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ABSTRACT: We investigate plasma braking in sub-critical X-ray pulsars (XRPs), where radiation pressure is negligible and
infalling protons are decelerated primarily by Coulomb collisions in a strongly magnetized neutron-star atmosphere. Our key
advance is a self-consistent numerical model that couples the evolution of the flow velocity and the atmospheric density, rather
than prescribing a fixed background atmosphere or an ad hoc stopping depth. The model integrates the coupled momentum
and deceleration equations while evaluating a generalized Coulomb logarithm applicable across classical, quantum, and strongly
magnetized regimes, incorporating the Debye length, quantum diffraction, and electron gyroradius (Larmor radius). We compute
stopping lengths and compression profiles across a range of magnetic field strengths, temperatures, densities, and compositions.
We find that self-consistent atmospheric compression steepens the upper-layer density gradient and can significantly modify
the depth and shape of the braking region compared to fixed-density estimates. These vertical structure profiles have direct
implications for radiative transfer and vacuum-resonance mode conversion, providing physically grounded inputs for spectral and
polarization modeling of accreting neutron stars.

KEYWORDS: Physics and Astronomy, Astrophysics, Neutron Stars, X-Ray Pulsars, Plasma, Atmospheres.

B Introduction the electron cyclotron energy Eqe ~ 11.6 (B/10" G) keV.

Accretion of matter onto a strongly magnetized neutron star Because the opacity is polarization-dependent, high linear po-
(NS) gives rise to X-ray pulsars (XRPs)." In XRPs, the surface larization degrees (~80%) have been predicted by several XRP
magnetic field strength is confirmed to be at least > 10 G, models.'®#2% However, observations with IXPE26 show sys-
which drastically alters both the accretion flow geometry and tematically lower polarization levels for all XRPs studied so
the microphysics of radiation—matter interaction.? The lumi- far?”% One factor influencing the emergent polarization is
nosities of XRPs span an enormous range, from about 10* erg the conversion of polarization modes near the vacuum reso-
st up to ~10* erg s™'. At the low end, accretion either halts nance.?** In a strongly magnetized plasma, radiative transfer is
due to the transition into the “propeller” regime®® or proceeds described in terms of two normal modes whose polarization is
in a stable fashion from a recombined cold disc.® At the high- set by both plasma and vacuum contributions to the dielectric
est luminosities, some XRPs are classified as ultra-luminous tensor.*"*® In the dense lower atmosphere, plasma effects dom-
X-ray sources.”® The strong magnetic field channels matter inate, while in the tenuous upper layers, vacuum polarization
onto small regions near the magnetic poles of the NS, where becomes important. As the modes propagate outward, their
most of the gravitational energy is released. The structure polarization vectors can interchange, depending on the local
of this emission region is determined by the mass accretion mass density gradient: for shallow gradients, nearly adiabat-
rate and corresponding luminosity. At relatively low luminos- ic O=X or X-O conversion occurs, while steep gradients lead
ities (L 5 10°7 erg s™), the accretion flow is stopped in the to partial or non-adiabatic mode conversion.! A key factor
NS atmosphere, and radiation escapes from hot spots of area shaping the mass density profile in XRPs is the braking of the
~ 10” cm®.*1* When L > 10*7 erg s™', the deceleration occurs accretion flow as it penetrates the atmosphere. The momentum
above the surface in a radiation-dominated shock, producing transfer from protons to the atmospheric plasma compresses
extended accretion columns.™* Spectra of XRPs are usually the upper layers and modifies the density gradient, thereby af-
modeled with a power law plus a high-energy cutoff. At very fecting both radiative transfer and polarization formation. In
low accretion rates (L 5 10°° erg s™), some sources display a this work, we focus specifically on the physics of plasma brak-

spectral transition and develop a two-component spectrum.'*¢

Although models exist for both the low-luminosity regime

ing in sub-critical XRPs, where the radiative force is negligible,

1718 and Coulomb collisions dominate the deceleration process.

and standard luminosity states,' no single theory yet explains We investigate how the flow—atmosphere interaction sets the
the spectral transitions self-consistently. Independent of the vertical structure and discuss its implications for X-ray emis-
model details, the main radiative processes include magnetic sion and polarization. Previous work has shown that Coulomb
Compton scattering,” free—free emission and absorption,? interactions can efficiently brake the accretion flow in the
and cyclotron processes.” These processes depend strongly low-luminosity regime and that the resulting density gradient
on the polarization state of X-ray photons, especially below is important for radiative transfer and polarization formation.
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However, many treatments effectively assume a background
atmospheric structure (or prescribe a stopping depth) and then
compute deceleration on top of it. In reality, momentum depo-
sition from the decelerating flow compresses the atmosphere,
and that compression in turn feeds back on the Coulomb drag
through the local density.

The key contribution of this paper is a self-consistent nu-
merical model that couples the evolution of the flow velocity
and atmospheric density in sub-critical X-ray pulsars. Unlike
previous approaches that prescribe a fixed background atmo-
sphere or stopping depth, we simultaneously integrate the
coupled momentum and deceleration equations, incorporat-
ing a generalized Coulomb logarithm valid across classical,
quantum, and strongly magnetized regimes. This approach
enables us to predict stopping lengths and compression pro-
files without imposing them by hand. Our results show that
self-consistent atmospheric compression steepens the up-
per-layer density gradient and significantly modifies both the
depth and shape of the braking region compared to fixed-den-
sity estimates. We find that stopping lengths range from ~0.01
cm in cool, high-Z atmospheres to 21 cm in hot, light compo-
sitions, with most kinetic energy dissipated in the bottom half
of the braking layer where density and Coulomb coupling are
largest. This coupling allows us to predict the stopping length
and the braking-induced density gradient without imposing
them by hand, yielding physically motivated vertical profiles
that can be used directly in spectral and polarimetric calcula-
tions.

B Theoretical model

Structure of Neutron Star Atmosphere.

The vertical structure of a neutron-star atmosphere in a
subcritical X-ray pulsar is governed by the local gravitational
field, the thermal pressure of the plasma, and the momentum
exchange between the infalling accretion flow and the atmo-
spheric layers. In this luminosity regime, radiation pressure is
negligible, and the deceleration of the accretion flow is dom-
inated by Coulomb collisions between the infalling protons
and the atmospheric electrons. In several previous studies, the
effect of plasma braking has been incorporated through a pre-
scribed momentum-deposition profile, often parameterized as
an exponential decay with optical depth, which provides a con-
venient phenomenological description of the stopping layer.
While such prescriptions capture the localization of momen-
tum transfer, they do not account for the feedback between
flow deceleration and atmospheric compression, and therefore
cannot predict the braking depth or density gradient self-con-
sistently. In this work, we do not assume a predefined braking
profile. Instead, we compute the deceleration of the accretion
flow directly from Coulomb interactions, using a generalized
Coulomb logarithm that remains valid in classical, quantum,
and strongly magnetized regimes. The resulting braking rate
depends explicitly on the local plasma density and tempera-
ture, which evolve as the atmosphere responds to momentum
deposition. As a consequence, the velocity of the inflow and
the atmospheric density structure are intrinsically coupled and
must be solved simultaneously.

Under the assumption that the atmosphere adjusts qua-
si-statically to the applied force (justified by the short
sound-crossing time compared to the accretion timescale), the
atmospheric structure can be treated as being in local hydro-
static equilibrium, with an additional force term arising from
momentum transfer by the decelerating flow. The vertical mo-
mentum balance can be written as

M dv

a _ o M
dz Py S dz

oY)

where the second term on the right-hand side represents the
momentum transfer from the decelerating accretion flow to
the atmospheric plasma. Here the gas pressure is given by P
= pkT/(umy), p is the local mass density, g is the gravitational
acceleration, T is the local temperature, p is the mean atomic
weight, mp is the mass of a proton, S is the area of the hot
spots at the NS surface, v is the local velocity of the accretion
flow, and M is the mass accretion rate. The deceleration law
for the flow is determined by Coulomb interactions between
infalling protons and electrons in the atmosphere:

)

d ,mpv? 4me*72n
Ly = — ¢ InA
dz ~ z mgv2

where InA is the Coulomb logarithm. While equation (2) is
written for a non-magnetized plasma, it remains applicable in
the magnetized case if InA is replaced by the appropriate mag-
netized expression.* This approach allows the effects of strong
magnetic fields to be incorporated through the microphysics
of Coulomb scattering without modifying the macroscopic
form of the braking equation. Introducing the dimensionless
velocity f = v/c, the equation becomes:
2
£ =324 x 107 %ln[l 3)
Combining equation (3) with the momentum balance equa-
tion (1), we obtain the density gradient in the atmosphere:

p _dTgey
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(4)

where g, ~ 1.8M; 4Rs? is the gravitational acceleration in
units of 10 c¢m s2, M; 4 is the NS mass in units of solar
masses, Ry is the NS radius in units of 10® cm, Ty is the
temperature in units of keV, and

=25 M, B, )

is the mass accretion rate per unit area measured in 10° g s™
cm, M,, is the mass accretion rate in units of 10'” g/s, and
B,, is the surface magnetic field strength in units of 10" G.
In equation (4), the first term reflects hydrostatic compression
by gravity, the second term represents additional atmospheric
compression caused by momentum deposition from plasma
braking, and the third term accounts for temperature gradients.
In the absence of accretion (g = 0), equation (4) reduces to the
standard hydrostatic equilibrium condition for a plane-parallel
atmosphere. The density at the top of the atmosphere is set
equal to the density of the accretion stream:

(6)
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which serves as the upper boundary condition for integrating
equation (4). This condition assumes a smooth matching be-
tween the accretion stream and the atmospheric plasma; any
finite transition layer would primarily affect the very top of the
atmosphere and does not significantly alter the stopping depth
or compression profile derived below.

The current model is designed for subcritical accretion onto
strongly magnetized neutron stars. In this scenario, radiation
pressure is minor compared to gravity, and Coulomb collisions
primarily slow down the incoming plasma. The atmosphere
is treated as plane-parallel and in steady state. This approach
works well because the polar-cap footprint is small, and the
sound-crossing time is short compared to the timescale of
accretion. However, the model does not include radiative en-
ergy transport or temperature feedback in a self-consistent
way; instead, it fixes the temperature profile to focus on the
effects of plasma braking and atmospheric compression. Oth-
er effects are also ignored, in large part due to their relative
insignificance. For example, multidimensional effects are ne-
glected, as at the level of Coulomb collisions, the surrounding
plasma remains almost perfectly uniform; likewise, magnetic
field curvature is essentially negligible at such scales. General
relativistic corrections are not taken into account, as these do
not fundamentally change the electromagnetic interaction be-
tween particles. Given these assumptions, the model effectively
shows the key relationship between Coulomb deceleration and
atmospheric structure in the plasma-braking regime.

Coulomb Logarithm in Strong Magnetic Field and
Low-Density Regime:
The Coulomb logarithm is generally defined as:

Ind = In(32%)

min

@)

where by, is the maximum impact parameter (typically the
Debye length Ap ), and by, is the minimum impact parameter,
which requires more careful treatment in low-density, strongly
magnetized, or quantum plasmas.

Thus, in this work, we use a generalized expression for the
Coulomb logarithm, In A, that remains valid in the presence
of strong magnetic fields and extends to low-density plasma,
where traditional approximations may break down. We adopt
a synthesized formula that combines three physical scales: the
classical distance of closest approach, the de Broglie wave-
length, and the electron gyroradius (or Larmor radius). While
no single prior publication has employed a similar general-
ization, the individual parameters are commonly seen. The
classical distance of closest approach appears in non-relativis-
tic Coulomb collision theory, while the de Broglie wavelength
is used as the quantum lower bound on spatial resolution, and
the Larmor radius limits perpendicular scattering in magne-
tized plasmas. We adopt the maximum of these three scales
as bmin because at any given point, the collision process is
regulated by whichever constraint is tightest, and taking the
maximum ensures we do not underestimate the effective
cutoff. The resulting formula provides a continuous and phys-

ically meaningful In A across the full parameter space explored
in this work.

Ap

InA = In( 5 —)
max{ﬁ’ erLkT’ ZZTc/e e} (8)

where 2, = % is the Debye length, £ is the classical distance
of closest approach (i.e., the closest classical approach distance
in the absence of quantum effects),* —— is the de Broglie
wavelength (this acts as the lower limit on spatial resolution
due to wave-particle duality),* ¥/ is the electron Larmor ra-
dius (in strongly magnetized plasma the motion perpendicular
to the field becomes quantized, limiting the effective minimum
distance for collisions),” w.=e B/m,c is the electron cyclotron
frequency. Expression (8) ensures a physically meaningful InA
even when the plasma is near the collisionless regime or when
quantum or magnetic effects dominate. For applications in
neutron star envelopes and magnetized accretion flows, this
form is consistent with previous works,”* where magnetic
field and quantum effects are included in transport coefficient
calculations. This generalized expression is especially useful in
simulations where plasma parameters evolve across regimes
and a uniform treatment of InA is desirable.

Throughout all models, the Coulomb logarithm InA remains
in the physically meaningful range 5 < InA < 20, depending on
the local density, temperature, and degree of magnetization. In
the upper atmosphere, where the electron gyroradius exceeds
both the classical and quantum scales, b, is set by the Larmor
radius, making the collisions effectively magnetized. Deeper
in the atmosphere, as the density increases, the Debye length
contracts and the plasma transitions to the classical regime in
which €’/kT dominates b,;,,. This evolution is naturally cap-
tured by the generalized expression of InA and is reflected in
the gradual variation of the braking efficiency with depth.

Numerical Model:

To model the deceleration of the accretion flow in the sub-
critical regime, we numerically integrate the coupled system of
equations (3) and (4) governing the vertical evolution of the
dimensionless velocity B(z) = v/c and the local mass density
p(z). This approach simultaneously accounts for hydrostatic
compression, plasma braking due to Coulomb collisions, and
any temperature gradient effects. The Coulomb logarithm InA
appearing in equation (3) is evaluated self-consistently at each
spatial step using the generalized expression given in equation
(8). This form incorporates:

1) the classical distance of closest approach e*/kT

2) the electron de Broglie wavelength J%m, and

3) the electron gyroradius vi/m,,,
ensuring physical validity in classical, quantum, and strong-
ly magnetized regimes. The maximum of these three scales is
taken as b, while the Debye length Ap is used as bmax, giving
InA = In(Ap/bppy)- The numerical domain begins at the top of
the atmosphere, where the inflow velocity is set to f; (typically
corresponding to the local free-fall speed), and the density is
fixed to the accretion stream value p, from equation (6). Instead
of prescribing a single value of p, we specify the composition
of the atmospheric plasma through the ion mass number A
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and charge Z. The corresponding mean molecular weights are
computed as u = u, =2, representing the mean mass per
particle (ions + electrons) and per electron, respectively. These
quantities enter the pressure term and the Coulomb logarithm
in equations (3) and (4). While the temperature can be held
constant for simplicity, the formulation allows for an arbitrary
T(z) profile, in which case the third term in equation (4) is
non-zero. We employ an explicit finite-difference scheme in
the physical height x with a fixed step Ax small enough to
resolve the steepest expected gradients. At each step:

1) Velocity update — We compute % from equation (3)
using the current p and InA, and update f via an Euler step.

2) Density update — With the new B, we then calculate Z—Z
from equation (4), which includes contributions from gravita-
tional compression, momentum exchange from braking, and
any imposed temperature gradient. The new density is then
updated to the next step.

3) Termination — The integration stops when § — 0 or be-
comes negative, which we define as the total stopping length,
Xstop-

The output includes the full spatial profiles p(x) and p(x), as
well as diagnostic quantities such as the local braking rate, the
evolution of InA, and the fraction of kinetic energy dissipated
at each depth. To highlight the influence of composition, we
present results for different choices of (A, Z), including hydro-
gen and carbon atmospheres, which correspond to p = 1/2 and
= 12/7, respectively. For clarity, we also show constant-p runs
(to isolate kinematic effects) alongside full coupled p—p inte-
grations (to capture the interplay between flow deceleration
and atmospheric compression).

B Numerical Results

In this section, we present the results of the coupled integra-
tion of the velocity and density structure of the neutron-star
atmosphere for a range of temperatures and chemical compo-
sitions. Unless stated otherwise, all models assume a surface
magnetic field B = 10'* G, gravitational acceleration g, = 2.2,
initial velocity B; = 0.5, and initial mass density py = 10 g cm™.
The numerical step was fixed at Ax = 107 cm, sufficient to
resolve the shortest braking lengths obtained in any model.

Temperature Influencing Plasma Brake:
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v J i p=1714
0.4 =
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I .
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Figure 1: Velocity B(x) profiles for a temperature scan of a fully ionized
carbon atmosphere (A =12, Z = 6, p = 12/7) with evolving density. Assume
B = 10" G, surface gravity g = 2.2 x 10" cm s72, initial density p, = 10 g cm,
and initial velocity f; = 0.5.
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Figure 2: Density p(x) profiles with the same initial parameters. The curves
show solutions of the plasma-braking equations for constant temperatures T' =
1,2,4,and 8 keV. A stronger thermal pressure support at higher T reduces the
deceleration rate and lowers the density gradient, producing a more extended

braking region.

Figures 1 and 2 show the velocity f(x) and density p(x) pro-
files for a set of constant-temperature atmospheres with T =
1-8 keV. These models use a fully ionized carbon composition
with (A, Z) = (12, 6) and p = 12/7. The stopping length is
found to depend sensitively on the thermal state of the atmo-
sphere. At low temperature (T = 1-2 keV'), the Coulomb drag
is low due to the small electron thermal velocity and hence
small Coulomb Logarithm, and the inflowing protons decel-
erate slowly, producing a broad braking zone of thickness Ax
~ a few millimeters. As the temperature increases, the electron
thermal speed grows, and the Coulomb logarithm increases
moderately, leading to a more effective drag force. This behav-
ior results in a progressively more compact braking region and
a steeper velocity gradient. The atmospheric response follows
the same trend. At higher temperatures, the compression is
steeper, and the peak density attained before complete stop-
ping is correspondingly larger. These temperature-dependent
density gradients are essential for determining the location of
the vacuum resonance and the degree of adiabatic mode con-
version, as discussed in the Conclusion.

Physically, increasing the temperature increases the Debye
length, which in turn increases the Coulomb Logarithm. This
causes the Coulomb drag to be more effective, resulting in the
flow losing momentum faster and hence stopping over a short-
er distance.

Chemical Composition Influencing Plasma Brake:

To quantify the dependence on ion mass and charge, we
compare in Figure 3 hydrogen and carbon atmospheres at a
fixed temperature T = 2 keV. These compositions correspond
to(A,Z)=(1,1) withp=1/2and (A, Z) = (12,6) with p=12/7,
respectively. The braking behavior differs strongly between the
two cases. In a hydrogen atmosphere, the Coulomb drag is in-
trinsically weaker because the collision term scales as Z* and
because the larger number of particles per unit mass (smaller
i) reduces the atmospheric inertia. Consequently, the protons
penetrate deeper before being stopped, and the resulting den-
sity enhancement is relatively modest. The density gradient is
shallow, and the velocity decreases gradually over a distance
of order ~ 1 cm. In contrast, a carbon atmosphere provides

both a higher collision rate (Z2 = 36) and a larger mean par-
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ticle mass (p = 12/7). The combination of stronger Coulomb
coupling and a more inert medium causes rapid deceleration
within ~ 0.1 cm. The atmospheric density correspondingly in-
creases over a smaller spatial scale, producing a much steeper
density gradient in the braking layer. This behavior reflects the
combined effects of stronger Coulomb coupling and increased
atmospheric inertia in high-Z compositions: a larger charge
enhances the collision rate, while a higher mean molecular
weight reduces the ability of the atmosphere to redistribute
the deposited momentum, leading to rapid deceleration and
strong local compression.

0.5 e i B=1x102G
---_____~ po=10.0gcm™3
Y gl “\\\\ T=2keV
[ NS
Q0.3 D
z Y
8 0.2 %
2 ——— u=12/7(C) .
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Figure 3: Comparison of velocity p(x) and density p(x) profiles for two fully
ionized compositions—hydrogen (A = 1, Z = 1, p = 1/2) and carbon (A =
12,7 = 6, u = 12/7)—at a fixed temperature T' = 2 keV. The differing mean
molecular weights and charge states modify both the Coulomb drag (through
7% and the hydrostatic compression term (through ), leading to distinct
braking lengths and density structures. All other parameters are the same as
in Figures 1 and 2.

Stopping Lengths and Energy Dissipation:

The total stopping length xstop ranges from ~0.01 cm in
cool, high-Z atmospheres to > 1 cm in light, hot compositions.
In all cases, most of the kinetic energy is dissipated in the bot-
tom half of the braking layer, where both the density and the
Coulomb coupling are largest. The fraction of the incident ki-
netic energy converted into local heating within each depth
interval can be computed directly from the drag force and is
naturally stored as part of the numerical diagnostics, although
we defer a detailed analysis of this energy deposition profile
to future work. Overall, the numerical results demonstrate
that both temperature and composition play decisive roles in
shaping the vertical structure of the atmosphere in sub-critical
XRPs. The steepening or smoothing of the density gradient
has a direct influence on radiative transfer, vacuum resonance
crossing, and ultimately the polarization degree of the emer-
gent X-ray radiation.

Atmospheric Compression by Coulomb Braking:
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Figure 4: Mass density profiles p(z) as a function of optical depth for a set of
atmospheric models illustrating the influence of (a) the mass accretion rate per
unit area, (b) the Coulomb logarithm, and (c) the atmospheric temperature.
In all panels, the horizontal axis shows the optical depth with respect to non-
magnetic Thomson scattering, while the vertical axis shows the local mass

density.

Figure 4 illustrates how Coulomb braking of the accretion
flow imprints a characteristic vertical structure on the atmo-
sphere of a strongly magnetized NS. The horizontal axis in all
panels shows the optical depth with respect to non-magnet-
ic Thomson scattering, while the vertical axis gives the local
mass density. In each model, the inflowing plasma deposits its
momentum within a finite stopping layer, causing a distinct
compression feature: the density rises steeply once the protons
begin to decelerate efficiently, producing a pronounced “knee”
in the p(z) profile. The location and sharpness of this feature
directly reflect the depth at which the flow comes to rest. Pan-
el (a) shows the dependence of the atmospheric response on
the mass accretion rate per unit area. The black curve corre-
sponds to a ten times lower inflow rate than the red curve,
and the resulting compression is accordingly weaker. A larger
accretion flux transfers more momentum to the atmosphere
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and forces the braking region to greater density and optical
depth, yielding a systematically higher density throughout the
upper layers. This behavior emphasizes that even sub-critical
accretion can substantially reshape the stratification of the
atmosphere when the inflow is sufficiently intense. Panel (b)
shows how the result changes with the value of the Coulomb
logarithm, which quantifies the efficiency of collisional mo-
mentum transfer. Increasing InA—from 10 in the black curve
to 40 in the red curve—strengthens the deceleration of the
flow. As a consequence, the inflowing protons are stopped at
smaller optical depths, producing a sharper and more elevat-
ed density enhancement in the upper atmosphere. At larger
depths, however, both models converge to the same hydrostatic
gradient, indicating that the braking mainly alters the structure
above the stopping layer while leaving the deep atmosphere
essentially unaffected. Panel (c) explores the influence of the
atmospheric temperature. A cooler atmosphere (red curve, T
= 1 keV) has a higher density at a given optical depth due
to reduced thermal pressure support, and therefore experi-
ences more efficient Coulomb braking. Although both the
hot and cool models exhibit the same qualitative signature of
a density jump associated with the termination of the inflow,
the entire density profile is shifted upward in the colder case.
This systematic offset reflects the competing roles of thermal
support and momentum deposition in determining the ver-
tical structure. Overall, Figure 4 highlights that the interplay
between accretion dynamics and atmospheric microphysics
naturally generates strong compression of the upper layers of
the neutron-star atmosphere. The depth and sharpness of the
braking-induced density gradient depend sensitively on the ac-
cretion rate, the Coulomb coupling strength, and the thermal
state of the plasma. These variations modify the local optical
depth profile and are therefore expected to influence radiative
transfer, vacuum-resonance behavior, and ultimately the ob-
served polarization properties of sub-critical X-ray pulsars.

B Conclusion

In this work, we have investigated the deceleration of ac-
cretion flows in sub-critical X-ray pulsars, focusing on the
regime in which radiation pressure is negligible and Coulomb
collisions in a strongly magnetized neutron star atmosphere
dominate the braking process. Using a self-consistent numer-
ical integration of the coupled velocity and density equations,
we have quantified how the accretion flow — atmosphere in-
teraction shapes the vertical structure of the accretion flow
base. Our results demonstrate that plasma braking naturally
produces a strongly compressed upper atmosphere, with a char-
acteristic steepening of the density gradient once the infalling
protons begin to lose momentum efficiently. This compression
feature provides a clear dynamical signature of the transition
between the decelerating flow and the underlying hydrostat-
ic atmosphere. The location, amplitude, and sharpness of this
compression feature depend sensitively on the local plasma pa-
rameters. Higher mass accretion rates lead to more substantial
atmospheric compression and shift the braking region to larger
optical depths (see Figure 4a). Variations in the Coulomb log-

arithm alter the efficiency of collisional momentum transfer,
modifying the stopping depth and the structure of the upper
layers (see Figure 4b). The thermal state of the atmosphere
likewise plays a key role (see Figure 4c): cooler plasmas brake
the inflow more rapidly and yield higher peak densities, while
hotter atmospheres produce more extended and gradual decel-
eration zones. These findings have important implications for
radiative transfer of polarized X-rays in sub-critical XRPs. The
density gradients produced by Coulomb braking regulate the
local optical depth and determine whether the normal modes
of radiation propagate adiabatically or undergo partial mode
conversion near the vacuum resonance.? In particular, because
the adiabaticity of mode propagation depends sensitively on
the density scale height, the braking-induced modification of
p(z) can change the probability of non-adiabatic switching
between the O- and X-modes near the vacuum resonance,
thereby affecting the polarization state of the emerging radi-
ation. The braking-induced stratification, therefore, represents
a key physical ingredient in modeling the emergent spectra
and polarization signatures of accreting neutron stars. The
framework developed here provides a physically consistent
description of the braking layer and its dependence on accre-
tion rate, composition, and temperature. The resulting density
profiles can be used directly as input for spectral, polarimetric,
and atmosphere-modeling calculations. We emphasize that
the main contribution of this work is to provide self-consistent
vertical structure profiles in the plasma braking regime, which
can be straightforwardly coupled to existing radiative-transfer
and polarization pipelines. Future work will extend the present
approach by incorporating nonconstant temperature profiles,
radiative feedback, and multidimensional effects, enabling a
more complete description of the accretion footprint in both
sub-critical and transitional luminosity regimes.

Future Work:

Several extensions of this work could provide a more com-
plete picture of sub-critical accretion.

First, incorporating self-consistent temperature profiles, cal-
culated from energy deposition and radiative cooling, would
replace the isothermal approximation. This would capture the
thermal feedback between deceleration and atmospheric struc-
ture, which was assumed to be constant in this research.

Second, including radiative feedback, especially through cy-
clotron cooling and free-free emission, would allow us to model
the shift from sub-critical to near-critical states. In these states,
radiation pressure starts to affect the dynamics.

Third, extending the model to multiple spatial dimensions,
either 2D or 3D, would help us study the lateral spread of the
accretion flow. It would also allow us to examine the formation
of uneven density structures within the hot spot and how mag-
netic field geometry influences vertical layering.
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