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ABSTRACT

Blueshifted absorption is the classic spectroscopic signature of an accretion disc wind in X-ray binaries and cataclysmic variables
(CVs). However, outflows can also create pure emission lines, especially at optical wavelengths. Therefore, developing other
outflow diagnostics for these types of lines is worthwhile. With this in mind, we construct a systematic grid of 3645 synthetic
wind-formed H o line profiles for CVs with the radiative transfer code SIROCCO. Our grid yields a variety of line shapes:
symmetric, asymmetric, single- to quadruple-peaked, and even P-Cygni profiles. About 20 per cent of these lines — our ‘Gold’
sample — have strengths and widths consistent with observations. We use this grid to test a recently proposed method for
identifying wind-formed emission lines based on deviations in the wing profile shape: the ‘excess equivalent width diagnostic
diagram’. We find that our Gold sample can preferentially populate the suggested ‘wind regions’ of this diagram. However, the
method is highly sensitive to the adopted definition of the line profile ‘wing’. Hence, we propose a refined definition based on
the full width at half-maximum to improve the interpretability of the diagnostic diagram. Furthermore, we define an approximate
scaling relation for the strengths of wind-formed CV emission lines in terms of the outflow parameters. This relation provides a
fast way to assess whether — and what kind of — outflow can produce an observed emission line. All our wind-based models are
open-source and we provide an easy-to-use web-based tool to browse our full set of H« spectral profiles.

Key words: accretion, accretion discs —radiative transfer —methods: data analysis — software: simulations —novae, cataclysmic

variables — stars: winds, outflows.

1 INTRODUCTION

1.1 Outflow signatures

Blueshifted absorption, a component seen in many line profiles, in-
cluding the P-Cygni profile, has long served as the ultimate smoking
gun for line formation in outflows. In the context of accretion-
powered astrophysical systems, outflows are usually thought to be
driven from an accretion disc’s surface. Examples of disc-accreting
systems that present these spectroscopic signatures include young
stellar objects (YSOs; Beristain, Edwards & Kwan 2001; Edwards
et al. 2006), low-mass X-ray binaries (LMXBs; Miller et al. 2008;
Trueba et al. 2019; Segura et al. 2022), cataclysmic variables (CVs;
Heap et al. 1978; Cordova & Mason 1982; Holm, Panek & Schiffer
1982; Drew 1987; La Dous 1990; Hartley et al. 2002; Prinja et al.
2003) and broad absorption line quasars (BALQSOs; Weymann et al.
1991; Hall et al. 2002; Filiz Ak et al. 2014; McGraw et al. 2018).
However, although all P-Cygni profiles indicate outflows, not all
outflows produce P-Cygni profiles for all possible observers. More
specifically, this particular profile shape is only inevitable for all
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viewing angles if three conditions are satisfied: (i) the outflow is
spherically symmetric; (ii) the continuum source illuminating the
outflow is spherically symmetric; and (iii) line formation is solely
due to resonance scattering. None of these conditions usually hold
in the context of accretion disc winds. The outflow is likely to be
approximately biconical; the primary continuum source is usually
the accretion disc, and collisional excitation and/or recombination
contribute significantly to line formation (Matthews et al. 2015,
2016, 2020; Matthews 2016). As a result, disc winds can easily
produce pure emission line profiles, especially when viewed from
particular orientations (Vitello & Shlosman 1993; Froning 2004;
Groot, Rutten & Van Paradijs 2004; Matthews et al. 2015).

With such a variety of possible physical outflow conditions,
outflows can leave detectable imprints on a line profile’s shape,
such as slight asymmetries induced by the different optical depths
presented along different lines of sight. Observations of CVs like
V455 And (Tampo et al. 2024) and LMXBs like MAXI J1820+070
(Muiioz Darias et al. 2019; Mata Sanchez et al. 2022) vividly
illustrate how short-timescale variations in disc winds properties
can significantly alter these optical emission line shapes. However,
identifying whether a particular profile shape signals line formation
in an outflow is tricky. Historically, researchers have sometimes
used the moments of a spectral line, such as skew and kurtosis,
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as measures of asymmetry to aid the diagnosis of a line-emitting
gas’s geometry and kinematics (Boroson & Green 1992; Leighly &
Moore 2004). However, spectral lines are not genuine probability
distributions, making these measures typically quite challenging
to implement and interpret. Furthermore, even a simple velocity
shift of an emission line may result from disc-related features or an
obscuration/suppression of flux in one wing, instead of originating
from the true bulk motion of a gas (Prinja & Rosen 1995; Richards
et al. 2002). As a result, there is no foundational method for
identifying and diagnosing wind-formed emission line profiles.

1.2 Line wing equivalent width excesses and diagnostic
diagrams

In an effort to address this lack of a go-to method, Mata Sanchez
et al. (2018) first introduced the ‘excess diagnostic diagram’ — a plot
of blue versus red equivalent width (EW) excesses — as a means
to track wind-related features during the 1989 and 2015 outbursts
of the LMXB V404 Cygni. As explained in detail in this section,
the method calculates the blue and red EW excesses associated
with a given line profile relative to a Gaussian that best fits the
spectral line’s core. Any broad, non-Gaussian or asymmetric wings
that remain after subtracting this Gaussian are then attributed to
outflow signatures. The blue and red excesses quantify how much
— and on which side — a spectral line deviates from a symmetrical
Gaussian profile. We adopt a Gaussian simply because the function
provides a well-defined, symmetric reference shape and follows Mata
Sanchez et al. (2018)’s original methodology. Later, Mata Sanchez
etal. (2023) developed this method further as a tool for systematically
detecting and classifying outflows.

To aid this conceptual description, Fig. 1 shows a qualitative,
idealized example of a ‘red-blue line wing EW excess diagnostic
diagram’. Additionally, to help with the brevity of this naming, we
simplify the terminology to variants of ‘EW excesses’ throughout
the rest of this paper. The central diagnostic diagram displays the
calculated excess EWs for all fundamentally distinct cases, each
illustrated by a neighbouring line profile. In each case, the calculated
excesses correspond to differences, expressed in EWs, between a
particular emission line profile (solid black) and a Gaussian (dashed
red) aligned with the line’s centre (positioned at the rest wavelength
for this diagram). In calculating these excesses, the line is split into
red and blue sides, separated by the line’s rest wavelength. As aresult,
each line yields a red wing excess EW and a blue wing excess EW.
These two parameters then define the x — y plane of the diagnostic
diagram. The surrounding examples in Fig. 1 intend to highlight how
the location of a line profile in the diagnostic diagram connects to the
actual appearance of the line profile. The figure also provides brief
physical descriptions of these example profiles. Note that in Fig. 1,
the Gaussian is identical in all examples. However, this choice only
aims to help facilitate interpretation and build intuition about the
diagnostic diagram until the methodological details in Section 3. In
practice, each line profile must have a Gaussian fit.

At first glance, EW excess diagrams can look confusing. However,
the idea is that one can simply identify/classify complex observed
line profiles by fitting a Gaussian. The data points’ position in
the diagram aids in understanding the underlying kinematics of
the flow that produced the line profile. For example, consider the
‘suppressed blue/enhanced red wing’ hypothetical line profile in the
bottom right quadrant. This shape is essentially our ‘smoking gun’
outflow signature, the P-Cygni profile. The suppressed emission or
possible absorption component results in a negative blue wing excess;
conversely, the enhanced red emission results in a positive red wing
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excess. The more extreme a deviation is from the Gaussian, the
further a data point lies from the origin. Hence, these plots are
typically only constructed for strong optical lines, such as He,
H B and Hel, where even the broad wings of the profiles can be
confidently tracked.

1.3 Scope and objectives

EW excess diagrams have already been applied in multiple studies
to identify and study outflows in LMXBs and CVs (Mata Sinchez
et al. 2018; Darias et al. 2019; Panizo-Espinar et al. 2021; Cineo
et al. 2023). More recently, Mata Sanchez et al. (2023) used these
diagrams to validate a neural network-based machine learning tool
designed to detect and classify outflow signatures in spectral line
profiles. However, the diagnostic method itself has not yet been fully
validated. In particular, with the possible exception of the lower right
(‘P-Cygni’) quadrant, there is uncertainty where wind-formed lines
are likely to lie predominantly within diagnostic diagrams. Moreover,
specific methodological choices, notably the definition adopted for
what constitutes a line’s ‘wing’, still require thorough evaluation.

This paper aims to address these unknowns and provide a simple
procedure for estimating the strength of wind-formed He lines
in CVs. Hence, we create an extensive and systematic sample of
simulated disc wind Ha line profiles for CVs using SIROCCO, an
advanced Monte Carlo radiative transfer code for outflowing media
(Matthews et al. 2024). These simulations allow us to determine
the effectiveness of the EW excess diagnostic diagram for line
characteristics and provide an approximate calibrated scaling law
relation that connects equivalent width to physical wind parameters.

We outline the paper as follows. First, in Section 2, we will briefly
discuss the SIROCCO modelling code and explain our particular wind
parameter choices in creating a systematic grid of physically plausi-
ble synthetic line profiles. Next, in Section 3, we describe how excess
EWs are calculated in practice, including the methodological choices
that must be made. We also point out some minor modifications we
have made to make the original method work more robustly for the
wide range of line profile shapes produced by our simulations. In
Section 4, we introduce two observational data sets we use as a point
of comparison for our simulations. Then, in Section 5, provide an
overview of the line profile shapes seen within our SIROCCO grid.
We describe the filters applied to remove spectra for which the
excess EWs cannot be meaningfully estimated and discuss further
limits on our SIROCCO lines to ensure we only compare ‘realistic’
profiles to our observational benchmark. In Section 6, we present
our excess diagnostic diagrams following the original methodology
for outflowing systems at five different inclinations and highlight
issues uncovered during the process. Subsequently, we discuss the
implications of our findings in Section 7 and propose practical
improvements utilizing the full width at half-maximum (FWHM)
that benefit the expected behaviour of the diagnostic. We also use our
model grid to construct and calibrate a set of approximate scaling law
relations to connect Ho’s EWs and physical wind parameters. This
relation provides a fast and effective starting point for interpreting
and/or modelling observations. We summarize and conclude in
Section 8.

2 sirocco OUTFLOW SIMULATIONS

SIROCCO is a Monte Carlo ionization and radiative transfer code for
modelling astrophysical outflows (Matthews et al. 2024). The code is
designed to simulate the spectra of astrophysical systems, given a set
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Figure 1. A qualitative, idealized sketch of various possible single-peaked line profiles numbered with their respective ‘expected’ data point positions on an EW
excess diagnostic diagram. The hand-drawn line profiles (solid black) are a small subset of many shape variations physically possible. However, when compared
against the fixed Gaussian (dashed red) across all plots, these profiles highlight the excess EW value impact from shape deviations. Excess data points on the y
= x line are line profiles with expected (but not guaranteed) symmetric deviations from the Gaussian. Other asymmetric deviations, that is, different deviations
between the blue and red sides of the Gaussian mean or rest wavelength (dashed grey vertical line), populate regions away from this symmetric line. For example,
we would expect the iconic P-Cygni profile to be characterized in a similar region to the line profile labelled ‘Suppressed Blue/Enhanced Red Wings’.

of user-defined physical parameters. A user can select different pre-
defined models of azimuthally symmetric outflows for a variety of
systems, including active galactic nucleus (AGN; Matthews et al.
2023), CVs (Matthews et al. 2015), and tidal disruption events
(Parkinson et al. 2024). The code assumes the astrophysical system
is near radiative equilibrium and in a steady state. This assump-
tion allows SIROCCO to iteratively compute the radiation field and
ionization state of the outflow. In this ‘ionization cycle’ stage,
photon packets travel through and interact with the plasma, thus
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modifying the outflow’s heating, cooling, and ionization rates. Once
the temperature and ionization structure have converged, SIROCCO
freezes the plasma’s state. Then, the ‘spectral cycle’ stage begins,
during which the code calculates the observed spectra. Here, the
code emits photon packets from user-defined radiation sources and
‘observes’ the light received along particular lines of sight after
passing through the outflow.

For this study, we simulated 729 CV systems using wind param-
eters that cover a wide range of physically plausible configurations.
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In producing this grid of models, we first defined a set of default
(or reference) physical parameters. Table 1 gives this complete list
of parameters defining our models. We then construct our grid by
defining ‘high’ and ‘low’ values on either side of the default values
for six key parameters; these are highlighted in bold in Table 1. This
procedure results in a quasi-regular six-dimensional grid containing
3% = 729 models. The six parameters we vary for our grid space
are:

(i) The disc mass accretion rate of a standard Shakura—Sunyaev
disc. This parameter controls the disc temperature distribution (see
for example Matthews et al. 2024). We adopt three values of
3x107°, 1 x 1078, and 3 x 1078 Mg yr~!. These correspond to a
typical high-state (wind-driving) CV with a low, medium and high
accretion rate.!

(ii)) The wind mass-loss rate from the disc as a function of the
accretion rate. This parameter controls the overall rate at which
matter is ejected across the accretion disc. We adopt three values of
0.03x, 0.1x, and 0.3x the disc mass accretion rate. As the multiple
increases, the system ejects an increasingly higher fraction of the
disc’s accreting material.

(iii) The wind’s degree of geometric collimation [d] as described
by the Knigge—Wood—Drew biconical wind model in section 3.2.2
of Knigge et al. (1995). SIROCCO implements the d parameter in
units of the central object’s radius, a white dwarf (WD) for a CV
system, to generate the wind cone’s inner and outer opening angles
following 6y = tan~! (r‘“%), where 0y is the angle from the disc’s
rotational axis, raisc, 1S the disc’s radius in Ry p units and X =
min or max, the minimum or maximum bounds, respectively. We
adopt three values of 0.55, 5.5, and 55 Ryp for the d component
of the geometry parameter. The lower value defines an equatorial
wind shape constrained to 61°-89°. The middle value describes a
much less collimated wind with opening angles spanning 10°-80°.
The high value produces a highly collimated outflow with opening
angles in the 1°-29° range.

(iv) The [a] exponent controlling the specific wind mass-loss
rate [riz], given the local flux/temperature of the disc. This parameter
is defined via it o< F(R)* o T(R)*, where T and F are the local
effective temperature and associated flux, respectively. We adopt
three values of 0, 0.25, and 1 for «. These values correspond to
a roughly constant specific mass-loss rate, a specific mass-loss rate
proportional to temperature and a specific mass-loss rate proportional
to flux across the disc.

(v) The acceleration length scale [ R,] of the outflow. The wind
velocity law we use, given by equation (17) in Knigge et al. (1995),
features two control parameters that determine how the wind velocity
increases as a function of distance along a given streamline. The
acceleration length scale is one of these. We adopt three values
of 1, 10, and 100 Ry p for R,. Longer acceleration length scales
correspond to more gradual acceleration. In other words, slower
velocities at any given distance along a streamline.

(vi) The wind velocity law’s acceleration exponent [S] is the
other velocity law control parameter. We adopt three values of 0.5,
1.5, and 4.5 for 8. Larger B corresponds to slower acceleration. The
effect of B is particularly pronounced near the base of the wind.
For large values of B, velocities remain well below the terminal
velocity, v, out to streamline distances of ~ R;. This can effectively

'Dwarf novae in quiescence can have significantly lower accretion rates, but
no outflow signatures have been observed in this state (see however, Scepi
et al. 2018)
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Table 1. The default parameters used for the simulation grid. This list
is a template.pf file typically seen when simulating with SIROCCO. The
regular font parameters are fixed values across all simulations. The bold font
parameters are the physical parameter values we vary to create a regular grid
of simulations. Each varying parameter has three corresponding grid point
values, leading to 3° possibilities and 729 total spectra within our grid. Note
that for the wind mass-loss rate, the parameter value is a multiple of the disc
mass accretion rate for that particular simulation. We use a Knigge—Wood-—
Drew (KWD) wind model for the outflow (Knigge, Woods & Drew 1995).
For more detailed information on a particular parameter, see the SIROCCO
documentation.

Parameterx [symbol] (unit) Value
System type Cv
Central object mass (Mg) 0.8
Central object radius (cm) 7.25182 x 108
Central object radiation No
Binary secondary mass (Mg) 0.4
Binary period (h) 3.2
Disc type Flat
Disc radiation Yes
Disc radiation type Blackbody
Disc temperature profile Standard

Disc mass accretion rate (Mg yr 1) 3x107%,1x10°8,3x10°8

Disc maximum radius (cm)
Boundary layer radiation
Wind number of components
Wind type

2.17555 x 1010
No
1
Knigge—-Wood—-Drew

Wind coordinate system Cylindrical
Wind dimension in x-direction 30
Wind dimension in z-direction 30
Photons per cycle 107
Tonization cycles 25
Spectrum cycles 220
[440 for wider A bounds]
Wind ionization Matrix_pow
Line transfer method Macro_atoms_thermal_trapping
Atom transition mode Matrix
Atomic data file data/h20_hetop_standard80.dat
Surface reflection or absorption Reflect
‘Wind heating processes Adiabatic
Wind mass-loss rate (in Mgjsc) 0.03, 0.1, 0.3
KWD collimation [d] (in Rwp) 0.55,5.5, 55
KWD mass loss rate exponent [«] 0,0.25,1.0

KWD velocity factor [Veo] (in Vescape) 2.0

KWD acceleration length scale [ R;] (cm) 7.25182 x 108,
7.25182 x 10°,
7.25182 x 1010

KWD acceleration exponent [S] 0.5,1.5,4.5

KWD initial velocity [vo] (in sound speed) 1.0

KWD inner boundary [rmin] (in Rwp) 1.0

KWD outer boundary [rmax] (in Rwp) 30.0

Wind maximum radius from CV (cm) 1012

Wind initial temperature (K) 40000.0

Wind filling factor 1.0 (smooth)

Disc radiation type in final spectrum Blackbody

Spectrum wavelength range (A) 6385-6735
[6210-6910 wider bounds]

Number of observers 5

Spectrum angles/inclination (°) 20, 45, 60, 72.5, 85.0

Spectrum orbit phase 0.5

Spectrum extraction method [live-or-die] extract

Spectrum type AF(A)

Reverb type None

Photon sampling approach Cv

Note. x: Some parameter labels have been altered to provide short descriptive
names. See the documentation for full parameter descriptions and exact labels.

MNRAS 543, 146-166 (2025)

GZ0Z JaquianoN || uo 1sanb Aq +/8528/9t L/ L/SyS/aIo1le/Seluw/Wwod dno-olwapeoe//:sdiy Wol) papeojuMo(]


https://sirocco-rt.readthedocs.io/en/latest/input.html

150 A. G. W. Wallis et al.

produce a dense ‘transition region’ between the disc and the faster-
moving parts of the outflow (e.g. Knigge & Drew 1997; Knigge et al.
1997).

We run 25 ionization cycles for each simulation with 10 million
photons per cycle. This number of iterations typically results in
approximately 80 to 90 per cent of grid cells converging to equilibria
within the outflow. Within the SIROCCO collaboration, we consider
these percentages as the point when outflows have reached a steady
state. Further ionization cycles beyond this point do not usually
improve the convergence percentage. For spectral cycles, the total
number of photons passing through the outflow is directly linked to
the signal-to-noise ratio of a spectrum, where typically /N o ~/N.
Each model is computed with 2.2 billion photon packets when we
adopt the narrow spectral window (6385 — 6735 A), and with 4.4
billion packets when we use the broader window (6210 — 6910 A)y;
the latter is doubled to preserve a similar signal-to-noise (packet
count) per spectral bin. This choice ensures that the statistical errors
on our model EW excesses are comparable to those inferred from the
observations reported by Cuneo et al. (2023). We chose five observer
inclinations (i) at 20°, 45°, 60°, 72.5°, and 85° so that their cos(i)
values are approximately uniformly distributed.

3 EW EXCESS DIAGNOSTIC DIAGRAMS:
IMPLEMENTATION AND INTERPRETATION

The basic methodology for calculating EW excesses and constructing
the associated diagnostic diagrams has already been described by
Mata Sanchez et al. (2018) and Cineo et al. (2023). However, these
papers, as well as several other studies (including, but not limited
to Darias et al. 2019, 2020; Cineo et al. 2020; Panizo-Espinar
et al. 2021) have typically implemented the methodology with
slight, but potentially significant differences in fitting techniques and
masking profiles. Since such differences could introduce systematic
uncertainties when interpreting the results, we will fully describe
our understanding and implementation of the methodology here for
clarity.

3.1 The original methodology

The original method requires four steps to construct an excess EW
diagnostic diagram from a set of observed (or simulated) spectra.
Fig. 2 provides a visual aid for steps 1 to 3:

(i) A polynomial is fitted to each spectrum’s continuum. Depend-
ing on the wavelength range of the spectrum, a mask may be applied
over spectral lines. This mask helps to ensure that the fit only
applies to regions of the spectrum that are continuum-dominated.
The spectrum is then normalized, in other words, divided by the
fitted polynomial, fixing the continuum level to a value of 1.

(i) A Gaussian is fitted to the continuum-normalized spectrum’s
emission line of interest. The Gaussian’s amplitude, standard de-
viation, and mean are free parameters. Since the idea is that non-
Gaussian outflow signatures will primarily affect the line wings, the
fit is constrained to a wavelength region centred on the line’s core,
masking out the wings. In the original method, this masking window
is defined by the user and may change depending on the source or
application. For example, Ciineo et al. (2023) used £ 1000 kms~.

(iii) The Gaussian fit is subtracted from the normalized spectrum
to give the asymmetric excess emission. The excess EW is then
calculated by integrating across the spectrum’s blue and red wings.
A masking window is again applied to this calculation to ensure
that only high-velocity components are included. That is, the core
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Figure 2. An example SIROCCO line profile fit following our modified excess
diagnostic diagram methodology (see Section 3.2). The black asymmetric line
shows one particular simulation’s H « emission line within our grid space. The
red symmetric line indicates the best-fitting Gaussian obtained by minimizing
the least-squares residuals to the line profile, shown overlaid on the near-
constant fitted continuum in blue. The grey dashdotted line indicates the rest
wavelength of Ha at 6562.819 A. The blue (shorter wavelength) and red
(longer wavelength) shaded regions show the user-chosen masking window
in which we calculate the EW excess values. The window regions can vary in
bounds depending on the user’s decision. The shaded grey region below the
fitted continuum line shows the rectangular width of an area that extends from
0 to continuum equal to the spectral line’s EW. The shaded orange region
wrapping the rest wavelength line highlights the line’s FWHM. Note the
relatively poor fitting of the Gaussian for this non-Gaussian line with narrow
core and broad wings, even though its residuals are optimally minimized.
We discuss the limitations of this fitting procedure and impact on other line
profile types more in Sections 3.2, 5.1, and 5.2.

is excluded, since the Gaussian may not fit the core region well,
and/or shifts in the core may not be a sole consequence of outflow
behaviour. Across studies, there has been a great deal of variation
in how this masking window is defined. However, the lower bound
should correspond to the value previously used for the Gaussian
core fit. The upper bound should be set to a value where the
spectral line seems to merge with the continuum emission. For
example, Cineo et al. (2023)’s window has been defined as both
41000 — 2500 kms~! and £400 — 1500kms~". In this paper’s
analysis, we adopt a £ 1000 — 2500 km s~! masking window for
observational comparison to Ctineo et al. (2023). This step can be
incorporated as a single calculation following

Vhigh

F, — Fq,
E Wexcess = Z vFiAvi (l)
Viow i i
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where F, is the spectrum, Fg is the Gaussian fit, F, is the continuum
fit (assumed 1 if using a normalized spectrum), Av is the radial
velocity width of the corresponding spectral wavelength bin, vpigy
defines the high radial velocity masking window bound and vj,, the
low bound. Two separate instances of this equation are applied for
the blue and red sides of the spectral line’s rest wavelength. Excess
emission is defined as positive for diagnostic diagrams.

(iv) Finally, the EW excess values can be plotted on a diagnostic
diagram with red excess on the x-axis and blue excess on the y-axis. If
available, flux errors are carried through traditional error propagation
methods and/or the spectra can be bootstrapped to generate errors on
the excesses.

3.2 Modifications to the original method

This paper aims to closely follow the original method stated above,
but with some slight modifications to accommodate simulated spectra
and the findings of this study. First, due to the expensive computa-
tional cost associated with generating high signal-to-noise SIROCCO
spectra, this study solely fits H o within a narrow wavelength band.
Therefore, we fit a linear underlying continuum instead of the higher
order polynomial that was adopted in Cuneo et al. (2023) due to
their wider wavelength range. Similarly, we only fit the extreme
wavelengths of our band to avoid contamination by the spectral
line. We set these fitting window bounds to 6450 — 6475 A and
6625 — 6650 A corresponding to radial velocities at approximately
—5150 to —4000kms~! and 2850 to 4000 kms~', respectively.
Broader lines with a wider spectrum wavelength range have different
fitting window bounds. For these, we use 6300 — 6325 A and
6775 — 6800 A, corresponding to radial velocities at approximately
—12000 to —10850kms~! and 9500 to 10850 km s~!, respectively.
The slight differences between the blue and red sides are to avoid
contamination from the He 1 -16678 line.

Secondly, we fix the radial velocity offset component, also known
as the mean of the Gaussian fit, to the rest wavelength. As our
simulated system is stationary and exclusively outflow-driven, any
offset in the line’s peak results from the wind. Hence, the asymmetric
profile should encapsulate this skew within our EW excesses. When
applying this choice to Ctineo et al. (2023)’s observed spectra, there is
no quantifiable difference except for an EW excess shift of &~ 0.05 A
in BZ Cam’s double-peaked spectra. However, observationally, the
argument remains: how does one know if this shift is caused by a
wind or something different? This is a tricky question with no real
definitive answer. Spectra presenting widely separated double peaks
or strongly skewed P-Cygni-like single peaks are naturally the most
affected. However, we find that for most observational and synthetic
spectra, Gaussians with fixed means yield diagnostic plots that are
more reflective of the actual line profile characteristics. Additionally,
fixing the mean makes sense for our SIROCCO spectra, given that any
offset or skew is guaranteed from the wind.

Thirdly, we relax the condition that fits the Gaussian to only the
line’s core. When applying this choice to the observed spectra in
Cineo et al. (2023), the EW excesses only shift within the expected
ranges quantified by the original data point’s error bars, essentially
creating a negligible difference to the overall diagnostic diagram’s
data point scatter. However, our simulated spectra present a much
wider range of line profile shapes, some of which have very broad
non-Gaussian cores. Restricting the optimization to a pre-defined
‘core’ region can lead to very poor fits across the entire line in these
cases. We obtain more reliable and meaningful excess EW results for
all spectra by simply fitting the overall line profile. This change does
mean we can worsen the fitting of the Gaussian to the line’s core for

Diagnosing wind-formed emission lines 151

an improvement in the tails for some profiles, as shown in Fig. 2.
However, an important point to remember is that the methodology
masks out this core region during the excess calculation, minimizing
the poor fitting core’s overall impact and importance on the final
excess EW results.

Finally, several observational studies augment their excess diag-
nostic diagrams with significance contours as described by Darias
et al. (2019) and Panizo-Espinar et al. (2021). These contours are
obtained by repeatedly measuring EW excesses with the same width
masking window over pure continuum sections of the spectra. The
resulting continuum residuals form an approximately zero-mean
Gaussian, where o contours are derived. However, we do not produce
significance contours as, in principle, they do not generate any new
information beyond our bootstrapped error bars. By bootstrapping,
the homogenous continuum noise is effectively encapsulated by
the error bar, meaning the value derived from each excess divided
by its error is essentially equivalent to the data point’s contour
‘significance’. In practice, there might be some slight differences
due to heteroscedastic errors, fitting systematics and systematic
differences between continuum and line flux errors. Nevertheless,
there is no expectation that these are the dominant source of error.
For our simulated spectra, we resample our data 150 times. Given
the signal to noise of the spectra, this yields errors typically less than
0.1 A, which is similar in scale to errors found in Ctineo et al. (2023).

4 OBSERVATIONAL BENCHMARKS

The primary benchmark and point of comparison for our wind-
formed line profiles is the observational data set used by Ctineo et al.
(2023). This data set, shown in Fig. 3, contains 61 observations of
four non-magnetic nova-like cataclysmic variables — BZ Cam, V751
Cyg, MV Lyr and V425 Cas — all observed during normal high states.
Even though the luminosity of these systems is dominated by their
accretion discs, 58 of the 61 line spectra observed are strong, narrow,
and single-peaked. Approximately half of the spectra exhibit slight
shifts of the emission line peak from rest, which the authors suggest is
primarily caused by low-velocity absorption features, and most show
asymmetric profiles from slight differences in high-velocity features
between the blue and red wings. The lack of the classic double-
peaked profile shape expected for disc-formed emission lines may at
least partly be due to the relatively low inclination of these systems
(estimated between &~ 10° to 50°; Skillman, Patterson & Thorstensen
1995; Ringwald & Naylor 1998; Greiner et al. 1999; Patterson et al.
2001; Ritter & Kolb 2003; Linnell et al. 2005; Honeycutt, Kafka &
Robertson 2013).

The lead author of Ciineo et al. (2023) kindly provided us with their
reduced spectra for these systems. Given the slight modifications we
have made to their method (as previously described in Section 3.2),
we have opted to calculate our own estimates of excess EWs for
this data set, based on our revised methodology. However, our
revised estimates typically agree with Cuneo et al. (2023) within
their respective uncertainties.

As showcased in the following section, our models produce a
wide variety of line profile shapes, from essentially non-existent
to much stronger than observed. This range is by design since we
want to ensure our models span a large portion of the physically
interesting parameter space. However, this diversity also means that
some filtering is necessary to avoid producing diagnostic diagrams
in which most simulated data points correspond to completely
unrealistic models. We describe this filtering process in Section 5.2,
but the final selection of our most realistic models, the ‘Gold’ sample,
enforces limits on each profile’s EW and overall FWHM. In order to
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Figure 3. Trailed spectra of the H spectral line of four non-magnetic nova-like cataclysmic variable sources — BZ Cam, V751 Cyg, MV Lyr and V425 Cas
— observed at different epochs. The dashed black line highlights the rest wavelength of H«. Redder colours, typically closer to the rest wavelength, indicate
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H« lines. These inset plots give an alternative view of the data set’s limited range of line profile shapes. The authors of Ctineo et al. (2020) note that the early

epochs of BZ Cam suffer from line core saturation issues.

estimate these required limits, we also estimate the EW and FWHM
for each of the profiles provided by Cuneo et al. (2023). The EWs
(in wavelength units) are calculated as

Ahigh F,
EW_M(% (Fq - 1) AX;. )
The FWHM is estimated by first determining the peak line flux
value in the normalized spectrum, Fi,.x. We then identify the bluest
and reddest wavelengths where the flux first rises above the value
(%) + 1. Here, 1 = F_opinuum- The difference between these
wavelengths is recorded as our estimate of the FWHM.

We supplement this set of observed line strengths and widths
with data from Zhao, Wang & Liu (2025): a study based on low
and medium-resolution spectra of accreting compact binaries by the
Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAM-
OST). We extract 144 low-resolution and 113 medium-resolution
data points for the EW and FWHM of CV Hu lines directly from
fig. 2 of their paper. Two important points are worth noting here.

First, Zhao et al. (2025) estimates both EW and FWHM from
Gaussian fits to the line profiles. Since this is a different method
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than the one we use to extract EW and FWHM from our simulated
data and Cuneo et al. (2023)’s spectra, some systematic differences
may be expected between these estimates. Second, the Zhao et al.
(2025) sample includes all kinds of CVs, including both magnetic
and non-magnetic systems. Among the non-magnetic systems, the
sample also contains both dwarf novae (most of which would have
been observed in quiescence, where no wind signatures are typically
seen) and nova-like variables.

5 S1irocco’S GRID OF WIND-FORMED Ha
LINES

5.1 Representative spectral examples

Fig. 4 illustrates four examples of the wide variety of wind-formed
line profiles across our model grid and how different parameters
influence the overall shape. Our full grid of line profiles, available
to browse interactively (see Data Availability for details), are
physically self-consistent wind-formed profiles produced by our
specific outflow models. These spectra advance upon the simu-
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lated profiles created by Mata Sanchez et al. (2023) for testing
the EW excess method that previously relied on emulated line
features.

Panel (a) shows an example of a set of weak line profiles with very
little H & emission. These types of profiles vary from continuum-only
spectra to emission lines with minuscule peaks. Low accretion rates,
wind mass-loss rates, and acceleration exponents often define these
types of profiles. When passing these profiles through a diagnostic
diagram, the Gaussian fitting frequently struggles to fit the weak
lines accurately. Additionally, as discussed in Section 5.2.1 below,
these line profiles do not resemble observations, so we remove most
of these profile types from our analysis.

Panel (b) shows a model producing more pronounced, but still
weak, narrow double-peaked emission lines. This line also shows
evidence of a P-Cygni profile at particular inclinations. These profiles

can vary significantly in the strength and width of the double peak. We
usually find these profiles at low to moderate wind mass-loss rates,
but higher acceleration exponents and longer acceleration lengths.
The wind collimation parameter primarily affects the peak-to-peak
separation. Naturally, double-peaked lines are not well described by
a Gaussian, even in the core. These lines are not too problematic if the
peaks are narrow, as we only measure excesses within the masking
window. However, if the peaks broaden and move into the masking
window bounds, the two peaks will lead to a substantial and equal
blue and red excess EW values. Such spectra would populate along
the y = x diagonal of the diagnostic diagrams, as discussed further
in Section 6.

Panel (c) shows a model giving rise to stronger line profiles with
a possible P-Cygni. This spectrum represents the ideal case for the
diagnostic diagram methodology, with hints of an asymmetric profile

MNRAS 543, 146-166 (2025)

GZ0Z JaquianoN || uo 1sanb Aq +/8528/9t L/ L/SyS/aIo1le/Seluw/Wwod dno-olwapeoe//:sdiy Wol) papeojuMo(]


https://austenwallis.pyscriptapps.com/h-alpha-grid-inspector/latest/

154 A. G. W. Wallis et al.

shape and a well-defined single peak at particular inclinations. These
types of profiles are typically associated with higher accretion rates,
wind mass-loss rates, acceleration exponents and longer acceleration
lengths. The observed strength of the line depends significantly on
the inclination and wind geometry of the system. For example,
when the wind is highly collimated around the rotational axis,
observing along this axis will generate a stronger equivalent width
emission line than when viewed equatorially. In general, we find
more single-peaked profiles at lower inclinations, as expected from
basic projection effects. Single-peaked lines also tend to favour a
lower wind collimation.

Panel (d) shows a model producing a broader, moderately strong
line with multiple prominent peaks. These spectra are relatively rare
in our grid space, but when they do occur, they are typically associated
with line-flux models weaker than the one displayed here. As aresult,
we can not point to a particular SIROCCO wind parameter that creates
these types of profiles as we did for those in previous panels. Instead,
we tend to find such distinctive shapes mainly at the more extreme
inclination ranges (very face-on or edge-on) with narrower opening
angles (equatorially or jet-like). For this particular model, we have
four distinct peaks. These peaks are apparent on the 20° inclined
spectrum and less evident at the other inclinations. However, the
peaks become apparent on all spectra when measured in normalized
flux. This setting is available with our web-based interactive tool. The
wavelength shift of these peaks is related to the projected outflow
velocities towards the observer in regions of the model with higher
emissivities: Emissivities here essentially mean regions of the wind
with higher total emitted flux, which is dependent on several outflow
conditions such as higher densities, closer proximity to continuum
source, higher optical depth and an optimal ionization balance.
Taking the 20° sightline with four peaks, for example, we find two
high and distinct emissivity regions, which is possible due to the finite
size of the disc. One might, therefore, expect these two spots to be
rotationally dominated regions, but this is not the case here. The inner
pair of peaks, with a velocity separation of ~ 250 kms™!, is indeed a
high emission spot linked to the Keplerian velocity at the outer edge
of the accretion disc. However, the outer pair of peaks, with a velocity
separation of &~ 650kms~!, is emission linked to the poloidal
streamline velocities of the outflow at the other high emissivity spot.
In essence, forming a bright ‘equatorial ring-like’ effect that creates
another double-peaked part of the line (Gill & O’brien 1999). All in
all, no matter how interesting these profiles are, fitting a Gaussian to
these emission lines is challenging, and our observational benchmark
spectra do not display such multipeaked profiles. We therefore
do not include profiles with more than two peaks in our analysis
below.

5.2 Filtering spectra into quality-tiered sub-samples

As illustrated by Figs 4(a) and (d), our grid of 729 CV models
generates some profiles that fall outside the observational parameter
space of interest or which violate key assumptions built into the
excess-diagnostic method. In order to deal with this, we define four
samples based on our grid:

(i) FULL: this sample contains all line profiles from our SIROCCO
simulations with which we can calculate FWHM, EW, and/or excess
EW quantities.

(ii) BRONZE: this sample, a sub-set of full and the complement
set to Silver, shows line profiles with minimal line flux or displays at
least three line peaks, placing them outside Silver’s selection criteria.
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(iii) SILVER: this sample, a sub-set of full and complement set
to Bronze, contains only single or double-peaked line profiles from
which we can derive meaningful EW excess values, but do not satisty
the Gold constraints.

(iv) GOLD: this sample, a sub-set of Silver, contains only line
profiles that additionally satisfy observationally based constraints
based on the overall FWHM and EW.

Note that membership in a particular sample is inclination-
dependent. For example, a model that produces realistic profiles at
i = 60° but not at i = 45° may be in the Gold sample for the former
inclination, but not for the latter.

5.2.1 The Silver sample

To define the Silver sample, we employ three filters. These filters
remove approximately 50 per cent of the line profiles across the
model grid, with the exact value depending on inclination. They are
defined as follows:

(i) Removing spectra with no line features: not all spectra within
our grid space produce outflows ‘strong’ enough to show any Ho
spectral line. These spectra are essentially pure continuum emission,
are observationally uninteresting and only produce excesses of O with
noise as the error bar when passed through the excess EW calculation.
No observational system will ever be diagnosed as outflowing from a
completely featureless spectrum. We therefore discard any spectrum
whose strongest emission peak lies less than 1 per cent above the
fitted continuum (i.e. max[F (A)/C(}) — 1] < 0.01). The number of
spectra flagged within this category, depending on the inclination, is
usually around 280 to 350 out of 729.

(i) Removing spectra with more than two peaks: the excess
diagnostic method relies on fitting a Gaussian to the spectral line.
However, if the spectral line has multiple peaks, accurately describing
this flux distribution with a Gaussian becomes impossible. Fig. 4
shows a variety of Ho profiles. Panel (d) shows a more unusual
triple-peaked emission line. If we fit a Gaussian to the profile,
the Gaussian will be biased to one side of the emission line peak,
leading to an unintended bias within our excess calculation. Hence,
we automatically remove profiles with three or more peaks using
the SCIPY signal’s FIND PEAKS PYTHON function. We configure the
peak finder only to detect peaks that exceed 30 per cent of the
maximum flux value (height). We require a minimum separation of
10 wavelength bins (distance) to ensure neighbouring peaks remain
distinct. Additionally, we assess peak prominence, which measures
how much a peak stands out from the baseline signal and set this
threshold to 10 per cent of the maximum flux. Through inspection,
we find these conditions adequately flag and filter lines with three
or more peaks that a researcher would likely highlight. However, we
do not filter double-peaked spectra at this stage for reasons stated in
the next filtering method. The number of spectra flagged within this
category, depending on the inclination, is usually around 340 to 390
out of 729.

(iii) Removing poor fits and unrealistic excesses: we do not
automatically remove double-peaked spectra because of their sig-
nificant variety and more frequent observation. Panel (b) in Fig. 4
provides a clear example of a double-peaked profile that should
remain in our analysis. This profile shows a distinct P-Cygni line
at particular inclinations with a narrow, equal-height double-peaked
top. This spectrum indicates evidence of an outflow that the excess
diagnostic method aims to detect. Furthermore, the narrowness of the
double peak means the optimal Gaussian fit usually remains centred
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bar lightness corresponds to higher inclined systems from 20° to 85°.

on the line’s core. However, not all double peaks are suitable. As a
result, we measure the pointwise fractional root mean square (FRMS)
and root mean square (RMS) of the residuals following

where d is the spectral data, f is the Gaussian fit, and c is the
continuum fit. Slightly different to the norm, we divide by continuum
values to standardized comparison between spectra. We remove
spectra with extreme residuals greater than 0.5. These error values
are not due to an asymmetry but rather from poor fits or wide, strong
bimodal distributions. Additionally, we remove any spectra whose
excess EW errors are greater than 0.5 A. These data points of high
error show that the fit is highly dependent on the continuum noise and
will again bias the analysis. The number of spectra flagged within
this category, depending on the inclination and masking profile, is
usually on the order of 1 to 10 out of 729.

The frequency of particular SIROCCO parameter values associated
with the Silver sample is highlighted by the blue bars in Fig. 5.
We find that longer acceleration lengths and higher acceleration
exponents are critical in generating significant Ha emission lines
at all inclinations. As expected, higher accretion and wind mass-
loss rates also aid in producing detectable emission lines. Naturally,
the vice-versa view applies to the Bronze sample spectra, the
complement set to Silver, shown in light grey on the figure.

Additionally, Fig. 5’s green bars highlight the frequency of values
associated with our Gold sample spectra. These are a sub-selection of
Silver line profiles that are observationally similar to our benchmarks.
We subsequently discuss the Gold selection requirements in the
following section.

5.2.2 The Gold sample

To define our Gold sample, we first must define ‘observationally
plausible’ line shapes. For this, we calculate the EW and FWHM
values for our simulated SIROCCO line profiles the same way we did
for the observational benchmark spectra described in Section 4. We
then compare the simulated and observed profiles on an FWHM-EW
diagram, shown by Fig. 6.

When looking at this figure, the first point worth noting is the
noticeable systematic differences between the two observational

samples. More specifically, Cineo et al. (2023)’s dynamic range
in EW and FWHM is considerably smaller. Equally, for a given
EW, the FWHMs are smaller by several factors compared to Zhao
et al. (2025)’s sample. These differences may be partly due to the
different method used by Zhao et al. (2025) to estimate EW and
FWHM. However, the main reason is likely to be selection effects.
As noted in Section 4, the Zhao et al. (2025) sample includes all
kinds of CVs. By contrast, the Cineo et al. (2023) sample consists
of only four high-luminosity nova-like systems, which are relatively
rare amongst the CV population.

The second point to note is that the SIROCCO simulated spectra can
fully overlay the FWHM versus EW parameter space defined by the
Clneo et al. (2023), but not the space defined by the full CV sample
from Zhao et al. (2025). This fact is not too surprising, since the
parameter space covered by our grid — in particular Maise and Mying
— is designed only to represent high-state CVs (non-magnetic NLs
and DN in outbursts).

We select our observationally plausible spectra by drawing a
selection box on Fig. 6 roughly centred on the Cineo et al. (2023)
sample, but with generous margins. We allow a quite liberal margin
towards larger FWHM values, so that our box also encompasses most
of the Zhao et al. (2025) sample within our adopted EW range. Any
SIROCCO spectra contained within this box form our Gold sample.
The EW and FWHM ranges defining the boundaries of our Gold
selection box are 3 — 70 A and 3 — 30 A, respectively.

6 RESULTS

Fig. 7 shows the excess EW diagnostic diagrams for the Gold
sample using a & 1000 — 2500 km s~! masking window. Each panels
correspond to distinct inclinations at 20°, 45°, 60°, 72.5°, and 85°.
We also plot the Ciineo et al. (2023) sample excesses, but only on the
20° and 45° panels since all these sources are thought to be viewed
at lower inclinations. Fig. B1 shows the same diagnostic diagrams
but also includes the larger Silver sample.

‘We have chosen to present our diagnostic diagrams on a symmetric
logarithmic scale (symlog) plot since many data points cluster at
similar small values of EW and FWHM. However, the overall
dynamic range is still quite extensive. Briefly, in a symlog plot, the
scale varies linearly within a particular range surrounding the origin,
but logarithmically outside that range. For our excess EW diagrams,
we adopt £0.1 A as the threshold for this linear region. In Fig. 7, a
black dashed line outlines this boundary. One crucial subtlety of the
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symlog representation is that areas directly to the north, east, south,
and west of the central square region have scales that are linear in
one axis but logarithmic in the other.

Overall, Fig. 7 shows that our wind-formed line profiles shift
toward the symmetric y = x diagonal with increasing inclination. At
the same time, double-peaked profiles become more prevalent and the
characteristic size of the EW excesses also increases. For example,
at 85°, there are no Gold spectra with both blue and red excess below
0.1 A inside the linear region. In tandem, the largest excess data
points become more extreme. This increase is mainly driven by the
increasing peak-to-peak separation of the high-inclination double-
peaked profiles. These peaks are poorly fit by a single Gaussian and
their line cores begin to bleed into the excess masking region.

Comparing the excess EWs of our Gold sample to the observed
values, we find that the models occupy broadly the same region of
the diagnostic diagram as the data. Most importantly, at the low
inclinations relevant to the Cuneo et al. (2023) sample, there is a
clear preference for positive red wing excesses. Equally, at these
inclinations, the majority of model spectra are single-peaked, also
in line with the observed spectra (cf. Fig. 3). On the other hand, a
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similar majority of model spectra lie near the positive y = x diagonal.
Meanwhile, the observed spectra are much more randomly scattered
across the positive red excess region of the diagram.

EW excesses near this 1:1 diagonal can be produced simply by
symmetric line profiles with non-Gaussian wings. This certainly
includes disc-formed emission lines, for which the shape of the line
wings directly reflects the radial surface brightness profile across
the disc (Smak 1981; Horne & Marsh 1986). As a result, only off-
diagonal excesses might potentially indicate disc wind signatures.
In this sense, the observed line profiles in the Cineo et al. (2023)
data set actually look more ‘windy’ than those associated with the
‘average’ SIROCCO wind-formed features. In other words, based on
their positioning in the diagnostic diagram, only a relatively small
fraction of our disc wind models produce excess EWs that would
have been traditionally interpreted as disc wind signatures.

The models also struggle to produce the largest absolute blue
excesses associated with the system, BZ Cam. These excesses lie
along the 0.1 A red wing threshold line with blue wing excess
emission greater or less than 1 A. As discussed by Matthews et al.
(2023) in the context of QSOs, disc winds can produce asymmetric
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Figure 7. Excess diagnostic diagrams for Gold SIROCCO CV systems viewed at a 20°, 45°, 60°, 72.5°, and 85° inclination. Red data points indicate SIROCCO
spectra that exhibit only one prominent peak within the H o emission line. Black data points indicate SIROCCO spectra with two prominent peaks. The masking
profile is set to a radial velocity at 4= 1000 — 2500 km s~ which corresponds to wavelengths 422 — 55 A from the rest wavelength of Ho (6562.819 A). The
linear-logarithmic threshold for the symmetric logarithmic scale plot, shown as dashed black lines, is set at 0.1 A.

and systematically blue-shifted emission lines. Such lines would
be expected to lie in the strong blue excess region of the diagnostic
diagram. Physically, this occurs when the receding half of the outflow
is blocked from view. In compact binaries, we might expect this to
occur primarily in low inclination systems, where we can only see
the ‘top’ half of the disc and wind. The optically thick disc obscures
our view of the other side. A few models in our grid do seem to show
this effect, but not as strongly as suggested by the data. However, we
are not surprised that our SIROCCO data points do not exactly match
and scatter around the Cineo et al. (2020) sample, given the generic
nature of a systematic grid search. If anything, we expect that. For
these few BZ Cam data points, we can conclude that either these
winds are more extreme than our standard expectation, or another
different emission line component contributes significantly to the
observed line profiles.

7 DISCUSSION

7.1 Excess EW diagram reliability for outflow diagnostics

The observed line profiles of wind-driving high-state CVs place them
in a region of the diagnostic diagram previously suggested as an area
indicating outflows. This outflow region is characterized by relatively

large, preferentially red-wing EW excesses that lie off the diagonal
of the diagram. So, do our line profiles produced by SIROCCO’s disc
wind models support this idea?

The two main conclusions we can draw from the results in
Section 6 are that our disc wind models can occupy this same region
of the diagram, but most do not. They instead lie near the diagonal
as expected for symmetric profiles with non-Gaussian wings. Taken
at face value, this could indicate that the observed excesses are
indicative of outflow but that these outflows must have fairly specific
physical properties.

However, these two conclusions should be taken with a large grain
of salt. As we see in the next section, the excess EW diagnostic is
somewhat sensitive to the exact definition of the masking window
used to remove the line core in the excess EW calculation. Most
of our profiles lie on the diagonal because of the adopted masking
window choice at £ 1000 — 2500kms~!. In many cases, the line
profiles have sizeable FWHMs, so their cores begin to bleed into
the masking windows that calculate the excesses. The effect is that
excesses from the strong core emission can dominate over any slight
wing asymmetry, pushing the data points towards the diagonal.

Additionally, we should remember that line formation in a disc
wind is not the only way to produce asymmetric line wings.
Except for apparent blue-shifted absorption, no asymmetry can be
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considered a ‘smoking gun’ signature of an outflow. For example,
any asymmetric structure in the accretion flow — perhaps associated
with the ‘hotspot’ where the accretion stream impacts the disc edge
— could give rise to excess EW in the blue or red wing of an
otherwise disc-dominated line. Similarly, an eccentric accretion disc
will also produce asymmetric line wings. Therefore, we caution
against interpreting weak asymmetries as clear evidence for an
outflow. Without an actual P-Cygni profile or apparent blue-shifted
absorption, the closest to a wind signature combines a blue deficit
with a red excess.

Regardless, in Section 7.3, we will suggest a revised definition
based on the FWHM of a line which does not suffer from this core
contamination. The Gold sample spectra in the revised diagnostic
diagrams still cover the same regions as the observations. However,
the diagrams’ appearance and the set of models overlapping with the
observations significantly differ from Fig. 7.

7.2 Sensitivity to the adopted masking regions

The user-chosen radial velocity masking choice can drastically
impact the data point distribution. Researchers have applied a
variety of masking windows across several studies from a small
+500 — 1000km s~ window to up to broad 4500 — 4000 kms~!
window (Mata Sanchez et al. 2018, 2023; Panizo-Espinar et al.
2021). Comparing the broadest radial velocity range studied to the
+ 1000 — 2500 km s~ velocity window used in the previous section,
we find a complete reshuffling of the EW excess data. This change
in window comparison can be inspected from Figs B1 and B2. The
data points populate more towards the corners of the diagnostic
diagrams with a broader window. This broader window includes
more of the line’s core and more extreme wing discrepancies.
As a result, the core of stronger emission lines, particularly with
Gaussians fitted to prominent double-peaked spectra, significantly
contributes to the total excess EW. This core contribution is usually
far beyond any asymmetric contribution from the emission wings
we wish to diagnose. Therefore, any conclusions we derived from
the previous £ 1000 — 2500 km s~! masking window will no longer
hold in this broader 4500 — 4000 kms~! masking scenario. This
example utilizes a pretty significant change in the masking window.
However, this effect occurs even with minor changes in the masking
window.

To display this issue more prominently, Fig. 8 shows a slight
change in the masking profile for a small random selection of data
points. In this figure, we plot 40 SIROCCO spectra and measure
the EW excesses with three different masking windows. These
masks change by =+ 4 A near the line’s core, corresponding to
an approximate &200kms~! change in radial velocity, following
Al = % The outer window boundary remains the same. We
plot the £ 1000 — 2500 km s~! masking window as a data point,
with arrows pointing to the data point’s new position when slightly
adjusting the inner boundary. As shown, several data points remain
largely static within the plotting regime, which is good. However,
a sizeable minority of spectra move drastically across the diagram,
with 11 of the 155 data points switching plotting quadrants entirely.
This pronounced change in position for such a slight change in the
window is undesirable, especially given that astronomical effects,
such as redshift, can alter the rest wavelength position of a spectral
line. We also find similar shifting effects when sliding a fixed width
masking window from =900 — 2400 to & 1100 — 2600 km s~! and
with changes shifting both inner and outer edges by 4= 100kms~!,
squishing and stretching the window. This observation highlights the
need for an adaptive masking window approach that changes with
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Figure 8. For a representative random subset selection of line profiles, a
diagnostic diagram showing the change in excess EWs for a 200kms~!
change in the radial velocity’s inner masking window edge. The black data
points are calculated from a & 1000 — 2500 km s~!, matching the diagnostic
diagram within this study. The red arrow indicates the change in the data
points position, given the 200 km s~ radial velocity boundary shift towards
the core of the spectral line, increasing the window width. The blue arrow
represents the change in position when the inner bound shifts 200 kms~!
away from the line core, decreasing the window width.

the line’s intrinsic core width, thereby minimizing artificial shifts by
the fixed window.

With this plot, the reader should remember the symlog scaling
critically. A natural effect of this scale is that arrows will tend to
increase in length the closer they are to the origin. Equally, tiny arrows
far from the origin can represent significant value changes. This
effect, without consideration, will allow the reader to overemphasize
the importance of large arrows near the centre and underemphasize
smaller arrows on the outer parameter. We find there tends to be a
consistent and noticeable change in excess values for a slight shift in
masking profile across the SIROCCO grid space.

Given that we choose a sub-set of 40 SIROCCO spectra, a question is
likely to be proposed regarding how tailor-made Fig. 8 is to illustrate
this effect. We attempt to display a representative example of the
population that avoids overlapping arrows. We break the data points
into their respective four plotting quadrant groups. Then, we plot all
data points in the north-west, south-west and south-east quadrants.
Then, we randomly choose 20 out of the 134 data points from the
north-east quadrant. This region contains the largest concentration of
our data points. We repeat this random selection process to find and
display a reasonable-looking diagram. However, this figure could be
shown entirely with a sub-set of data points containing large criss-
crossing arrows across the diagram. Equally, we could show a wholly
stationary sub-set.

Overall, we find fixed mask boundaries unsuitable for comparing
astronomical systems. Researchers could argue for using fixed
bounds when measuring an individual system’s change in outflow
properties, such as in Mata Sanchez et al. (2018)’s transient scenario
of V404 Cygni. However, we likely require a different non-user-
chosen or dynamic masking window methodology when measuring
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Figure 9. FWHM masking windowed excess diagnostic diagrams for Gold SIROCCO CV systems viewed at a 20° and 45° inclination. Red data points indicate
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The masking profile bounds are dynamically set at 1.0x and 5.0x of a line profile’s respective FWHM from the rest wavelength of Ho (6562.819 A). The
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across different systems. Hence, as a natural first step, we implement
the masking window as a function of the line’s FWHM.

7.3 Reliability improvements with FWHM-based masking

Figs 4 and 6 illustrate that our SIROCCO models have a notable variety
in line profiles and a wide range of FWHM. Intrinsically, defining a
masking window at pre-determined radial velocities does not make
sense when attempting to systematically detect outflowing systems
through asymmetric wings, especially if incoming data are for a
survey-like campaign with thousands of spectra. We need a more
reliable method of selecting the masking window to solely bind
the spectral line wings. Instead, a natural choice is to implement a
dynamic masking window as a function of the spectral line’s FWHM.
Hence, we implement this idea and analyse the impact of this masking
choice on the diagnostic diagram analysis.

We create the masking window as a function of the recorded
FWHM values following the method described in Section 5.2.2. We
set the inner boundary at 1 x FWHM and the outer boundary at
5 x FWHM. Arguably, this window function is still user-chosen
as we set the boundaries at any multiple. However, our choice
guarantees we avoid substantial contamination from the line core
for all spectra and include the same ratio of the line’s wings for
all excess measurements. This choice allows for a more consistent
analysis of the same line profile characteristics across systems
without changing the diagnostic masking methodology and reduces
the overall sensitivity of excess measurements to the window choice.
Similarly, but to a lesser extent than the fixed mask scenario, the

excess measurements are more sensitive to the inner boundary choice
at 1 x FWHM than the outer boundary at 5 x FWHM due to the
bounds’ closer proximity to the line’s core.

We implement the FWHM masking window methodology for
the diagnostic diagrams in Fig. 9. Here, we only show the 20°
and 45° inclinations for easier data point comparison. However,
all inclinations can be seen in Fig. B3. We find that the reliability
improves when predicting line profile characteristics given a data
point’s position within this new diagnostic framework. Data points
in the south-east quadrant, or the expected P-Cygni region illustrated
by our cartoon in Fig. 1, are predominantly P-Cygni profiles. This
logic applies across the diagnostic diagram. One region of particular
interest is the extreme Ciineo et al. (2023) data points in the north-
west quadrant. Typically, this region, defined by enhanced blue wings
and suppressed red wings, is an unusual characteristic for outflowing
spectra to populate. However, these spectra do indeed reflect large
blue and negative red excesses upon their line profiles. The original
fixed masking window method does not convey this asymmetric fact.
We still note how our SIROCCO spectra do not populate this extreme
region. This result supports our earlier thought that wind and disc
emission can not entirely describe all Ciineo et al. (2023) spectra.

Another advantage of the FWHM masking window is the greater
spread of data points across the diagram. We no longer focus
the data points along the y = x symmetric line profile axis.
Line core contamination is the primary driver of spectral excesses
towards the diagonal. Hence, the reduction in this effect proves
this methodological improvement towards the sole measurement of
the asymmetric wings. Nevertheless, the masking window is still
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imperfect, as highlighted by higher inclinations. Stronger double-
peaked profiles dominate these high inclinations and populate the
south-west suppressed wings quadrant. However, this population is
not, in essence, a fault of the masking window, but rather of the
Gaussian fitting process to a double-peaked emission line. We should
raise questions about whether strong double-peaked profiles should
qualify for diagnostic diagram analysis.

Overall, this FWHM-based methodology does improve diagnostic
diagram reliability for single-peaked line profile characteristics and
lower inclined systems.

7.4 Wind-EW scaling relation as another outflow diagnostic

The excess EW diagnostic diagram is designed to allow the detection
of weak outflow signatures in optical emission lines. The underlying
idea here is that the effect of the outflow may be limited to distorting
a line profile formed elsewhere in the system, for example, the
accretion disc. However, in our models, the entire line is formed in
the outflow.” In this context, a natural question arises: can the global
properties of an emission line, such as the overall line strength, serve
as outflow diagnostics? More specifically, does the emission line EW
depend on the physical properties of the outflow like mass-loss rate,
collimation, and velocity?

For our Gold sample of model line profiles, a scaling relation based
on a simple power law Ansatz is sufficient to predict the Hoe EWs
to within 0.17 dex RMS (corresponding to 2250 per cent) across all
inclinations simultaneously. The fitted scaling relation is illustrated
in Fig. 10 and given by

M —0.12 Mo 0.31
EW ~5A |— % Mg
1078 Mg yr! 10~ Mg yr~!
d 0.11 R 0.16
{5-5 RWD] {10 RWD}
. 1-0.56
100431(01—0.25) 100,](5_1,5) & . 3
[ ] [ } cos 60° G

This relation provides observers with a simple way to assess
whether — and what kind of — accretion disc wind might produce
the H « lines in any particular system. However, we stress that there
are numerous caveats when using this expression. For example, the
fit is only relevant to the KWD disc wind parametrization and is
not equally good across the entire parameter range. Additionally,
the inset in Fig. 10 illustrates that our relation does not continue
providing a good prediction for the Silver and Bronze samples as
data points begin to diverge away from the ideal line.

In Appendix A, we show that a (slightly) more physically mo-
tivated approach based on the volumetric emission measure of the
outflow is capable of predicting EWs with reasonable accuracy across
our entire set of models (Gold, Silver, and also Bronze). However,
the Silver and Bronze models are less relevant for interpreting
observations and the resulting fitting formulae for predicting them
are considerably more complex. Therefore, the approach outlined
in Appendix A may be more interesting in principle than useful in
practice.

2Strictly speaking, the distinction between ‘the accretion disc’ and ‘the
outflow’ is somewhat artificial. A better argument is to think in terms of an
accretion disc atmosphere that extends from the hydrostatic disc mid-plane
all the way to the supersonic outflow.
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Figure 10. Predictive performance of an approximate calibrated scaling
power-law relation for He line’s EW given a particular combination of
SIROCCO parameters. The relation is solely fitted to our Gold sample at all
inclinations, which is shown in hues of green. The black dashed y = x line
highlights an ideal 1:1 scenario where predicted EW equals the true EW. The
inset plot shows the degrading performance when the same relation is applied
to the Silver (navy) and Bronze (faded light grey) samples. The dashed black
box outlines the Gold sample region. The main panel is a zoomed-in view of
that boxed region.

8 SUMMARY AND CONCLUSIONS

The main aim of this work has been to test, refine, and develop
observational diagnostics for accretion disc winds in cataclysmic
variables based on their optical Ho emission line profiles. Such
diagnostics allow the detection and/or characterization of these
outflows. In order to accomplish this, we have created a grid of
synthetic wind-formed line profiles using the SIROCCO ionization
and radiative transfer code. The grid covers a wide range of system
and outflow parameters based on a simple parametrized model for
biconical disc winds. Our main results are as follows:

(1) Disc wind models can produce H o emission line profiles that
achieve verisimilitude with observations. In particular, we define a
Gold sample of wind models lines with EW and FWHM values that
are consistent with observations. Our grid also includes model H o
line profiles with clear P-Cygni (blue-shifted absorption) signatures.

(ii) The line profiles in our Gold sample cover essentially the full
region occupied by the excess EW diagnostic diagram proposed by
Mata Sanchez et al. (2018) and applied to CVs by Ciineo et al. (2023).
However, most synthetic line profiles cluster along the diagonal in
this diagram, corresponding to symmetric but non-Gaussian line
profile shapes. Such shapes cannot be used as reliable outflow
signatures in practice.

(iii)) We have identified a significant sensitivity of the excess EW
method to the user-defined velocity masking window over which
the excess is calculated. Therefore, we propose a refinement to the
method in which this window is explicitly related to the FWHM
of the line profile. The resulting diagnostic diagrams look distinctly
different, with a much higher fraction of sources located in the ‘blue
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deficit/red excess’ region that represents the most compelling outflow
signatures. Consequently, the revised definition of the excess EW is
more likely to provide a sensitive and reliable way to detect disc
winds via optical spectroscopy.

(iv) In our models, the entire Ha line is formed in the accretion
disc wind, usually near the dense base of the outflow. We have
therefore constructed a convenient approximate scaling relation for
the EWs of wind-formed H « lines in CV as a function of the system
and wind parameters that define our grid. This provides a simple way
to determine what kind of accretion disc wind (if any) might produce
the observed H & line in any given CV.

Ultimately, of course, the goal should be to move beyond the use
of ‘diagnostics’ entirely. A more physically motivated and elegant
approach would be to directly model observed spectra with the kind
of disc wind models utilized in this study. The main challenges
for such an approach are (i) the computational time required for a
minimum standard simulation (& 1 & with 32 central processing units
(CPUs)). Naturally, higher resolution or denser wind simulations can
take up to a day on high-performance computing (HPC) clusters;
(ii) the large number of system and wind parameters require many
simulations. Our SIROCCO grid presented in this paper incorporates
6 of the 18+ possible parameters. A complete grid space with the
minimum simulation requirements would take 22 000 yr; (iii) the
difficulty in constructing an appropriate goodness-of-fit metric that
allows, in a principled way, for ‘systematic uncertainties’ on the
models (e.g. associated with the model parametrization or limitations
in the atomic data). In an attempt to overcome these challenges, we
are currently developing an emulator-based inference method built
on the STARFISH framework (Czekala et al. 2015).
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APPENDIX A: A PHYSICALLY MOTIVATED
APPROXIMATION FOR THE LUMINOSITY OF
WIND-FORMED RECOMBINATION LINES

The luminosity of an emission line formed in an optically thin
medium is directly proportional to the volumetric emission measure,

Line x EM = NZdV. (A1)
wind

Here, N, is the number density of free electrons and the integration
is over the entire emitting volume (e.g. Frank, King & Raine 2002;
Dennis & Phillips 2024). We can calculate the emission measures
associated with each of our models trivially, as SIROCCO records
the electron number density and cell volume across our outflowing
structure.

Once the line-of-sight optical depth in the line-forming region
reaches T >~ 1, the line emission begins to saturate and the EW will
no longer increase linearly with EM. For a recombination line formed
in a uniform cylindrical slab of radius R, height H, and electron
density N, (i.e. the base of the accretion disc wind), one can find that
7 o« EM/R?. Since the accretion disc radius is fixed in all of our
models, T o« EM to zeroth-order.

Suppose we approximate the line profile as Gaussian. In that
case, we can follow the standard curve-of-growth (CoG) analysis

MNRAS 543, 146-166 (2025)

Table Al. The constants K; and K in equation (A2) as determined by
simple least squares fits. Results are shown for two cases: (i) when using
the actual emission measures from the SIROCCO models for fitting equation
(A2); (ii) when the emission measure is estimated from equation (A3) using
the wind input parameters. The RMS scatters (in dex) around the fits are also
provided. All fits are to the full data set, i.e. Gold, Silver, and Bronze (so long
asEW > 0A).

Inclination (°) K, K, Scatter[o ](dex)
(i) Using true emission measure
20 1.04 x 1033 —55.41 0.31
45 8.82 x 1032 —55.52 0.35
60 8.09 x 1032 —55.59 0.39
72.5 7.45 x 1032 —55.62 0.44
85 5.87 x 1032 —55.33 0.45
(ii) Using predicted emission measure
20 1.24 x 1033 —55.72 0.33
45 1.52 x 1033 —56.18 0.42
60 1.52 x 1033 —56.25 0.45
725 2.02 x 103 —55.62 0.55
85 1.54 x 1033 —56.20 0.53

to estimate how the line luminosity may scale with ¢ (and hence
EM) as the line becomes optically thick. The result is

Line = K, / [1 —exp(K, x EMe™ )] dx (A2)
0

where K| and K, = t/EM are constants. The integral is over the
line profile with x representing velocity in units of the Doppler
width of the line. In the optically thin limit, K, x EM << 1, this
equation reduces to Lyn. < EM. In the optically thick limit, line
photons escape primarily in the line wings (which remain optically
thin). The CoG then turns over and flattens, scaling as Ljj,e o In(t) o
In(EM).

The left-hand panel of Fig. A1 shows how the H « line luminosities
in our models scale with EM for one particular inclination. The
dashed line is a least-squares fit to these points based on equation
(A2), with K; and K, treated as free parameters. This simple,
physically motivated model represents the data reasonably well and
suggests that the line profiles in our Gold sample (and hence wind-
formed lines of observed CVs) are formed under at least marginally
optically thick conditions. Table A1 (i) lists these fit parameters K
and K>, as well as the RMS scatter around the fits for all inclinations.

In order to relate the luminosity of a line to the physical out-
flow properties, we can try to approximate the emission measure
as (mainly) a power law in the disc wind parameters. Such an
approximation is illustrated in the middle panel of Fig. Al and is
given analytically by

. 0.00 1.96
EM ~ 10%*5cm=3 [ Mcc } [&}
B 1

108 Mg yr—! 0~ M yr!
d 0.21 R. 1.14
[55 RWD:| |:10 RWD:|
[10047(01—0.25)] [100.6(5—145)} ) (A3)

We can then refit the line luminosities with equation (A2), using
the approximate emission measure estimates provided by equation
(A3). This fit obviously yields slightly different values for K; and
K, and is shown in the right-hand panel of Fig. A1. However, now,
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Figure Al. The left plot displays the underlying relation that connects the emission measure of a disc wind to the H « line luminosity. The plot is for a 45°
inclination. However, all other inclinations follow an identical shape but with different curve-of-growth fitting parameters. The middle plot shows the predictive
performance of the emission measure scaling relation given an outflow’s particular combination of SIROCCO parameters. The emission measure is calculated
from the disc wind model and, therefore, valid for all inclinations and samples. The black dashed y = x line highlights an ideal 1:1 scenario where the predicted
emission measure exactly matches the calculated emission measure. The right plot, similar to the left, shows the Ho line luminosity but now utilizing the
predicted emission measure from the scaling relation. Green data points highlight the Gold sample, navy points highlight the Silver sample, and faded light grey
points highlight all the Bronze sample with positive EW spectra. We present numeric values for all inclination-dependent parameter coefficients in Table Al.

advantageously, this figure is based on SIROCCO wind modelling
parameters. Table Al (ii) lists these new fit parameters and the
corresponding RMS scatter around these fits.

APPENDIX B: REFERENCE DIAGNOSTIC
DIAGRAMS

Here, we provide another three excess EW diagnostic diagrams, sim-
ilar to those seen previously, but now including the Silver sample for

all inclinations. Fig. B1 utilizes the & 1000 — 2500 km s~! masking
profile adopted throughout this study. Fig. B2 showcases the impact
severity when adopting a wider mask at 4500 — 4000kms~'.
Fig. B3 displays a new spread of data across the diagram by using our
new FWHM-based masking approach. Remember that data points
falling into particular regions of the diagnostic diagram are intended
to predict a particular line profile shape. These predictions are more
reliable when the spectrum is single-peaked.
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Figure B1. Excess diagnostic diagrams for Silver SIROCCO CV systems viewed at a 20°, 45°, 60°, 72.5°, and 85° inclination. Red data points indicate SIROCCO
spectra that exhibit only one prominent peak within the H o emission line. Black data points indicate SIROCCO spectra with two prominent peaks. The masking
profile is set to a radial velocity at = 1000 — 2500 km s~ which corresponds to wavelengths 422 — 55 A from the rest wavelength of He (6562.819 A). The
linear-logarithmic threshold for the symmetric logarithmic scale plot, shown as dashed black lines, is set at 0.1 A
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