWD 

2 c2 
s r 

tan 2 θ

)
, (6) 

here ρd = 10−9 g cm−3 is the mid-plane density and cs is the 
ound speed. This ensures vertical hydrostatic balance at t = 0. 
he initial temperature distribution follows Td , visc ( R), and the initial 
elocity field is Keplerian ( vφ = vK , vr = vθ = 0). Hydrodynamics 
s advanced with linear reconstruction, a second-order Runge–Kutta 
ime integrator, and the HLL Riemann solver with Courant number 
.4. Each radiative transfer step employs 107 photon packets, and 
ll simulations are run for at least t = 1500 s (approximately 83
eplerian orbital periods at the inner disc radius), until quasi-steady 

tates are achieved. 
A complete description of the framework – including the radia- 

ive transfer algorithms, heating and cooling prescriptions, force- 
ultiplier calculations, boundary conditions, and convergence tests 
is provided by A. Mosallanezhad et al. ( 2025 ). Since the present
tudy builds directly on that work, we restrict ourselves here to
ummarizing only those elements most relevant to the inclusion of 
icroclumping. 

.2 Microclumping approximation 

he key new element in this work is the treatment of small-scale
ensity inhomogeneities using the microclumping approximation 
e.g. W. R. Hamann & L. Koesterke 1998 ; D. J. Hillier & D. L.

iller 1999 ; L. M. Oskinova et al. 2008 ; J. Puls et al. 2008 ; J. O.
undqvist & S. P. Owocki 2013 ; J. H. Matthews et al. 2025 ). A
ealth of evidence indicates that winds are intrinsically structured. 
n the theoretical side, instabilities such as the LDI (S. P. Owocki

t al. 1983 ) and thermal instabilities (M. McCourt et al. 2018 ; R. C.
annen et al. 2019 ; T. Waters & D. Proga 2019 ) naturally fragment

mooth flows into dense clumps. Observational diagnostics in both 
tellar and accretion-driven winds likewise demand inhomogeneity: 
B-star mass-loss rates inferred from H α, UV, and X-ray data

equire clumping (J. Puls et al. 2008 ; J. O. Sundqvist et al. 2018 ),
hile AGN and quasar absorption lines show variability and profile 

hapes consistent with strongly clumped outflows (e.g. P. F. Hopkins 
t al. 2012 ; J. Mercedes-Feliz et al. 2024 ). Further observational
vidence for velocity-structured AGN outflows comes from line- 
ocking studies, including (R. A. A. Bowler et al. 2014 ) and the recent
OLL survey (C. Chen et al. 2025 ), which reveal discrete, clumped
bsorption features consistent with radiatively driven winds. These 
ndings provide additional motivation for incorporating micro- 
lumping in our simulations. From a theoretical standpoint, clumping 
lso provides a natural solution to the long-standing ‘overionization 
roblem’ in line-driven winds, where smooth models fail to sustain 
cceleration under intense UV/X-ray radiation fields (D. Proga & T. 
. Kallman 2002 ; N. Higginbottom et al. 2013 , 2014 , 2024 ). 
In the microclumping formalism, the wind is assumed to consist 

f overdense clumps that occupy only a fraction of the volume. If
he volume filling factor is fV , the clumping factor is fcl = 1 /fV , so
hat the density inside clumps is fcl ρ relative to the mean density ρ
f a smooth flow with the same mass flux. 
A key assumption is that clumps are both geometrically and 

ptically thin, i.e. much smaller than all relevant physical length- 
cales. In particular, clumps must be smaller than the Sobolev length, 

s = vth 

| d v/ d s| , (7) 

o that they can be treated as unresolved, optically thin structures.
or example, in simulations with ls ∼ 1010 –1012 cm and line optical 
epths up to τ ∼ 106 , clumps must satisfy lcl 	 ls /τ ∼ 104 cm in 
rder to remain optically thin. The interclump medium is modelled 
s a vacuum, such that the outflow remains axisymmetric and non-
orous. This approximation assumes that the interclump medium 

ontributes negligibly to the emergent spectrum, which is valid when 
ensity contrasts are large and the interclump gas is highly ionized
nd of low emissivity. 

Under these assumptions, the volume-averaged opacities κ and 
missivities j can be written as 

= fV κC ( fcl ρ) , j = fV jC ( fcl ρ) , (8) 

here the subscript C denotes that the quantity is evaluated at the
lump density fcl ρ. Processes that scale linearly with density (e.g. 
lectron scattering, Sobolev line optical depths) remain unchanged, 
ince the factors of fV and fcl cancel exactly. By contrast, processes 
caling as ρ2 (e.g. recombination, collisional excitation, and cooling) 
MNRAS 545, 1–9 (2026)
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M

Table 1. Parameters adopted in the simulations and some derived quantities. Bracketed numbers [1]–[7] in the third header row are column labels used for 
cross-reference in the text (not model IDs). For each simulation we list the model number, model name, clumping filling factor, the equivalent model in 
AM25, the accretion rate (Ṁacc ), the wind mass-loss rate (Ṁwind ), and the radial velocity of the fast parts of the wind ( vr ). Full parameter files are available 
in the code repository (see Data Availability ). 

Model number Model name Clumping filling factor Eqv. model in AM25 Ṁacc Ṁwind vr 

fV (M� yr −1 ) (M� yr −1 ) (km s −1 ) 
[1] [2] [3] [4] [5] [6] [7] 

1 No clumping 1.0 Model A π × 10−8 6 . 3 × 10−14 1900 
2 Moderate clumping 0.1 ... π × 10−8 2 . 8 × 10−12 3750 
3 Strong clumping 0.01 ... π × 10−8 1 . 7 × 10−11 4600 

Note. AM25 refers to our previous simulations, i.e. A. Mosallanezhad et al. 2025 . 
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Figure 1. Time evolution of the wind mass-loss rate, Ṁwind , measured at 
the outer boundary for three models: no clumping ( fV = 1 . 0), moderate 
clumping ( fV = 0 . 1), and strong clumping ( fV = 0 . 01). For all models, 
Ṁwind approaches a quasi-steady state by 300 s. The high-density disc region 
is excluded from the computation of Ṁwind . 
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re enhanced by fcl , so that for recombination 
clumped 
rec = fcl R

smooth 
rec ∝ fcl ρ

2 . (9) 

his enhancement increases the recombination rate, lowers the
onization parameter, and thereby restores the conditions necessary
or efficient line driving. 

Within the microclumping approximation, the physical density
f material at a given location is fcl ρ, but this material only takes
p a fraction fV = 1 /fcl of the local volume element around this
ocation. Consequently, all density-squared processes – recombina-
ion, collisional excitation/de-excitation and ionization, and free–
ree emission and absorption – are multiplied by fcl , while density-
inear processes (electron/Compton scattering and, at fixed level
opulations, Sobolev line opacity) are unchanged directly by fcl ,
hough they can respond indirectly via altered level populations.
n macro-atom runs, th e corresponding collisional rates and the
reation/destruction probabilities for k-packets scale in the same
ay with the clumping factor. We explore clumping factors up to

cl ∼100, consistent with empirical constraints from OB-star winds
J. Puls et al. 2008 ; J. O. Sundqvist et al. 2018 ) and theoretical
redictions for LDI-driven structure (S. P. Owocki et al. 1983 ; J. O.
undqvist & S. P. Owocki 2013 ). Our aim is not to determine a unique
lumping factor, but to demonstrate that modest inhomogeneities
an alleviate overionization, restore line forces, and enable sustained
ine-driven disc winds. 

 RESU LTS  

e performed three simulations to study the impact of micro-
lumping using the SIROCCO code. The clumping filling factors
ere fV = 1 . 0 (no clumping), fV = 0 . 1 (moderate clumping), and

V = 0 . 01 (strong clumping). The key set-up and model parameters
re listed in columns 1–5 of Table 1 . The no clumping model
ollows Model A of A. Mosallanezhad et al. ( 2025 ), which employed
IROCCO ’s hybrid version of the macro-atom scheme (L. B. Lucy
002 , 2003 ) with an ideal equation of state, representing our most
hysically complete simulation of a line-driven accretion disc wind
o date. 

Fig. 1 shows the time evolution of the wind mass-loss rate, Ṁwind ,
or all three models. In this work, green denotes the no clumping run,
lue the moderate clumping run, and red the strong clumping run. In
ll simulations, Ṁwind attains a quasi-steady state by t � 300 s. The
esidual fluctuations thereafter reflect time-variable density struc-
ures (see Fig. 2 ) that persist even in the quasi-steady state. Overall,
he predicted mass-loss rates are broadly consistent once the intrinsic
ariability is taken into account. More quantitatively, column 6 of
able 1 lists time-averaged values over 300 s ≤ t ≤ 1500 s. 
Crucially, the no clumping model yields a mass-loss rate about

wo orders of magnitude lower than the moderate and strong
NRAS 545, 1–9 (2026)
lumping models. This primarily reflects its lower wind density
nd characteristic speeds (see Fig. 2 and columns 6–7 of Table 1 ).
he time-averaged rates are 6 . 3 × 10−14 M� yr −1 (no clumping),
 . 8 × 10−12 M� yr −1 (moderate), and 1 . 7 × 10−11 M� yr −1 (strong).
or our adopted parameters, these correspond to Ṁwind /Ṁacc < 10−5 

n the no clumping run and � 10−4 in the clumped runs, consistent
ith observational inferences. 
Fig. 2 presents snapshots of the density distribution overlaid with

he poloidal velocity, vp = ( v2 
r + v2 

θ )1 / 2 , for all three models at t =
50 s (about one-fifth of a sound-crossing time), by which point the
ow is quasi-steady. The colourmap shows log ρ; velocity vectors
re scaled such that the maximum displayed corresponds to vmax 

p =
500 km s−1 . Grey lines trace streamlines, and the solid white line
arks the Mach 1 surface. Beyond the marked density increase in the

lumped models, all three produce broadly similar line-driven disc
inds. The clumped runs exhibit slightly higher wind speeds than the

mooth case (cf. Table 1 ). In the strong clumping model (right panel),
he denser, faster outflow is accompanied by a narrower high-density
one near the mid-plane and a Mach 1 surface that lies somewhat
loser to the equator. 

Taken together, these snapshots indicate that the global wind
orphology and launching mechanism are qualitatively similar

cross f – recall f = 1 . 0 (no clumping) and f = 0 . 01 (strong
V V V 
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Figure 2. Density and poloidal velocity fields at t = 850 s for the three models: no clumping (left; similar to Model A of A. Mosallanezhad et al. 2025 ), 
moderate clumping (middle), and strong clumping (right). The colourmap shows the logarithmic density, while overlaid velocity vectors – normalized so that 
the longest corresponds to vmax 

p = 3500 km s−1 – illustrate the flow structure. Grey curves trace streamlines, and the solid white curve marks the Mach 1 surface. 
Animated versions of each panel are provided in the Supplementary Material. 

Figure 3. Mean ionization state of oxygen for three models: no clumping (left), moderate clumping (middle), and strong clumping (right). Ionization stages 
are labelled using the standard astronomical convention (neutral = I). The black solid line marks the representative Mach number M =1 (sonic) surface. 
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lumping) – while both the density and characteristic velocities 
ncrease as fV decreases. Using identical axes and colour scales 
akes the comparison immediate: the streamlines and the ∼ 35◦

pening of the flow ( θ � 30◦–65◦) are broadly similar, but velocity
ectors systematically lengthen with increasing clumping, and the 
ach 1 surface shifts modestly toward the equator. Thus, decreasing 

V yields a quantitative rescaling of the density and an acceleration 
f the flow [characteristic speeds higher by ∼ a factor of 2, 
eaching vp ∼ (3–4) × 103 km s−1 ], consistent with the monotonic 
ncrease of the time-averaged mass-loss rate shown in Fig. 1 and 
able 1 . 

.1 Ionization state and driving species 

onsistent with our previous results (A. Mosallanezhad et al. 2025 ), 
e find that, across all three models (no, moderate, and strong

lumping), oxygen is the dominant species driving the wind. This 
esult contrasts with line-driven winds from hot stars, where the 
orce is typically dominated by the large number of weak lines from
ron-peak elements (e.g. J. S. Vink, A. de Koter & H. J. G. L. M.
amers 1999 ; U. M. Noebauer & S. A. Sim 2015 ). The difference
rises from the higher ionization and characteristic optical depths in 
ataclysmic variable disc winds. Here, the force is instead dominated 
y a smaller number of strong lines from lighter elements, primarily
 IV and O V . 
Fig. 3 quantifies the spatial ionization structure by showing the 

D distribution of the mean ionization state of oxygen (logarithmic 
olour scale) for each model. Ionization stages are labelled in the
tandard astronomical convention (neutral = I). The black solid line 
arks the representative Mach number M =1 (sonic) surface. 
This stratified response resolves the overionization problem where 

t matters for launching. The line acceleration scales with the 
AK force multiplier M ( t), which increases with the number and

trength of available, unsaturated UV resonance lines. By pushing 
he sonic surface into lower-ionization layers and boosting the local 
opulations of O IV (and, to a lesser extent, O V ), clumping increases
he density of effective line absorbers and steepens the line-strength 
istribution, thereby raising M ( t) (cf. J. I. Castor et al. 1975 ).
he resulting stronger coupling provides the additional radiative 
cceleration needed to overcome gravity and launch a dense, fast 
ind – even though the far-upstream flow can be slightly more 

onized in the clumped models. 
MNRAS 545, 1–9 (2026)
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M

Figure 4. Synthetic UV spectra for a 30◦ inclination, generated from a snapshot of each model using SIROCCO . Model spectra are shown for the smooth wind 
(green), moderate clumping (blue), and strong clumping (red) prescriptions. For comparison, we include the observed ultraviolet spectrum of the archetypal 
high-state cataclysmic variable RW Sex (grey; HST program 14637, PI: Long), which has a similar inclination ( i � 30◦). All spectra are normalized to a distance 
of 100 pc. The positions of the Lyman limit and several key UV resonance lines are marked by light-grey vertical dashed lines. 
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.2 Ultraviolet spectra 

n Fig. 4 , we compare the synthetic spectra produced by our models
o the observed UV spectrum of the archetypal high-state cataclysmic
ariable RW Sex (grey line; HST program 14637, PI: Long). RW Sex
s a highly variable source with an inclination of i � 30◦ and exhibits
trong, broad absorption features from wind-formed resonance lines,
ost notably N V 1240 Å, Si IV 1400 Å, and C IV 1550 Å. Our

ynthetic spectra, computed for a 30◦ inclination using SIROCCO and
ormalized to a distance of 100 pc, demonstrate the critical impact of
lumping. The positions of the Lyman limit and key UV resonance
ines are marked by light-grey vertical dashed lines. The spectrum
rom the smooth wind model ( fV = 1 . 0; green) shows these features
o be weak or absent, reflecting a high-ionization state in which the
xygen budget is dominated by O V with sub-dominant O IV , thereby
nderpopulating lower-ionization drivers (e.g. N V , C IV ). 
Introducing clumping dramatically alters the predicted spectra.

he moderate clumping model ( fV = 0 . 1, blue) develops discernible
bsorption troughs in N V and C IV , while the strong-clumping model
 fV = 0 . 01, red) significantly reddens the overall continuum and
roduces a deeper and broader C IV line, both of which improve the
verall match to the data. 

However, it is worth noting that the N V profile is best reproduced
y the moderate clumping case, whereas C IV is better matched by
he strong clumping case. Thus, while both clumped models clearly
utperform the smooth model in producing key wind lines, different
ransitions favour different clumping strengths. This behaviour is
onsistent with the idea that clumping mitigates overionization:
nhanced recombination lowers the ionization in the launch region
shifting O V towards O IV ), populating the ions that form the
bserved UV resonance lines. In our calculations we adopt a single,
adius-independent microclumping factor (volume filling factor fV )
or simplicity. The line-by-line differences above suggest that, in
eality, the clumping factor – or more generally the nature of the
tructure approximated by microclumping – is unlikely to be constant
NRAS 545, 1–9 (2026)
hroughout the outflow. A stratified clumping prescription (and/or
dditional effects such as shielding that reduce ionization and/or
aise wind density) could reconcile the preferences of different lines;
xploring such stratification lies beyond the scope of the present
aper. 

.3 The Broad-Band SED: Reprocessing and disc backwarming

ig. 5 shows how clumping and wind reprocessing modify the broad-
and angle-averaged SED. The black curve is the ‘pure disc’ baseline,
.e. the spectrum of a standard Shakura–Sunyaev accretion disc for
ur adopted system parameters. This is the angle-averaged spectrum
roduced by the system in the absence of any outflow and integrates
o a luminosity of Lpure −disc = 1 

2 Lacc . The solid coloured curves are
he angle-averaged emergent spectra produced by the simulations
or the three clumping prescriptions (no, moderate, strong). These
re the actual spectra produced by the system, including the effects
f reprocessing. Ionization-edge markers for H, He I , and He II are
rawn with labels aligned on a common horizontal level; band
eparators and an auxiliary top axis in wavelength are indicated
n the caption. 

Three robust trends stand out. First, the emergent spectra develop
rogressively stronger bound–free emission features associated with
he H, He I , and He II edges as clumping increases (green → blue

 red). This mirrors the ionization shifts discussed in Section 3.1 :
nhanced density-squared recombination and a downward shift of the
onic surface into lower-ionization layers increase the neutral/once-
onized H/He columns near the launch region. Second, the associated
ise in far-UV/EUV opacity suppresses νLν shortward of the major
dges. Third, the optical and (especially) UV continua are strongly
odified by the presence of the outflow. 
It is worth emphasizing that, once our simulations have reached an

pproximate steady state in the wind mass-loss rate (and associated
adiation field), the spectrum emitted by the disc is not the pure-disc
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Figure 5. Angle-averaged spectral energy distributions (SEDs) for three clumping prescriptions. Solid coloured curves show the Emergent Spectrum : 
green = no clumping ( fV = 1 . 0), blue = moderate clumping ( fV = 0 . 1), red = strong clumping ( fV = 0 . 01). The black curve is the Pure Disc (without 
irradiation/reprocessing) used as the input multitemperature blackbody. Vertical markers indicate the H, He I , and He II ionization edges (labels aligned on a 
common horizontal level). EUV/UV/Optical bands are indicated by dashed separators with double-headed arrows; an auxiliary top axis shows wavelength in Å. 
The plotted range is limited to 3 × 1014 –3 × 1016 Hz, with νLν capped at ≤ 1036 erg s−1 . 
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pectrum. Because the outflow efficiently reprocesses the radiation 
t intercepts, many photons that are absorbed and re-emitted, or 
cattered, are redirected back toward the disc surface. These photons 
re assumed to be absorbed by the disc, and this heating effect
sometimes referred to as ‘backwarming’) raises the disc’s radial 
ffective-temperature profile. The spectrum emitted by the disc in this 
uasi–steady state is therefore brighter and bluer than the pure-disc 
ersion at the same accretion power. Energy conservation still holds: 
he extra disc emission is supplied by reprocessed radiation, and not 
ll of the radiation produced by the disc–wind system escapes. 

Indeed, from an energy-budget perspective, all of the differences 
etween the ‘pure disc’ spectrum and the actually emergent SEDs 
eflect a redistribution in frequency and direction rather than any 
et power deficit or gain. In a steady state, the bolometric escaping
uminosity must always equal the pure disc luminosity, 

esc =
∫ 

Lesc 
ν d ν =

∫ 

Lpure −disc 
ν d ν = Lpure −disc = 1 

2 
Lacc , 

o the appearance of recombination edges and the suppression of 
igh-energy radiation primarily reshuffle where (in ν and angle) the 
ower emerges. These effects get stronger as clumping increases. 
lumping boosts the line force (Section 3.1 ), increasing the mass
ux and scattering/absorption optical depths in the wind; the upper 
ind, being more ionized, has a higher effective scattering albedo 
hat redirects more of the EUV/UV radiation back toward the disc,
here it is then thermalized and re-emitted at longer wavelengths. 
These continuum signatures connect directly to the line diagnostics 

n Section 3.2 . A launch region shifted toward lower ionization
more O IV , less O VI ) simultaneously (i) deepens the H/He edges
nd reddens the UV SED via increased bound–free opacity, and (ii)
opulates ions that drive strong, unsaturated UV resonance lines (e.g. 
 V , C IV ) responsible for broad absorption troughs. We therefore

xpect a positive correlation between the strength of low-ionization 
esonance-line absorption (e.g. C IV equivalent width) and the degree 
f EUV suppression/SED reddening across the clumping sequence. 
ngle averaging in Fig. 5 emphasizes the global trend; at lower

nclinations, where the line of sight samples more of the upper,
cattering-dominated wind, the backscattered/reprocessed compo- 
ent and associated edge structure should be even more prominent. 

 DI SCUSSI ON  

ur previous RHD simulations (N. Higginbottom et al. 2024 ; A.
osallanezhad et al. 2025 ) – which incorporated a detailed multidi- 
ensional treatment of ionization and radiative transfer – revealed 
 critical challenge for line-driven disc wind theory: the severe 
MNRAS 545, 1–9 (2026)
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verionization of the outflow. When exposed to the intense radiation
eld of an accretion disc, wind material becomes too highly ionized,
uppressing the bound–bound opacities required for efficient line
riving. This resulted in mass-loss rates (Ṁwind /Ṁacc < 10−5 ) orders
f magnitude below those produced by earlier, more approximate
imulations (e.g. D. Proga et al. 1998b , 1999 ) and, crucially, synthetic
pectra devoid of the strong UV resonance lines observed in real
ystems. 

In this paper, we test the leading proposed solution: small-scale
lumping within the wind. Using a microclumping approximation in
ur MC–RHD framework, we show that clumping can resolve the
verionization problem. Even modest volume filling factors ( fV =
 . 1–0.01) dramatically alter the wind’s thermodynamic state and
ynamics. Enhanced recombination within dense clumps lowers the
lobal ionization state (Fig. 3 ), which in turn increases the line force,
nables efficient acceleration, and launches a powerful, fast outflow
Fig. 2 ) with a significantly higher mass-loss rate (Ṁwind /Ṁacc �
0−4 ; Fig. 1 and Table 1 ). Most importantly, and for the first time
n a self-consistent simulation, the strong clumping model produces
ynthetic UV spectra that qualitatively match key observed wind
eatures in prototypical AWD systems like RW Sex (Fig. 4 ). 

In our current models, microclumping is implemented purely as
 sub-grid parametrisation with a fixed volume filling factor. We
herefore simply assume that clumps are present at all times and
o not follow their individual formation, evolution, or destruction.
s a consequence, our simulations cannot distinguish between long-

ived clumps and a statistically steady distribution of short-lived
lumps, nor do they constrain the physical mechanism that produces
he small-scale structure. They only demonstrate that some form of
lumping is beneficial for driving a strong line-driven disc wind.
adiative–hydrodynamic instabilities, such as the line-deshadowing

nstability (LDI) and thermal instabilities, are natural candidates for
enerating such structure, but we do not model these explicitly here.
We find that clumpy outflows whose mass-loss rates are sufficient

o produce UV resonance lines also tend to strongly affect the UV
nd optical continua (see Section 3.3 ). This possibility has been
onsidered before, partly as a way to perhaps resolve long-standing
iscrepancies between theoretical disc spectra and observations (e.g.
. Knigge et al. 1998 ; J. H. Matthews et al. 2015 ). With increasing
lumping, the angle-averaged emergent spectra develop progres-
ively stronger H/He bound–free edges and EUV suppression, while
howing enhanced power at longer wavelengths relative to a ‘pure
isc’ baseline (Fig. 5 ). This behaviour is exactly what is expected
hen the launch region shifts to lower ionization (more O IV , less
 VI ): bound–free opacities rise, high-frequency photons are prefer-

ntially absorbed or scattered and then reprocessed by the disc surface
‘backwarming’), and the emergent power is redistributed to longer
avelengths. Crucially, this is a redistribution rather than a loss of

uminosity, consistent with steady-state energy accounting, and it
redicts a positive correlation between the strength of low-ionization
esonance-line absorption and the degree of EUV suppression/SED
eddening – precisely the trend across our clumping sequence. 

The efficacy of clumping hinges on its ability to reshape the
onization balance via density-squared processes. Clumping leaves
he photoionization rate (density-linear) largely unchanged but sub-
tantially enhances the recombination rate (density-squared). In the
mooth-wind model, the oxygen budget within the driving zone is
ominated by O V , with O IV present but sub-dominant and O VI

enerally minor. Introducing clumping pushes the sonic surface
ownward into lower-ionization layers and shifts the local balance
rom O V toward O IV (Fig. 3 ). Because O IV –O V provide strong,
nsaturated UV resonance transitions, the downward shift increases
NRAS 545, 1–9 (2026)
he density of effective line absorbers and steepens the line-strength
istribution, thereby raising the CAK force multiplier M ( t) (cf. J.
. Castor et al. 1975 ). The stronger coupling supplies the additional
adiative acceleration required to overcome gravity and launch the
ense, fast winds seen in our clumped models. 
A strength of the clumping hypothesis is that it is not merely an ad

oc ‘fudge factor’, but is strongly motivated by both theory and ob-
ervation. Theoretically, the LDI and other radiative–hydrodynamic
nstabilities are predicted to generate small-scale structure in any
ine-driven flow (S. P. Owocki et al. 1983 ; D. Proga & T. R. Kallman
002 ). Observational evidence for clumped winds is also compelling.
n massive O stars, clumping factors of fcl ∼ 10–100 are required to
econcile mass-loss rates derived from different diagnostics (J. Puls
t al. 2008 ; J. O. Sundqvist et al. 2018 ). In accretion–disc winds,
he rapid variability of UV and X-ray absorption lines in AGN and
-ray binaries strongly suggests a structured, clumpy outflow (W.
. Hamann & L. Koesterke 1998 ; N. Higginbottom et al. 2019 ; J.
ercedes-Feliz et al. 2024 ). Our work provides the missing link:

 direct, causal demonstration that physically plausible levels of
lumping can indeed produce the observed wind properties. 

While our use of microclumping in radiation–hydrodynamic
imulations provides a powerful proof of concept, it is important
o acknowledge its limitations. The microclumping approximation
ssumes clumps are small, optically thin, and uniformly distributed,
ith a constant volume filling factor fV . In reality, clumping is

ikely a dynamic outcome of instabilities, leading to a spectrum of
lump sizes, a filling factor that may vary with radius, and potentially
ptically thick structures (N. Macleod 2012 ). Our parameter study,
hich shows a monotonic improvement in wind properties with

ncreasing clumping strength ( fcl = 1 /fV ), should not be interpreted
s yielding a ‘correct’ value of fV = 0 . 01. Rather, it demonstrates that
ome level of inhomogeneity is necessary and sufficient to resolve
he discrepancy between smooth models and observations. 

The ultimate goal remains to simulate the self-consistent gen-
ration and evolution of wind structure. This will require either
ub-grid models that capture the essential physics of instabilities
e.g. LDI, thermal, and radiative–hydrodynamic) or direct numerical
imulations at resolutions high enough to resolve the triggering
cales – a formidable computational challenge for global disc–wind
imulations. Our results provide a clear justification for pursuing
oth avenues. 
The implications extend beyond AWDs. The overionization prob-

em is generic to line-driven wind theory in environments with strong
onizing radiation fields – most notably AGN – and, more cautiously,
ome XRBs. In AGN, enhanced recombination from clumping can
elp recover UV line opacity; in XRBs, viability additionally depends
n the available UV flux and spectral shape, so clumping alone may
ot suffice. Thus clumping may enable or enhance line driving in
ome regimes, potentially acting in concert with other mechanisms,
ather than providing a universal solution (e.g. D. M. Crenshaw et al.
999 ; F. Tombesi et al. 2010 ). 
Future work should focus on several key areas: (i) exploring a

osition-dependent clumping factor, fV ( x ), rather than purely radial
tratification; (ii) developing a more physical understanding of clump
ormation and evolution (alongside better sub-grid closures); (iii)
xtending this approach to AGN and carefully assessing applicability
o XRB parameter regimes; and (iv) investigating the role of magnetic
elds, which may operate in tandem with line driving (e.g. N. Scepi,
. Dubus & G. Lesur 2019 ) or provide an alternative mechanism

or creating wind structure (R. D. Blandford & D. G. Payne 1982 ).
he stark difference between our smooth and clumped models – and

he latter’s success in matching observations – makes a compelling
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ase that clumping is not a minor detail but a central ingredient in a
hysically complete theory of accretion-disc winds. 
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