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Abstract

Objective: We examine whether a finite-range scalar—tensor modification of gravity can
be simultaneously compatible with cosmological background data, galaxy rotation curves,
and local/astrophysical consistency tests, while satisfying the luminal gravitational-wave
propagation constraint (c7 = 1) implied by GW170817 at low redshifts. Methods: We
formulate the model at the level of an explicit covariant action and derive the corresponding
field equations; for cosmological inferences, we adopt an effective background closure
in which the late-time dark-energy density is modulated by a smooth activation func-
tion characterized by a length scale A and amplitude €. We constrain this background
model using Pantheon+, DESI Gaussian Baryon Acoustic Oscillations (BAOs), and a Planck
acoustic-scale prior, including an explicit ACDM comparison. We then propagate the
inferred characteristic length by fixing A in the weak-field Yukawa kernel used to model
175 SPARC galaxy rotation curves with standard baryonic components and a controlled
spherical approximation for the scalar response. Results: The joint background fit yields
Q= 0.293 £ 0.007, A = 7.69718° Mpc, and Hy = 72.33 £0.50 km s~ Mpc~!. With A fixed,
the baryons + scalar model describes the SPARC sample with a median reduced chi-square
of x2 = 1.07; for a 14-galaxy subset, this model is moderately preferred over the standard
baryons + NFW halo description in the finite-sample information criteria, with a mean
AAICc outcome in favor of the baryons + scalar model (~2.8). A Vainshtein-type screening
completion with A = 1.3 x 108 eV satisfies Cassini, Lunar Laser Ranging, and binary
pulsar bounds while keeping the kpc scales effectively unscreened. For linear growth
observables, we adopt a conservative General Relativity-like baseline (39 = 0) and show
that current fog data are consistent with py ~ 0 for our best-fit background; the model
predicts Sg = 0.791, consistent with representative cosmic-shear constraints. Conclusions:
Within the present scope (action-level weak-field dynamics for galaxy modeling plus an
explicitly stated effective closure for background inference), the results support a mutually
compatible characteristic length at the Mpc scale; however, a full perturbation-level imple-
mentation of the covariant theory remains an issue for future work, and the role of cold
dark matter beyond galaxy scales is not ruled out.

Keywords: cosmology theory; dark energy; dark matter; galaxy kinematics and dynamics;
gravitation; large-scale structure; statistical methods

1. Introduction

The success of General Relativity (GR) across laboratory, solar system, and binary
pulsar tests coexists with persistent large-scale phenomenology, including the late-time
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acceleration of the cosmic expansion [1,2] and the apparent need for cold dark matter
(CDM) in structural formation and galaxy dynamics [3,4]. ACDM considers this through a
cosmological constant and a non-baryonic matter component [3]. An alternative program
explores whether this phenomenology can partly arise from additional gravitational degrees
of freedom, provided they are screened in high-density environments and are compatible
with gravitational-wave (GW) constraints [5,6].

Scalar-tensor theories offer a well-controlled setting for these types of explorations.
Among them, the subclass with derivative couplings to curvature (notably couplings to the
Einstein tensor) is notable because it remains within the Horndeski/Lovelock framework
of second-order field equations and can satisfy cr = 1 [7,8]. For the scalar with a small
mass, the associated fifth force has a finite range A = m~!, potentially allowing gravity
to interpolate between GR-like behavior at short distances and modified behavior on
astrophysical /cosmological scales.

This study explores a finite-range scalar—tensor theory within a single, consistent
framework across two regimes: (i) cosmology, where we constrain a single length scale A us-
ing background-expansion data, and (ii) galaxy dynamics, where we test whether the same
A can capture part of the observed rotation-curve phenomenology in the SPARC sample. To
avoid ambiguity, we distinguish explicitly between results derived from the covariant action
and those introduced as an effective phenomenological closure. Accordingly, we (a) express
the full-field equations explicitly, (b) present the Friedmann-Lemaitre-Robertson—Walker
(FLRW) specialization, and (c) derive the weak-field limit and circular velocity expressions
used in the SPARC analysis. Furthermore, we posit that the background expansion function
used in the cosmological Markov Chain Monte Carlo (MCMC) is a phenomenological,
coarse-grained closure motivated by void-percolation arguments and not a closed-form
solution of the homogeneous scalar background.

The remainder of this paper is organized as follows. Section 2 introduces the ac-
tion, defines parameters, and presents the field equations, conservation laws, GW speed,
and FLRW specialization. Section 3 presents the effective background closure used for
cosmological inference, data and likelihood, and the cosmological constraints (including an
explicit ACDM comparison and cosmographic diagnostics). Section 4 derives the weak-
field Yukawa limit, the modified potential, and the circular velocity used for SPARC fits and
presents population-level results and morphology trends. Section 5 compares the scalar fits
to standard Navarro-Frenk-White (NFW) halo fits for representative galaxies. Section 6
discusses additional consistency tests: screening across scales, growth-rate constraints,
and peculiar-velocity bounds. Finally, Section 7 concludes the study. Supplementary tables
are provided, and technical derivations are presented in appendices and explicitly cited in
the main text.

2. Theoretical Framework and Field Equations

In this section, we establish the covariant formulation of the theory. We first present
the action and define the coupling parameters, then derive the exact field equations and
conservation laws. Finally, we establish the specific limits required for our analysis: the
tensor propagation speed on cosmological backgrounds and the effective closure used for
the expansion history.

2.1. Action and Parameter Definitions

We consider a scalar-tensor theory with a canonical scalar, a derivative coupling to
the Einstein tensor, and a mass term that sets a finite interaction range [7,8]. The minimal
action is
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where Mp; is the reduced Planck mass, G*" is Einstein’s tensor, and « is a coupling with
dimensions of length?. The scalar mass m defines a finite interaction range,

A=mTl, 2)

which is the central scale constrained in this work. We assume the matter fields ¢,, couple
universally to a Jordan-frame metric §,,. To ensure definiteness and to connect with the
weak-field galaxy limit, we use a leading-order conformal coupling g, = A%(¢) Suv with
A(¢) ~ 1+ g¢/Mpy. This leading-order coupling generates an interaction of the form

S =5~ [dtx /=goT, ®)
Pl

where T is the trace of the matter energy-momentum tensor.

In high-density environments, derivative self-interactions can provide Vainshtein-type
screening. To discuss screening across scales, we also consider an extended action with a
cubic Galileon operator [9],

5 = Smn+ [ dx /=g 35(V4)0¢)], @

with a dimensionless c3 and a strong-coupling scale A. In the galaxy fits of Sections 4 and 5,
we operate in a Yukawa regime where the cubic term is subdominant, but we use it in
Section 6 to assess screening.

2.2. Metric and Scalar Field Equations

Varying the action with respect to the metric yields the modified Einstein equations,
3
M12)1 G]u/ = T;(tZZ) T]/(lf) +u @;w + Tp(u/)r ®)

where T;(,'Vn) is the matter stress tensor (defined with respect to g;v),

1 1
T;(,‘,’j) = VupVyp — ng(V(,b)z - §m2¢28;w/ (6)
O,y is the contribution from the Einstein’s tensor coupling term, and T;(l?,) is the contribution
from the cubic Galileon operator. As ©,, is lengthy, we introduce its explicit covariant form
in Appendix A and use Equation (5) in the main text as the definition of our field equations.
Varying the action with respect to ¢ yields

Op — m2p +a GV, Vi + % [(D¢)2 — VYV, Vup VIVYP — Ry VIOV ] = Mil T. (7)
P

In the weak-field and quasi-static regimes relevant to galaxies, the curvature-dependent
terms are subleading, and Equation (7) reduces to a Yukawa-type equation, as shown
in Section 4.

2.3. Conservation Laws and Frames

The Bianchi identity V,,G*” = 0 implies covariant conservation of the total stress
tensor on the right-hand side of Equation (5). If matter is minimally coupled in the Jordan
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frame gy, then vy T(}% = 0 holds with respect to §;y. In the Einstein frame g;,,, and for
A(¢) # 1, the matter stress tensor is not separately conserved; at the leading order,

w8 Ty

v!‘ T(m) - Mp, v ¢, 8)
which corresponds to an exchange of energy—-momentum between matter and the scalar. In
this study, the baryonic mass models used in galaxy fits are treated as stationary sources in
the quasi-static limit, and the scalar-mediated force is encoded in the modified potential
derived from Equation (7).

2.4. Gravitational-Wave Speed

In Horndeski-class scalar—tensor theories, the observation of GW170817/GRB170817A [10]
constrains the low-redshift tensor speed to be extremely close to the speed of light. For the
derivative coupling to the Einstein tensor in Equation (1), tensor perturbations around an
FLRW background propagate with

2 =1, 9)

so that the theory is compatible with the GW170817 constraint at low redshifts (refer to
the references [11,12]). We emphasize that GW170817 is a low-z event, and future, higher
redshift multimessenger observations can test possible temporal dependencies of GW
propagation in broader effective-field-theory frameworks [13,14].

2.5. FLRW Specialization Derived from the Action

For a spatially flat FLRW metric with a scale factor () and a homogeneous scalar ¢(t),
Equations (5)—(7) reduce to generalized Friedmann equations. Based on the expression

SMHH? = pu+pr +pp,  —2MEH = (oy + pm) + (or + pr) + (pgp + pg),  (10)

the effective scalar energy density and pressure for the Einstein tensor coupling (with
c3 = 0) take the standard form [8]

Py = %ff)z (1+9aH2) + %mchzf (1)
P = %452 (1-3aH? - 20f) — %mquﬂ —2aH¢ §, (12)

and the homogeneous scalar equation becomes

(1+3aH2)§ + 3H (1 + 3aH? + 20H ) § + mP¢p = Mim T, (13)

These equations provide the action-level cosmological dynamics of the model.

2.6. Effective Background Closure Used for Cosmological Inference

In this study, we do not claim to integrate the coupled FLRW system presented
above for ¢(t) and a(t). Instead, following a coarse-graining/void-percolation motiva-
tion, we close the background expansion phenomenologically by introducing an effective
activation function F(a) that modulates the dark-energy density at later times. This key
phenomenological component in our cosmological inference is introduced explicitly as an
effective closure.

We parameterize the activation as

F(a) = ;g;, f(a) :e;[l—i-tanh(Z(R?\a—l))}, (14)
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where R is a characteristic co-moving scale associated with the present-day void network
(we adopt Ryp = 35 Mpc as a representative value), and € is an effective normalization
parameter. The ratio f(a)/f(1) ensures that F(1) = 1 so that Qpg remains the present-
day dark-energy fraction. Importantly, Equation (14) is not derived as a closed-form
homogeneous solution of the scalar background in Section 2; it is an effective closure used
only for the background expansion. This choice of scope is explicitly discussed again in
Sections 3 and 7.

With this closure, the effective Hubble function used in the cosmological likelihood is

H%(z) = H3 | Qn(1+2)° + O, (1 +2)* + Qpg F(liz)] (15)
where OQpp = 1 — Qy, — ), and (), is fixed by Teyp and Neg. Equation (15) is the back-
ground model used in our MCMC; it must be considered an effective description rather
than the exact solution of the homogeneous scalar dynamics.

3. Cosmological Constraints from Background Data
3.1. Data and Likelihood

We constrain the effective background model (15) using (i) the Pantheon+ super-
nova compilation [15,16] (with analytic marginalization over the SN absolute magnitude),
(if) BAO distance measurements, including DESI Gaussian BAO constraints [17] (used in the
standard Dy, /74, Dy /74, and Dy /r; combinations), and (iii) the Planck acoustic-scale prior
24 [3]. The total likelihood is the product of the individual likelihoods; for independent
datasets, we add their )(2 contributions,

Xiot = X&N + XBAO T X7 - (16)

For supernovae, we use the standard, analytically marginalized form (see Appendix C for
details and notation),
BZ
Xn=A- (17)
with A, B, and C defined from the Pantheon+ covariance matrix. For BAO, we use

z 47

DM(Z) =cC 0 %, (18)
Dp(z) = sz)’ (19)
Dy(z) = [+ D}y(2) Du(2)] 0)

and compare the outcomes to the published r; scaled measurements. For the acoustic
scale, we adopted a Gaussian prior on ¢4 with mean and variance values obtained from
Planck [3].

3.2. Sampling and Priors

We explore the posterior of (O, A, €, Hy) with an affine-invariant ensemble sam-
pler. Priors and convergence diagnostics are summarized in Appendix C and Table S3
(Supplementary Materials).
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3.3. Cosmological Posteriors and Best-Fit Values

The posterior constraints are shown in Figure 1. We obtained (posterior medians and
68% credible intervals)

Qn =0293007,  A=769"15Mpe,  Hy=7233"00kms 'Mpc !, (21)

with € weakly constrained because of the normalization F(1) = 1 in Equation (14). We
emphasize that the cosmological inference constrains the activation scale A that enters the
effective closure, which is propagated to the galaxy sector as a fixed interaction range.

Qn = 0207331

A =7.69718
1

Ho = 72.331333

Ho

P R
Qm A € Ho

Figure 1. Cosmological posterior for the effective background model (15) using Pantheon+, BAO, and
the acoustic-scale prior. The inner and outer contours represent 68% and 95% confidence intervals,
respectively, and the dashed lines in the histograms indicate the 16th, 50th, and 84th percentiles.

3.4. ACDM Comparison and Cosmographic Diagnostics

To address model comparison explicitly, we fitted the same datasets with a ACDM
baseline (constant dark-energy density, i.e., F(a) = 1) and compared the minimum x>
and Akaike information criterion (AIC) outcomes. Table 1 summarizes the results. The
improvement in x? relative to ACDM is negligible, and the extra parameters of the effective
activation model are therefore disfavored by AIC, as expected for a minimal background
data comparison.

We also report basic cosmographic diagnostics derived from the best-fitted H(z);
the present-day deceleration parameter gy ~ —0.56 and jerk jo ~ 1.00, and the Om(z
diagnostic remains almost constant within the range of z < 2.5 (see Appendix D).
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Table 1. Comparison to a ACDM baseline using the same background datasets.
Model Parameters in AAIC
ACDM (Qm, Ho) 15,455.45 0
Effective activation (F(a)) (Qm, A, €, Hyp) 15,455.54 4.09

4. Galaxy Dynamics and SPARC Rotation Curves
4.1. Weak-Field Limit and Modified Potential

In the weak-field regime around Minkowski’s space, curvature terms are negligible
(Guy = 0) and the scalar Equation (7) reduces to a Yukawa equation,

(vz B m2)¢ ~ Miplp”’ (22)

where p;, is the (nonrelativistic) baryonic density. The solution to Green’s function is

I 3. pp(r) e”lerl/2
P(r) = 47t Mp /d ' r—v| @3

For conformal matter coupling A(¢) ~ 1+ g¢/Mpj, the scalar-mediated acceleration of
a test particle is ay ~ —(g/Mp;) V. Defining an effective scalar potential ®y = g¢/Mp,,
we have ay = —V®,. In spherical symmetry, Equation (22) can be reduced to one-
dimensional integrals; the explicit kernel and the form used in the numerical fits are
derived in Appendix B.
The total potential is
B(r) = Dy (r) + Dylr), 4

where @y is the Newtonian potential sourced by baryons. The circular velocity of particles
in stable circular orbits is then

v2(r) =7 - = 0 (r) + 05 (r), (25)

with vy, (r) being the standard baryonic contribution and vi(r) =r|agp(r)].

4.2. Practical Implementation for SPARC Fits

We use the SPARC database of rotation curves and baryonic components herein. For
each galaxy, SPARC provides the gas, disk, and bulge contributions to the rotation curve
under a fiducial mass-to-light ratio. We express the baryonic contribution as

0 () = Vs (1) + Yo | 031 (1) + e ()] (26)

where Y, is a free stellar mass-to-light parameter. Given v (), we reconstruct an effective
spherical baryonic density profile via

1 d 2
pp(r) = 2 dr (rv,é(r))l (27)

which is exact for spherical mass distributions and provides an effective radial source for

the Yukawa kernel.
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4.3. Spherical Symmetry Assumption and Robustness

The SPARC baryonic components are disk-like rather than spherical. Our scalar-
force kernel, however, is evaluated by assuming spherical symmetry for tractable analysis
across the full sample and because the scalar field depends primarily on the enclosed mass
profile in the quasi-static regime. We therefore adopted spherical symmetry as a controlled
approximation for the population study. Appendix E summarizes its scope and limitations
for disk-like baryonic components, and an explicitly axisymmetric implementation is
deferred to future work.

4.4. Galaxy-Level Inference and Fixed-A Analysis

Herein, we adopt the cosmological posterior median A = 7.69 Mpc (ie.,
A = 7.69 x 103 kpc) and maintain it for all SPARC galaxies, interpreting it as the Yukawa
range parameter appearing in the weak-field solution of Equation (22) (see Appendix B
for the explicit spherical kernel used in the pipeline). For each galaxy, we sample the
posterior over the parameter set ( g, Y, Osys, (Tturb), where Osys and 0y, are non-negative
nuisance dispersions added in quadrature to the reported SPARC velocity uncertainties,
0? = ‘Tz?:SPARC + Ug-ys + ‘thurb' to account for residual systematics and noncircular motions.
We report the posterior median model and a 68% credible band; unless stated otherwise,
quoted constraints refer to ¢ and Y, with (0sys, Oyurb) marginalized.

Figures 2 and 3 show representative fits for NGC7814 (high surface brightness) and
PGC51017 (low surface brightness), illustrating the range of rotation-curve morphologies
captured by the baryons + scalar model with a fixed A value.

4.5. Population Results, Goodness of Fit, and Morphology

We found a median reduced chi-square value of 2 ~ 1.07 (Supplementary Table S2)
across the full sample with a tail at higher x2 values. Figure 4 shows the distribution. We
report representative galaxies in Table 2 and provide full-sample fit summaries in Table S1.

NGC7814
280 A —— Model (median)
68% band
I Data
270 4
260 A
2501
w
£ ~
=
> 240 A
230 1
220 4
210 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
r [kpcl

Figure 2. Representative SPARC fit for NGC7814 using baryons + scalar with A fixed to the cosmolog-
ical posterior median. The solid curve is the posterior median model, and the shaded region is the
68% credible band.
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PGC51017

—— Model (median)
24 4 68% band
I Data

221

204

V [km/s]

14 1

12

10 A

0.5 1.0 1.5 2.0 2.5 3.0 3.5
r [kpc]

Figure 3. Representative SPARC fit for PGC51017 using baryons + scalar with A fixed to the cosmo-
logical posterior median.

Reduced chi-square distribution

40 1

Number of galaxies
N N w w
o ] o wv
| | ! 1

[ary
w
1

10 A

Figure 4. Distribution of reduced chi-square values for baryons + scalar fits across the SPARC sample
(fixed A).

Table 2. Representative SPARC galaxies spanning different fit qualities and morphologies (see
Table S1 for the full sample). Values are posterior medians, and x? is the reduced chi-square.

Galaxy Morphology g Y. x>
UGC05005 Irr/LSB 0.0403 0.567 0.072
F574-2 Sa-Sb 0.00062 0.547 0.277

We also examined the trends in morphology using a coarse two-bin classification scheme
(early-type spirals Sa-Sb versus irregular/LSB systems). Figure 5 shows that the inferred
coupling g exhibits a mild morphology dependence in this binning, with Sa-Sb systems

https://doi.org/10.3390/ galaxies14010007
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tending to slightly higher median g values than Irr/LSB galaxies. We emphasize that this is
an empirical trend within the model and does not imply a unique causal interpretation.

Mode A: g vs. morphology (A=7.69 Mpc)

° B Median £(16-84)%
°
0.08
o
.
o o
o‘ e®
0.06 -
° LY o ©
L] )
3 .
& .
0.04 oo % o
L4 ° °
.
0.02 - S
.
Y .
0.00 e o° S0 ° o®
° o
W °

Figure 5. Mode A: Inferred scalar coupling g versus morphology for the SPARC sample, with A fixed
to the cosmological posterior median. Points show individual galaxies; squares show the median and
16-84% interval in each morphology bin.

5. Halo-Model Comparison

A key question is whether the baryons + scalar fits effectively replace a standard dark-
matter halo or whether a halo component is still preferred in some systems. To illustrate
this, we performed fits to representative galaxies under three models with a fixed A value:
(i) baryons + scalar, (ii) baryons + NFW, and (iii) a combined model (baryons + scalar + NFW).
Figure 6 shows the comparison for three illustrative galaxies. In some cases, the
baryons + scalar and baryons + NFW models achieve comparable x2, while the combined
model can reduce the residual structure at the cost of additional parameters.

NGC7814 — halo comparison (A fixed)

baryons+scalar baryons+NFW combined

=088

by

00 25 50 75 100 125 150 175 200 00 25 50 75 100 125 150 17.5 200 00 25 50 75 100 125 150 175 20.0
r [kpc] r [kpc] r [kpc]

NGC2903 — halo comparison (A fixed)

baryons+scalar baryons+NFW combined

$=1.29
200 == X

X

0 5 10 15 20 25 0 5 10 15 20 5 0 5 10 15 20 25
r [kpc] r [kpc] r [kpe]

DDO154 — halo comparison (A fixed)

baryons+scalar baryons+NFW combined

3 3
 lkpe)  Tkpel

3
r lkpe]

Figure 6. Comparison of baryons + scalar, baryons + NFW, and combined fits for representative
galaxies with A fixed.
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6. Additional Consistency Tests and Constraints
6.1. Screening Across Scales

To connect the finite-range interaction to local tests, we examined screening using the
cubic Galileon operator in Equation (4). Figure 7 summarizes the screening factor across the

solar system, galaxy, and cluster scales for parameter choices consistent with our inferred
A. The solar system panel includes the Cassini scale based on [18].

Solar System Galaxy (M=10° M) Cluster (M=10'> M)
T

—— N=2.0e-08 eV —— N=2.0e-08 eV

—— A=18e-08 eV —— A=18e-08eV
1.01{ = A=15€-08 eV = A=15€-08 eV
A=13e-08 eV A=13e-08 eV

oA

SPARC range

1.00 SR | 100 i

°
©
e

°
©
3

9x1071

Screening Factor
Screening Factor
Screening Factor

o
©
g

—— A=2.0e-08 eV
—— A=1.8e-08 eV
—— A=15e-08 eV

o
©
S

A=1.3e-08 eV
-~ Cassini (10 AU)

1072
107! 10°

095 8x107!
1071 10° 10! 1072 1071 10°
Radius (AU) Radius (kpc) Radius (Mpc)

Figure 7. Screening factor across the solar system, galaxy, and cluster scales for representative
parameter choices. The light green shaded region in the central panel indicates the radial range
probed by SPARC rotation curves (1-30 kpc), and the grey dashed line marks the threshold where the
scalar force is 99% unscreened. Notation such as 1.5E-8 in the figure corresponds to 1.5 x 1078,

6.2. Growth of Structure and og

Our cosmological inference uses background observables. In scalar-tensor theories,
perturbations can induce time- and scale-dependent modifications to the effective grav-
itational coupling y(z, k) and the gravitational slip. We adopted a conservative baseline
with pg = 0 in the growth analysis. Evolving dark-energy perturbations can modify u
and hence affect fog and o3, as emphasized recently by [19]. We therefore treat p as a
possible nuisance degree of freedom and show in Appendix F that current fog data are
consistent with pg ~ 0 (within the uncertainty range) for our background best fit. A full
Boltzmann-code implementation of the covariant action (1) at the perturbation level is
beyond the scope of this study and constitutes future work.

6.3. Peculiar-Velocity Floor

A finite-range modification can also affect large-scale peculiar velocities. We compile
peculiar velocity measurements and compare them to an envelope implied by the best-fit
activation scale. Figure 8 shows the resulting constraint, which places a conservative upper
bound on the impact of the finite-range interaction on low-redshift velocities.
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Peculiar-velocity envelope (Mode A: A = 7.69 Mpc)

Compilation
= Floor (envelope)

600

400

200

-200

Peculiar velocity [km s~1]
o

—400

—600

1.0 1.5 2.0
Redshift, z

Figure 8. Peculiar- velocity envelope for Mode A with A fixed to the cosmological posterior median.

7. Conclusions

We enforce conceptual consistency between the covariant scalar—tensor theory and
the phenomenological components used in cosmology and galaxy dynamics by explicitly
separating action-derived results from effective closures. Our main results are the following:

e We formulated the theory at the explicit action level and provided the full-field equa-
tions from metric and scalar variations (Section 2, Appendix A). The theory satisfies
cr = 1 and is compatible with GW170817 at low redshifts, while higher z multimes-
senger tests remain important (Section 2).

e  We derived the FLRW specialization from the action and formulated the generalized
Friedmann and scalar background equations. We then made a deliberate scope choice:
the background expansion used for cosmological inference was considered an effective
closure (Equation (14)), motivated by coarse-graining/void-percolation arguments
and not claimed to be a closed-form solution of the homogeneous scalar dynamics.

. Using Pantheon+, BAO, and the acoustic scale, we constrained the activation length
to A ~ 7.7 Mpc and obtained a background expansion close to ACDM in cosmo-
graphic diagnostics. We also included an explicit ACDM comparison via information
criteria (Section 3).

¢ Fixing A to the cosmological posterior median, we derived the weak-field Yukawa
limit and used it to fit SPARC rotation curves. We obtained statistically acceptable
fits for a large fraction of the sample (median x2 ~ 1.07) and documented population
statistics, morphology trends, and representative examples (Section 4).

*  We compared scalar fits to standard NFW halo fits for representative galaxies and
discussed screening, growth, and peculiar-velocity constraints (Sections 5 and 6).

The logical structure is explicit, indicating that the covariant action defines the mod-
ified gravity theory and its local/weak-field behavior, while the late-time background
expansion used in the cosmological likelihood is an effective phenomenological closure.
Once this separation is made explicit, the paper provides a coherent and testable set of
constraints on a finite interaction range across cosmology and galaxy dynamics.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/galaxies14010007/s1, Table S1: full SPARC fit summary;
Table S2: population statistics and morphology bins; Table S3: cosmology convergence diagnostics;
Table S4: sensitivity tests; and Table S5: galaxy fits for alternative fixed A values.
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Appendix A. Einstein’s Tensor Coupling Contribution @,

For completeness, we record the covariant expression for the metric variation of the
Einstein’s tensor coupling term in Equation (1). According to standard results in the
literature [8], the contribution @, listed in Equation (5) is

1
Ou = — 5 VupVup R+2Vap V(o R,)" + VA PVPP Ryaup + ViV P ViV — V,, VO

GW(W) + g —W“V%vavﬁw (0¢)2 — VapV s R . (A1)

Appendix B. Spherically Symmetric Yukawa Kernel and Acceleration

We derive herein the spherically symmetric form of the Yukawa potential and the
acceleration used in the SPARC fits. Starting from Equation (22) and assuming p, = p(r),
the solution can be written in terms of one-dimensional integrals. Differentiating the
resulting potential yields an acceleration of the form

ag(r) = & [A(r) - e-f/AB(r)], (A2)

with

’o2 1 smh(r /A)
/drr pp(r /dr W (A3)

These are the expressions implemented in the analysis scripts.

Appendix C. Cosmological Likelihood Details

This appendix summarizes the likelihood components and sampling choices used
in Section 3.

Appendix C.1. Supernovae

For each SN at redshift z;, we compute the theoretical distance modulus
tn(zi) = 5logy[Dr(zi)/Mpc| 4 25, where Dy (z) = (14 z)Du(z) and Dy(z) is given
by Equation (18). Defining Ay Hops — My, and using the Pantheon+ covariance matrix
Csn, we construct A = AuTColAp, B = 1TCglAp, C = 1TC{1. Analytically marginaliz-
ing over the SN absolute magnitude yields Equation (17): x3y, = A — B2/C.
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Appendix C.2. BAO

For each BAO measurement, we compute the values of Dy;(z), Dy(z), and Dy (z)
(Equations (18)—(20)) and compare them with the published scaled r; values using the
corresponding covariance matrices.

Appendix C.3. Acoustic Scale
We herein adopt a Gaussian prior on the acoustic scale £4 with a mean of ¢4 = 301.471

and a standard deviation of 0, = 0.090, consistent with Planck [3] (as implemented in the
analysis code).

Appendix C.4. Priors and Sampling

We sample the posterior in (Q, A, €, Hy) with flat priors as follows: Q,, € [0.10,0.50],
A € [5,50] Mpc, and € € [0.01,0.50], Hy € [60,80] kms~! Mpc~!. We also use an affine-
invariant ensemble sampler with 32 walkers and 8000 steps, discarding the first 2000 as
burn-in. Convergence was assessed using the integrated autocorrelation time, and findings
are summarized in Supplementary Table S3.

Appendix D. Cosmographic Diagnostics

We herein define the deceleration parameters g(z), jerk j(z), and Om(z) diagnostic as

_ EXz)-1
Om(z) = At2p-1 (A4)

1+zdH
q(z) = -1+ H(z) dz’

with E(z) = H(z)/Hy. For the best-fit parameters in Section 3, we found that o ~ —0.56
and jy ~ 1.00, which are in close agreement with the ACDM values.

Appendix E. Spherical Symmetry Approximation

We model disk galaxies using a spherical reconstruction of the baryonic source in the
Yukawa kernel, derived from the observed radial baryonic contribution v, (r) (Section 4.3).
This choice enables a uniform, tractable pipeline across the full SPARC sample but intro-
duces a geometric systematic for flattened mass distributions. A dedicated axisymmetric
implementation (e.g., evaluating the Yukawa potential of disk components in the mid-
plane), together with a quantitative validation of its impact on inferred parameters, is
deferred to future work. Accordingly, spherical symmetry should be viewed as a controlled
approximation in the present analysis rather than an exact treatment of disk geometry.

Appendix F. Growth-Rate Nuisance Parameter Test

We briefly summarize the nuisance test in which we allow a scale-independent modi-
fication of the effective gravitational coupling in the linear growth sector, parameterized by
an effective amplitude y, while maintaining the background fixed to the best-fit parame-
ters. Using a compilation of fog measurements (20 points), the baseline case with pg =0
yields x? ~ 17.07 (reduced x? =~ 0.95 for 18 degrees of freedom, fitting only an overall
normalization og). Allowing y as an additional free parameter yields the best-fit outcome
of py >~ —0.02 with X% ~ 16.83,i.e., Ax? ~ 0.24 for one extra parameter; information criteria
therefore do not favor the introduction of y (for example, AAIC ~ +1.76). This supports
treating 319 = 0 as a conservative baseline given current data, while emphasizing that a full
perturbation-level (Boltzmann-code) implementation of the covariant action constitutes
future work.
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