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Abstract

A relativistic stress-energy configuration is identified in which halo-like scaling in galaxies can arise
from the rotational sector of matter without modifying the Einstein equations. In stationary axisym-
metric systems, the mixed stress-energy components associated with vorticity define a conserved
Killing current describing angular-momentum transport. The corresponding stream potential admits a
multipole structure in which the dominant odd mode controls the radial flux and fixes its asymptotic
amplitude. If this transport channel approaches a finite large-radius flux, the leading mode scales
as r~2. With the Alena Tensor closure, the same rotational sector that carries this transport mode
contributes to the active weak-field source through the rotational part of the stress-energy tensor, giving
an effective density with the same radial scaling and therefore approximately flat rotation curves. The
baryonic Tully-Fisher relation is treated here as a constraint on the asymptotic transport amplitude,
not as a first-principles derivation. The resulting framework gives testable predictions for disk-aligned
lensing anisotropy, residual correlations with baryonic angular momentum, and suppressed halo-like
scaling in systems without coherent rotation.

Keywords: dark matter; MOND; galaxy rotation curves; Tully-Fisher relation; anisotropic stress; Alena
tensor

1. Introduction

Galaxy rotation curves exhibit a well-known asymptotic behaviour: the circular velocity tends
to approach a constant value at large radii, and the asymptotic velocity obeys the baryonic Tully-
Fisher relation [1,2] vjlc x GMypag, where M, is the baryonic mass. These observations are typically
interpreted either in terms of dark matter halos or in terms of modified low-acceleration dynamics [3,4].
An alternative possibility is that the observed phenomenology emerges from additional dynamical
structure within the matter energy-momentum tensor itself, without introducing new particle species
or modifying the Einstein field equations. Related approaches have explored the role of non-trivial
energy-momentum exchange and effective dark sector behaviour within the stress-energy tensor itself
[5]. In contrast to such scenarios, the mechanism proposed here attributes the effect specifically to
the rotational sector of the matter energy-momentum tensor and the associated angular-momentum
transport. Although derived within the Alena Tensor framework [6], the discussed mechanism relies
only on the existence of non-vanishing mixed stress-energy components T’ associated with angular-
momentum transport thus similar structures are expected in any relativistic description of rotating
matter with anisotropic stresses. The key observation is that rotational stresses contribute to the
effective gravitating energy density of matter through the vorticity invariant. In the weak-field regime
this contribution produces a halo-like density profile that leads to flat rotation curves and MOND-like
scaling [7], similar in spirit to mechanisms where halo phenomenology emerges from additional
stress-energy components rather than new particle species [8].
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2. Rotational Stresses and Asymptotic Halo

The Alena Tensor framework can be viewed as an effective relativistic fluid description with
intrinsic coupling between shear and vorticity, leading to additional anisotropic stress components. In
this construction the effective matter energy-momentum tensor derived from the Lagrangian density
introduced in [6] can be written schematically as

Ty = pUuUy — Epy, VT, =0, (1)

where &, encodes energy flux and rotational stresses associated with the vorticity of the flow. In this
approach the system has a built-in anisotropic stress, but its source is not viscosity, but the coupling
between shear and vorticity (between flow deformation and local spin angular momentum). The
gravitational field in this framework satisfies the standard Einstein equations Gy, + Aguy = «Tyy,
while the new effect arises from the rotational sector of the matter stress-energy tensor.
The explicit form of the effective stress-energy tensor obtained in the Alena Tensor framework
can be written as 1
Ty = C%uyuv + C*Z(uy%/ + Uvqy) — Erot Dpv — Ty, )

where U is the four-velocity of the flow, g# denotes the energy flux, 7, is the anisotropic stress tensor,
Ay = guv — UuUy /c? is the spatial projector orthogonal to the flow and the rotational energy density
is proportional to the vorticity invariant Eyot & wy,yw"”, with wy,, being the projected vorticity tensor.

The “halo” was already interpreted in [6] not as additional mass, but as a result of angular
momentum transport via the energy flux g/ and anisotropic stresses t#,, which generate non-zero
fluxes T' and/or T%s. Recent results obtained within this framework actually show improved
agreement with rotation curve data. Figure 1 provides a synthetic summary of the Alena Tensor (AT)
vs. MOND rotation curves based on the appendix with data from [6].

(a) Ordered ratio wRMS(AT)/wRMS(MOND) (85/104 below unity; 81.7%) (b) Direct comparison of weighted RMS residuals
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Figure 1. Comparison of weighted RMS residuals for the Alena Tensor benchmark and MOND for the 104-
galaxy sample. Panel (a) shows the ordered ratio wRMS(AT)/wRMS(MOND); 85 out of 104 galaxies lie below
unity, corresponding to 81.7% of the sample. Panel (b) shows the direct comparison between wRMS(AT) and
wRMS(MOND) in kms~!; the dashed line denotes equality. Points below the dashed line correspond to galaxies
for which the AT benchmark gives a smaller weighted RMS residual than MOND.

However, the results obtained using the Alena Tensor can be considered as an example of a more
general mechanism. For stationary axisymmetric systems the spacetime admits the rotational Killing
vector Cél 0 = dyp. The corresponding Killing current is

J (VL) = Ty¢~ 3)
Because V, T"" = 0, the Killing current is automatically conserved

' ](”L) =0. 4)
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In rotating astrophysical systems angular momentum transport is known to arise from correlated
stresses and torques in the disk, suggesting that a quasi-stationary transport channel may naturally
develop on galactic timescales. In axisymmetric coordinates this conservation law reduces to

9r(/—8F) +9e(\/—8Fp) =0, (5)

where the flux components are

u, u,
= q ¢ — Tr¢, Fg = qC2¢ — TG(P. (6)

This equation has the structure of a two-dimensional continuity equation and therefore admits a stream

potential ¥(r, 0) defined by
ngFr = 89‘1’, \/7gF9 = 7871‘1]. (7)

The angular structure of ¥ can be expanded in Legendre modes

Y¥(r,0) = ZRg(r)Pg(cos 0). (8)
l

On the galactic plane (6 = 77/2) only odd multipoles contribute to the radial flux because P}, (0) = 0.
The lowest non-vanishing contribution therefore corresponds to £ = 1

Y (r,0) =~ Ri(r) cosb. 9)

By analogy with standard multipole expansions in long-range fields, higher-order modes are expected
to decay faster with radius [9,10], so that the asymptotic behaviour is dominated by the lowest non-
vanishing odd multipole £ = 1. In the weak-field regime the metric determinant behaves asymptotically
as /—g ~ r?, which implies

Ry(r)

F ~ .
r 7’2

(10)

If Ry(r) approaches a constant value at large radii, the resulting transport flux scales as r 2. The
conversion of this transport scaling into a weak-field gravitational source is the role of the Alena Tensor
stress-energy closure and is made explicit below.

3. Weak-Field Source and Post-Newtonian Ordering

A possible ambiguity concerns the distinction between the direct gravitomagnetic field of a
rotating disk and the active weak-field source generated by the rotational stress sector. The mechanism
discussed here does not identify the observed radial acceleration with the ordinary Lense-Thirring
field of T% or with a purely kinematic frame-dragging correction. Such terms are post-Newtonian and
are suppressed in galactic disks by powers of v/c.

The relevant source is instead the scalar active part of the stress-energy tensor entering the weak-
field limit of the Einstein equations. With the conventions of Eq. (2), the rotational contribution to the
effective gravitating density may be written schematically as

1 .
Peff = CfZ( 68t + Tlirot)/ (11)

up to the usual sign conventions associated with the metric signature and spatial trace. Thus the
radial acceleration is sourced by the rotational contribution to Ty + T';, not by the gravitomagnetic
field alone. In the Alena Tensor construction this source is not introduced as a post-Newtonian frame-
dragging correction. It is the rotational part of the matter stress-energy tensor, containing the rotational
energy density Eyo, the energy flux g”, and the anisotropic stress 7, already present in Eq. (2). The
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mixed components T’ and T94, identify the angular-momentum transport channel, while the scalar
weak-field source is supplied by the corresponding rotational contribution to Tyo + T;.

The non-trivial step is therefore not the existence of the transport current, but its scalar weak-field
projection through the Alena Tensor stress-energy closure. In the stationary large-radius regime this
closure is expressed by the proportionality

pertr, /2) o OT1D, 12)

where the proportionality is fixed by the stress-energy closure of the Alena Tensor theory and by the
decomposition of the rotational sector into Eyot, g¥, and 1,y in Eq. (2). Using Eq. (10), this gives

Ry(r)
2

Pete(r, 7T/2) o . (13)
Equations (12) and (13) are the bridge between the conserved transport current and the Newtonian
source term. Without this closure, Eq. (10) would describe angular-momentum transport only and
would not by itself constitute a gravitational halo. With the Alena Tensor closure, the same rotational
sector that carries the angular-momentum flux also contributes to the active source defined in Eq. (11).

4. MOND-like Scaling, RAR and BTFR

The observational scaling relations place additional constraints on the allowed class of solutions.
Galaxy rotation curves satisfy the radial acceleration relation (RAR) [11], which implies that the halo
contribution must become negligible in the high-acceleration inner region while dominating at large
radii. This requires that the radial function satisfies

Ri(r) =o(r®) (r—0), (14)

so that the rotational sector does not affect the central baryon-dominated region.

A useful physical interpretation of the coefficient R (r) follows from the conserved Killing current
associated with rotational symmetry. The total radial flux of angular momentum through a sphere of
radius r is given by

. 7T
j(r) = / JiydS = 2 /O d0./—gF.. (15)
Using the stream-potential representation
Vv —8F =¥, (16)
one obtains .
jor) =27 / 409,¥ = 27[¥(r, 1) — ¥ (7, 0)]. (17)
0

For the dominant odd multipole (9) this yields

J(r) = —471tR (7). (18)

The coefficient R;(r) therefore has the direct physical meaning of the radial angular-momentum current
carried by the rotational sector of the stress-energy tensor. In particular, the asymptotic amplitude is
related to the asymptotic transport rate

Joo
-

The above assumption should be viewed not as a special choice but as the asymptotic fixed point of

Reo = (19)

sustained angular-momentum transport. In a quasi-stationary regime, conservation of the Killing
current implies that the total angular-momentum flux through spherical shells becomes approximately
radius-independent at sufficiently large distances, unless balanced by external sinks or sources. Such
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quasi-stationary transport regimes, characterized by long-range angular-momentum redistribution
and approximately constant fluxes, are well known in rotating astrophysical systems [12-15].

In the underlying Alena Tensor framework, the radial mode R;(r) is not a fundamental degree of
freedom but the leading odd multipole of the stream potential associated with the conserved angular-
momentum Killing current. Its dynamics is thus induced by the rotational sector of the stress-energy
tensor, through the energy flux " and anisotropic stress 7,,,, which are generated by the vorticity, shear,
and acceleration of the flow. In a fully dynamical treatment, R;(r) would therefore be determined by
the coupled evolution of these quantities together with the spacetime geometry. In the present Letter,
the full transport problem is not addressed explicitly. Instead, the focus is placed on the asymptotic
regime, in which the radial angular-momentum current approaches, as expected from the conservation
argument above, a finite value at large radii. This allows one to isolate the generic consequences of
rotational stresses for the large-scale gravitational field.

At large radii the asymptotic behaviour Ri(r) = Re and Eq. (13) give an effective source with the
asymptotic form peg r~2. In the weak-field limit the gravitational acceleration is determined by the

enclosed effective mass through
G Meg(r)
g =—35—.

Importantly, this contribution is not merely kinematic: it enters the gravitational field equations

(20)

through Eq. (11). If pegr r~2, the enclosed mass grows linearly with radius
Meg(r) o< 1, (21)

which leads to an asymptotic acceleration

g . @)
The circular velocity then follows from the standard relation
vi(r) = rg(r), (23)
yielding an approximately constant asymptotic velocity
v(r) — vy = const. (24)

The required source scale can be written directly. For a flat rotation curve with velocity vy, Eq. (20)
gives

,02

f
4rGr?’
Equivalently, the active energy density required from the rotational stress sector is cpq. For v o~
2 x 10°ms~! and r = 10kpc, Eq. (25) gives

Pee(r) = (25)

Pett ~ 5 x 1072 kgm 3 ~ 7 x 107> My, pc 3. (26)

This scale is galactic and macroscopic. It is not the scale of an ordinary post-Newtonian frame-dragging
correction. Therefore the viability condition is that the Alena Tensor rotational sector contributes to the
active source in Eq. (11) with the magnitude specified by Eq. (25).

Matching the asymptotic velocity with the baryonic Tully-Fisher relation imposes the scaling

o} & Res. @)

Within this framework, Eq. (27) is a consistency condition on the asymptotic transport amplitude rather
than a first-principles derivation of the baryonic Tully-Fisher relation. Equivalently, using Eq. (19), the
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corresponding asymptotic angular-momentum transport rate is macroscopically large, as expected for
a collective galactic-scale stress channel. The empirical BTFR then requires the dominant transport
mode to scale with the baryonic mass of the system,

Roo X Mb- (28)

A minimal radial profile satisfying both Eq. (14) and the asymptotic scaling can therefore be written as

ri’l

R = Reo——,
1) = Reo 5 + 7

n>2, (29)
where 7, defines the transition scale between the baryon-dominated inner region and the rotationally
supported halo regime.

5. Predictions

The mechanism discussed above leads to a set of observational and theoretical predictions that
can be compared with both dark matter and modified-gravity scenarios. The principal testable
consequences are summarised below.

5.1. Anisotropic Gravitational Lensing Aligned with the Baryonic Disk

The dominant £ = 1 Legendre mode of the stream potential ¥ produces an effective density
distribution that is flattened and co-aligned with the baryonic disk. This geometry differs from the
approximately spherical idealization often used for NFW halos in ACDM and from the isotropic
phantom dark matter profile of isolated MOND /TeVeS systems. It therefore gives a testable prediction
for the azimuthal dependence of the weak-lensing shear signal around disk galaxies.

In ACDM, halo triaxiality can produce an anisotropic shear signal, although the signal is affected
by baryonic alighment, projection, and the radial structure of the halo. A 3.8¢ detection of halo
ellipticity aligned with galaxy light has already been obtained from stacked galaxy-galaxy lensing [16].
In MOND /TeVeS, the lensing signal away from an isolated lens is expected to be closer to isotropic
in the absence of an external-field or environmental contribution [17]. In the present mechanism the
effective matter distribution is disk-aligned and flattened, so the anisotropic shear signal should scale
with disk inclination angle 7 as Ay o sin?i at fixed M.

The inclination dependence of disk galaxy lensing has recently been analysed in the MOND
framework by Harvey-Hawes & Galoppo [18], who show that inclination effects on the strong-lensing
cross section are enhanced relative to ACDM precisely because no spherical halo suppresses the
disk geometry. In the present mechanism an analogous but distinct signature is predicted in the
weak-lensing regime: the quadrupole moment of the stacked shear field, measured as a function of i,
should follow the disk-plane geometry of the transport mode rather than the stellar light distribution

2} correlation at fixed

used as a proxy in current analyses [16]. A detection of a positive Ay — sin
My, in forthcoming Euclid or LSST weak-lensing catalogues, with the signal following the disk-plane
geometry of the transport mode, would provide a direct observational test of the transport-driven

origin of the effective halo.

5.2. Disk-State Dependence of Halo Scaling at High Redshift

In the present framework R builds up on the local orbital timescale 7 ~ R;/vy as the disk
establishes a quasi-stationary angular-momentum transport channel. The discriminating prediction is
therefore not a shift in the mean BTFR at high z, but a specific structure of its residuals: galaxies in
a dynamically immature state (V /o < 3, disturbed morphology, young mean stellar age) should lie
below the BTFR at fixed M}, while dynamically settled disks should recover the local relation at any
epoch, consistent with JWST detections of massive cold disks at z 22 4 — 6 [19,20] and with the absence
of significant BTFR evolution to z ~ 2.5 [21].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Quantitatively, the BTFR residual at fixed Mj, is predicted to satisfy
t o
5logvf o —f(aTge>, f(x) 2%, flx)y~e™ (30)
]

at leading order, so that the residual decays with dynamical age and vanishes for relaxed systems. A
partial correlation between log v¢ and V /o at fixed My, with the sign specified by Eq. (30), is testable
with JWST NIRSpec IFU samples at z > 4. This correlation is not a generic MOND prediction, where
ap carries no disk-state dependence, and would differ from the usual ACDM interpretation in which
BTFR residuals are mainly tied to halo concentration, feedback, and assembly history.

5.3. Suppressed Halo Scaling in Low-Angular-Momentum Systems: Connection to Ultra-Diffuse Galaxies

Since Roo & My, and the transport amplitude is set by the baryonic angular-momentum budget,
systems with intrinsically low specific angular momentum j, = J,/M,, are predicted to have anoma-
lously small R, producing rotation curves consistent with the baryonic contribution alone and no
effective halo enhancement. Ultra-diffuse galaxies (UDGs) with suppressed or absent halo-like scaling,
such as NGC 1052-DF2 and NGC 1052-DF4 [22,23], and the recently identified FCC 224 [24] are natural
candidates for this low-j, tail. In this interpretation the wide dispersion in halo-like amplitude across
the UDG population is expected to reflect the dispersion in j, at fixed Mj.

A critical distinction from the standard ACDM high-spin scenario arises here. Cosmological
simulations associate extended UDG morphologies with high halo spin A [25], yet recent EAGLE
results show that UDG sizes are driven not by high halo spin but by high spin in the star-forming gas
[26], with angular momentum acquired through circumgalactic interactions. In the present framework
the relevant quantity is jj, of the baryonic disk rather than the total halo spin, so UDGs formed via tidal
stripping or feedback-driven gas expulsion (processes that reduce j, without necessarily lowering A)
are predicted to fall below the effective halo scaling relation at fixed M.

A testable corollary follows: within a sample of UDGs at fixed stellar mass, the kinematic proxy
Ar measured by integral-field spectroscopy [27] should correlate positively with the amplitude of the
halo-like velocity excess above the baryonic prediction. The two kinematic classes of UDGs identified
by MUSE observations, rotation-supported versus dispersion-dominated [24], provide an existing
dataset to test this prediction, with rotation-supported UDGs expected to lie on the standard scaling
relation and dispersion-dominated ones to fall systematically below it.

5.4. Geometry-Locked Transition Radii and Systematic RAR Residuals

In the present framework the transition radius 7. is not a free parameter but is set by the geometry
of the baryonic disk, since higher Legendre modes of the stream potential decay faster with radius and
may resonate with structural scales such as the disk scale radius Ry, the bar corotation radius, or the
stellar-to-gas transition scale. This leads to the prediction that r, is not distributed randomly across
the galaxy population but clusters near integer multiples of characteristic disk scales, producing a
systematic correlation between the location of the baryonic-to-rotational transition and disk structural
parameters.

Current data from SPARC already constrain this picture tightly. The RAR shows an observed
scatter of only ~ 0.057 dex after fitting 175 individual galaxies [28], with no strong evidence for
significant galaxy-to-galaxy variation in the critical acceleration scale [28,29]. Within the present
framework this tight universality is natural if . scales proportionally with Ry, so that the transition
always occurs at a fixed fraction of the disk scale, preserving the mean RAR shape while allowing
residuals correlated with R;/Reg. Non-monotonic features (upward or downward hooks in the
[Sbars §obs] Plane) observed in resolved kinematic data of individual galaxies [30] are a direct signature
of a locally non-trivial R;(r) profile, consistent with the mode structure of (8) for n > 2.

The discriminating prediction of the present mechanism is therefore a partial correlation between
RAR residuals and disk structural parameters, specifically, dgqps at fixed gpar should correlate with

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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R4 and with the bar-to-disk mass ratio at constant M;. This correlation is not expected in a strictly
universal MOND interpolation function depending only on |gpar| /40 [28,29], and differs from the usual
ACDM expectation in which RAR residuals are primarily associated with halo concentration, feedback,
and assembly history rather than directly with disk geometry. A complementary test is provided by
the RAR on cluster scales, where the effective acceleration scale is found to be ~ 17 times larger than
for disk galaxies [31-33]: in the present framework this elevation reflects the absence of an efficient
baryonic angular-momentum transport channel on cluster scales, where the baryonic component does
not form a coherent rotating disk, and Rec — 0.

5.5. Baryonic Specific Angular Momentum as the Primary Secondary Parameter of Halo Scaling

In the present mechanism the effective halo amplitude is controlled by the asymptotic baryonic
angular-momentum transport rate Jo, Mbv‘jz, so the relevant secondary parameter at fixed Mj, is the
baryonic specific angular momentum j, = J,/M;, not the dark matter halo spin A. This distinction
is observationally sharp: IllustrisTNG and EAGLE simulations find negligible correlation between
the stellar disc spin and the host halo spin [34,35], with a mean angular-momentum retention factor
fj = 0.5 [34], so that j, and A are effectively decoupled at the disc scale.

Current data already constrain this prediction non-trivially. The BTFR shows no strong correlation
between its residuals and any galaxy structural parameter at fixed M, [28,36,37], which is consistent
with the present framework only if j, itself is nearly independent of M, at fixed V¥, a condition satisfied
by the observed tight power-law jj, o Mg'éo [38]. At the same time, the Fall relation (j, vs. M}) carries
~ 7x more scatter than the BTFR [28,36], with residuals driven by the gas fraction: at fixed M,
gas-poor galaxies have systematically lower jj, [38]. In the present framework this translates directly
into a prediction: gas-poor galaxies at fixed M} should exhibit weaker halo-like velocity enhancement,
i.e. negative BTFR residuals correlated with low fgas.

This prediction is testable with the SPARC sample augmented by gas-fraction measurements. A
partial correlation

dlog V¢ My x +adlogj, My x>0, (31)

with « set by the transport efficiency, should be present in the data at the level of the Fall-relation
scatter. In the usual ACDM interpretation, BTFR residuals are attributed primarily to halo concentration
variations [39], which correlate with assembly history rather than directly with fgas or jj at fixed M. In
MOND, no such secondary dependence follows from a universal 4. A detection of the §1og V¢ — fgas
correlation at fixed M, in the SPARC or MHONGOOSE samples, with the sign specified by (31), would
therefore favour the transport-driven origin of halo scaling.

6. Consistency with Existing Observations

Mentioned predictions can be confronted with data already available in the literature, allowing
for non-trivial consistency checks without introducing additional free parameters or performing new
rotation-curve fits.

6.1. Elevated Acceleration Scale in Galaxy Clusters

The radial acceleration relation (RAR) established for late-type disk galaxies [28,29] exhibits a
characteristic acceleration scale g1+ ~ 1.2 x 10719 m s~2. On brightest-cluster-galaxy (BCG) and cluster
scales, however, the effective acceleration scale is elevated by a factor of approximately seventeen
[31-33], a discrepancy as indicated by studies combining kinematics, gravitational lensing, and X-
ray thermodynamic mass profiles [40]. This scale-dependent behaviour is in tension with a strictly
universal MOND acceleration scale and provides a non-trivial comparison point for ACDM cluster
modelling.

Within the present framework this difference arises naturally from the absence of a coherent
rotating baryonic disk on cluster scales. The baryonic component of clusters is dominated by a hot,
quasi-isotropic intracluster medium, so the angular-momentum transport channel discussed above

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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is not efficiently established. As a result the effective contribution associated with the transport
mode is strongly suppressed, and the observed acceleration reflects predominantly the baryonic mass
distribution. The observed elevation of the effective acceleration scale is therefore consistent with the
predicted dependence on the degree of rotational organisation of the baryonic component.

6.2. Ultra-Diffuse Galaxies with Suppressed Halo Scaling

A second class of systems providing an existing consistency check are ultra-diffuse galaxies
(UDGs) with anomalously low or absent halo-like velocity enhancements. NGC 1052-DF2 was the first
confirmed example of a galaxy whose stellar velocity dispersion is consistent with its baryonic mass
alone [23], followed by NGC 1052-DF4 [41] and, more recently, NGC 1052-DF9, whose kinematics are
likewise inconsistent with a standard dark matter halo at high significance [42].

These objects are plausibly associated with a dynamical formation channel involving strong
interactions or collisions that disrupt any pre-existing disk structure [43]. In such systems the lack of a
coherent baryonic disk implies that the angular-momentum transport mechanism is not sustained,
so the additional halo-like contribution is expected to be suppressed. The observed kinematics are
therefore consistent with the expectation that systems with suppressed or disrupted baryonic angular
momentum exhibit reduced or absent effective halo scaling.

An analogous case, FCC 224 in the Fornax cluster [24], indicates that such systems are not unique
to a single environment. Moreover, the observed division of UDGs into rotation-supported and
dispersion-dominated subclasses [24] is qualitatively consistent with the dependence on dynamical
state: systems retaining coherent rotation tend to exhibit higher velocity support than dispersion-
dominated counterparts at comparable stellar mass.

6.3. Anisotropic Weak-Lensing Signal Aligned with the Baryonic Disk

Weak-lensing measurements of galaxy-scale mass distributions provide an additional empirical
point of contact. Stacked galaxy-galaxy lensing analyses have reported non-zero halo ellipticity aligned
with the stellar light distribution [17,44], with subsequent studies confirming this trend for specific
galaxy populations.

This observational result is qualitatively consistent with a flattened, disk-aligned effective matter
distribution, as expected if the dominant contribution is tied to the baryonic geometry rather than
to an underlying spherical halo. While current measurements typically use stellar light as a proxy
for orientation, and therefore do not directly isolate the geometric dependence discussed above, the
presence of a statistically significant anisotropic signal is consistent with a disk-aligned effective source
and motivates more direct inclination-dependent tests.

Future surveys will be required to test the more specific inclination-dependent scaling predicted
in the previous section, however, existing detections of aligned ellipticity provide an important
consistency check of the basic geometric picture.

7. Discussion

The analysis presented here provides a framework in which halo-like phenomenology of galaxies
arises from the rotational sector of the matter energy-momentum tensor, rather than from additional
dark matter particles or modifications of gravity. In this picture the effective halo contribution originates
from angular-momentum transport encoded in the mixed stress-energy components T’ and T%,
and the resulting effective density distribution is generically anisotropic. In particular, the dominant
transport mode produces flattened, disk-aligned halo structures rather than spherical halos. This
differs from approximately spherical halo idealizations and from MOND-like descriptions in which
the isolated effective modification is isotropic. The framework therefore leads to inclination-dependent
gravitational effects, including anisotropic lensing signatures. Existing weak-lensing measurements
indicating non-zero halo ellipticity aligned with galaxy light are qualitatively consistent with this
picture, although more discriminating tests are required.
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The conservation of the corresponding Killing current naturally introduces a stream potential
describing the transport of angular momentum in the meridional plane. Its angular structure is
governed by Legendre modes, with the lowest odd multipole ¢/ = 1 dominating the radial flux on the
galactic plane. Together with the active-source closure in Eq. (12), this leads to an r~2 scaling of the
effective halo contribution in the weak-field regime. The observational scaling relations further restrict
the class of admissible solutions. The RAR requires that the rotational sector vanishes sufficiently
rapidly toward the galactic centre, while the baryonic Tully-Fisher relation constrains the asymptotic
amplitude of the dominant Legendre mode through the baryonic mass of the system. These constraints
leave a narrow class of radial profiles characterized by a transition scale separating the baryonic and
rotational regimes. The observed tightness and apparent universality of these relations are consistent
with a mechanism governed primarily by baryonic properties rather than by stochastic halo assembly.

In this interpretation galactic halos correspond to macroscopic transport modes of angular mo-
mentum generated by rotational stresses in relativistic matter. The observed halo phenomenology may
therefore reflect large-scale collective behaviour encoded in the structure of the energy-momentum
tensor itself. This interpretation is consistent with systems in which the transport channel is expected
to be inefficient: galaxy clusters, which lack coherent rotation, and ultra-diffuse galaxies with disrupted
or low-angular-momentum disks both exhibit suppressed or altered halo-like scaling consistent with
this expectation. This picture is consistent with the broader astrophysical context in which correlated
stresses and torques transport angular momentum outwards in rotating systems [15,45]. The efficiency
of the transport channel could plausibly arise from correlated gravitational torques and vortical stresses
in the disk-halo system, analogous to angular momentum transport mechanisms discussed in galactic
disk dynamics. In the present framework, the same transport channel contributes to the gravitational
source term, so the halo can be interpreted as a gravitating collective rotational mode of matter.

The present framework also suggests a dynamical route toward the scaling entering the baryonic
Tully-Fisher relation. As shown, the asymptotic amplitude R, is directly related to the radial angular-
momentum current carried by the rotational sector, implying v} & Reo & Joo. If the outward transport
of angular momentum operates on a timescale comparable to the orbital timescale of the baryonic
disk 77 ~ R;/v ¢ [46], then Joo ~ Tp/ 77, where ], is the total baryonic angular momentum. Using
Jo ~ MyR4vy for rotationally supported disks then gives Joo ~ Mbvjz,. Since the halo amplitude is
controlled by R, this scaling gives the condition required by the baryonic Tully-Fisher relation. In this
interpretation the BTFR reflects the efficiency of large-scale angular-momentum redistribution in the
baryonic disk. Deviations from the ideal relation are expected to trace variations in transport efficiency
and baryonic angular momentum, providing a direct observational handle on the mechanism. A
quantitative derivation requires a full dynamical model of angular-momentum transport and is left for
future work.

8. Limitations and Future Work

The existence of a finite asymptotic transport amplitude is interpreted here as the large-radius
outcome of sustained angular-momentum redistribution in rotating systems. The present analysis,
however, remains limited to the weak-field regime and does not provide a full dynamical solution for
Re. A complete treatment requires the coupled evolution of the metric, vorticity, shear, energy flux,
and anisotropic stress in Eq. (2).

The central theoretical task is the first-principles normalization of the closure in Eq. (12). The
existence of large-scale angular-momentum transport is not an additional assumption; it is a standard
feature of rotating astrophysical systems and is supported by the transport regimes discussed above.
What remains specific to the present framework is the Alena Tensor identification of this rotational
transport sector with an active weak-field source of the magnitude required by Eq. (25). If the rotational
sector generated only the ordinary post-Newtonian gravitomagnetic correction, the effect would be
too small for galactic rotation curves. The mechanism is viable when the Alena Tensor stress sector
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contributes to the active source in Eq. (11) at the macroscopic scale specified by Eq. (25). This condition
must be tested against stability, lensing, disk dynamics, and energy-condition constraints.

Future work should therefore determine R;(r) from the full transport equations, calculate the
normalization of Eq. (12), and perform joint fits to rotation curves and lensing data. The observational
predictions listed above provide direct tests: disk-aligned lensing anisotropy, residual dependence on
baryonic angular momentum, and suppression in systems without coherent rotation.

In summary, the rotational sector of the energy-momentum tensor provides a testable framework
for describing halo-like phenomenology within standard gravity. Its key predictions: anisotropic effec-
tive density distributions, dependence on baryonic angular momentum, and suppression in systems
without coherent rotation are already in qualitative agreement with several classes of observations and
can be tested more stringently with forthcoming data [47,48].
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