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We present a manifestly diffeomorphism-invariant simple model of galaxy dynamics obtained by applying
the dressing field method (DFM) to a general relativistic system comprising the metric and four scalar fields,
phenomenologically representing the four-velocity of a cosmological fluid or dust field. TheDFM, a systematic
tool for extracting the gauge-invariant content in general relativistic theories, provides a physical coordina-
tization that yields corrective terms to the rotational velocity profile. These corrections produce galaxy rotation
curves that combine Keplerian and constant velocity terms, effectively emulating a dark matter contribution.
We compareDFM-derived rotation curves to observeddata for spiral galaxies, from the Spitzer Photometry and
Accurate Rotation Curves database, showing that the DFM allows one to fit them well.

DOI: 10.1103/m9xl-9vvk

Introduction. Spiral galaxies rotate around their vertical
axes, and, by measuring the Doppler shift of atomic lines,
one can determine the circular velocity of stars and other
tracers as a function of their distance from the galactic
center, obtaining a rotation curve. This produces galaxy
rotation curves, which thus describe the orbital speeds of
stars and gas in galaxies as a function of their distance from
the galactic center. Typically, Newtonian gravity predicts
that these speeds should decrease with increasing distance,
with a Keplerian decline. However, observations reveal that
rotation curves remain flat—or even rise—at large radii,
suggesting the presence of “unseen” mass, thus associated
with dark matter (DM), which provides additional gravi-
tational influence. This discrepancy between theoretical
predictions and observed velocities, first noted by astron-
omers like V. Rubin in the 1970s, supports the hypothesis
that DM halos surround galaxies, contributing significantly
to their gravitational potential. See, e.g., [1] and the
comprehensive reviews [2–6]. The latter provides also a
classified collection of literature on various topics related to
DM, galaxy rotation curves, and alternative theoretical
scenarios (such as, famously, the one of MOND).
In this letter, we establish that a manifestly invariant

formulation, obtained through the application of the

dressing field method (DFM) [7–10] to a system whose
field content is given by the metric and four scalar fields—
representing, e.g., the phenomenological four-velocity of a
cosmological fluid or dust field—yields “raised” galaxy
rotation curves, effectively emulating DM contributions.
The DFM is a systematic mathematical tool to exhibit the

gauge-invariant, relational [11] content of general-relativ-
istic (gauge field) theories, whereby physical field theo-
retical degrees of freedom (d.o.f.) codefine each other and
coordinatize the physical spacetime.
In this paper, we apply the DFM to galaxy rotation curves,

exploring whether a gauge-invariant reformulation of gravi-
tational and matter d.o.f. can naturally produce flat rotation
curves, reproducing the effects traditionally attributed to DM.
Our approach thus tests an alternative theoretical framework
for galactic dynamics. In this cosmological application, the
DFM generates a physical scalar coordinatization, which,
under specific conditions for the perturbative expansion of the
scalar fields, yields a constant corrective term alongside the
Keplerian contribution to the rotational velocity squared,
therefore raising galaxy rotation curves.
The remainder of this paper is structured as follows: In the

Dressing for diffeomorphisms section, we briefly review the
basics of the DFM in the case of diffeomorphisms in general
relativistic physics, following [9]. In the section on Physical
coordinatization corrections to rotational velocity, we apply
the DFM to the four-dimensional general-relativistic case in
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which the field content is given by the metric field and
matter, described phenomenologically as a fluid supplying
scalar fieldsφ. The latter, in fact, provide the dressing field to
obtain the manifestly diffeomorphism-invariant formu-
lation, acting as a reference physical system. We consider
the (bare) Schwarzschild metric to provide the baseline
geometry for a central mass M. The scalar fields—more
precisely, the fields appearing in the perturbative expansion
of the latter—contribute to the effective mass Meff . These
corrections are external to the original Schwarzschild
solution—in the sense that, in principle, they arise from
solving the (dressed) Einstein equations with a dust field
contribution—but are incorporated into the dressedmetric to
describe the relational, dressed gravitational field.We show
that the scalar profile introduced allows for corrective terms
that raise galaxy rotation curves, i.e., provide a constant
correction to the squared rotational velocity. In the Scalar
profile and four-velocity of dust field section, we discuss the
interpretation of the scalar profile in terms of the four-
velocity of a dust field. In the Phenomenological comparison
of DFM to observed rotation curves section, we compare
DFM-derived rotation curves to observed data for the spiral
galaxies NGC 3198 and NGC 2403, using rotation curve
data extracted from the Spitzer Photometry and Accurate
Rotation Curves (SPARC) database [12]. In Supplemental
Material [13] accompanying this paper, we also provide
further fits of DFM velocity profiles for other high-reso-
lution galaxies. This phenomenological analysis shows that
the DFM allows to fit rotation curves, particularly well at
large radii. The Conclusions section is devoted to final
remarks and future developments. While this paper focuses
on galaxy rotation curves, the DFM framework is extremely
versatile, and can be extended to other cosmological
phenomena, such as perturbation theory and large-scale
structure formation,whichweplan to explore in futurework.

Dressing for diffeomorphisms. Via the DFM, one produces
gauge-invariant variables out of the field spaceΦ ¼ fϕg of
a general relativistic (gauge field) theory.
Let us briefly revisit the dressing procedure implemented

in the DFM in the case of DiffðMÞ, with M being the
manifold on which the field theory is defined. Here we
provide a field theoretical presentation, while we refer the
reader to [7,8] for a formulation in terms of differential
bundle geometry.
Consider a general relativistic theory with field content

given by, e.g., ϕ ¼ fA;φ; gg, where A is a 1-form gauge
potential, φ represents the matter fields, and g is a metric
field on M. The field content supports the pullback action
of the group of diffeomorphisms,

ϕψ ≔ ψ�ϕ; ψ ∈DiffðMÞ;
i:e:fAψ ;φψ ; gψg ≔ fψ�A;ψ�φ;ψ�gg: ð1Þ

A dressing field for diffeomorphisms is a smooth map

υ∶N → M; such that υψ ≔ ψ−1 ∘ υ; ð2Þ

for any ψ ∈DiffðMÞ. A dressing field should be extracted
from the field content of the theory, namely, it should
be a field-dependent dressing field υ ¼ υ½ϕ�, so that
υψ ≔ υðψ�ϕÞ ¼ ψ−2 ∘ υ½ϕ�, allowing a relational interpre-
tation of the dressed variables.
Given such a dressing field υ, the dressed fields are

defined as

ϕυ ≔ υ�ϕ;

i:e:; fAυ;φυ; gυg ¼ fυ�A; υ�φ; υ�gg; ð3Þ

and are DiffðMÞ-invariant by construction. Here we are
using the DFM rule of thumb for the case of diffeo-
morphisms: to dress fields or functionals thereof, we
compute first their transformation under diffeomorphisms,
then formally substitute ψ ∈DiffðMÞ with the dressing
field υ. For υ ¼ υ½ϕ�, the dressed fields (3) are manifestly
relational variables; i.e., they represent DiffðMÞ-invariant
relations among the physical spatio-temporal d.o.f.
embedded in ϕ. Observe that they are not objects defined
on the “bare” manifold M.
In fact, the dressed fields (3) live on field-dependent

dressed regions, defined by

Uυ ¼ Uυ½ϕ� ≔ υ½ϕ�−1ðUÞ; ð4Þ

with υ−1 being the inverse map of υ, such that
υ ∘ υ−1− ¼ idM. These are DiffðMÞ-invariant: indeed,
defining the action of DiffðMÞ on U ⊂ M as U ↦ Uψ ≔
ψ−1 ∘U, we find

ðUυÞψ ¼ ðυ½ϕ�ψ Þ−1 ∘ ðUψÞ
¼ υ½ϕ�−1 ∘ψ ∘ψ−1 ∘ ðUÞ ¼ Uυ: ð5Þ

The reason for (4), and the justification of the claim that
dressed fields ϕυ live on field-dependent dressed regions,
comes from integration theory; see [9] for details. The
DiffðMÞ-invariant regions Uυ½ϕ� represent the physical
regions of spatiotemporal events, a physical spatiotemporal
event being a field-dependent DiffðMÞ-invariant point
xυ½ϕ� ≔ υ½ϕ�−1ðxÞ∈Uυ. We may then call Mυ ≔ Imðυ−1Þ
the manifold of physical spatiotemporal events. It does not
exist independently from the fields ϕ. Hence, the physical
spacetime, i.e., the physical Lorentzian manifold,
is ðMυ; gυÞ.
Let us finally spend a few words about the dynamics.

The Lagrangian of the theory is DiffðMÞ-covariant, and so
are the field equations EðϕÞ ¼ 0 derived from it. Given a
dressing field υ, the dressed Lagrangian LðϕυÞ ≔ υ�LðϕÞ is
strictly DiffðMÞ-invariant by construction. The field equa-
tions for the dressed fields, EðϕuÞ ¼ 0, have the same
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functional expression as the “bare” ones [8], but have a
well-posed Cauchy problem.
a. Scalar coordinatization via dressing. The framework

described above encompasses diverse variants of the so-
called “scalar coordinatization” in general relativistic
physics. For instance, in approaches à la Brown–Kuchař
[14–16], if matter is described effectively as a fluid (gas,
particles, dust, etc.), it provides scalars from which one gets
the dressing field to obtain the manifestly diffeomorphism-
invariant formulation. In this case, the dressed metric
represents the invariant, relational structure instantiated
between the d.o.f. of the metric and of the effective matter
field. This is the conceptual basis we start from in the
present paper. It is also conceptually close to the proposals
in [17,18], applied to black hole physics. In the approach à
la Kretschmann–Komar [19,20], instead, a dressing field is
extracted from the d.o.f. of the bare metric [21].

Physical coordinatization corrections to rotational
velocity. We consider a theoretical setup whose field
content is given by ϕ ¼ fg;φg, where g represents the
metric field and matter is described as a fluid/dust supply-
ing scalar fields φ∶U ⊆ M → N ¼ R4, φ ¼ φa, a ¼ 1, 2,
3, 4. The DiffðMÞ-transformations are

ϕψ ¼ fψ�g;ψ�φg ¼ fψ�g;φ ∘ψg; ψ ∈DiffðMÞ: ð6Þ

We identify a DiffðMÞ-dressing field as

υ ¼ υ½φ� ≔ φ−1∶ R4 → M: ð7Þ

Indeed, it transforms under DiffðMÞ as a dressing field has
to, υψ ¼ υ½φψ � ¼ ψ−1 ∘ υ½φ�; see (2). Note that this allows
one to define dressed regions Uυ ≔ υ−1ðUÞ, such that
ðUυÞψ ¼ Uυ, yielding a DiffðMÞ-invariant, relational def-
inition of physical regions of events via (scalar) matter
fields as a reference physical system [22].

Dressed metric components: Most importantly for the
cosmological application we aim to provide in this paper,
the dressing procedure yields the DiffðMÞ-invariant dressed
metric gυ, which encodes the geometric properties of
Mυ—we refer the reader to [9] for the explicit proof of
the DiffðMÞ-invariance of the dressed metric.
The dressed metric can be understood as the physical

gravitational field as measured in the coordinate system
supplied by the matter distribution φ. In abstract index
notation, we have

ḡab ≔ gυab ¼ JðυÞaμgμνJðυÞνb; ð8Þ

with the Jacobian of the “physical coordinatization” being

JðυÞ ¼ Jðφ−1Þ ¼ JðφÞ−1− ¼
�
∂φa

∂xμ

�−1
: ð9Þ

We may now consider perturbation theory and write the
“dressed coordinates” as

x̄a ≔ φa ¼ δaμxμ þ χaðxÞ ð10Þ

perturbatively, in terms of the “bare” ones, xμ, and of a
small deformation χa ¼ χaðxÞ, parametrizing the “infini-
tesimal” dressing. Considering χa small enough indeed, we
will neglect higher-order terms in χa, focusing on the linear,
first order, level. One can also write the inverse relation
xμ ¼ δμaðφa − χaÞ. Using (8) and (10), we can cast the
dressed metric in the following form:

ḡab ¼ gab − 2gμða∂bÞχμ; ð11Þ

where gab is the bare metric in components and ∂ denotes
the ordinary partial derivative.
For simplicity, we shall now consider a galactic setup

with spherical symmetry, which can be described in terms
of the (bare) Schwarzschild metric, focusing on the
equatorial plane (i.e., with fixed coordinate θ ¼ π=2) [23],

ds2 ¼ −fdt2 þ f−1dr2 þ r2dϕ2; ð12Þ

with f ¼ fðrÞ ≔ 1 − 2GM=r, with G being the gravita-
tional constant and M being the central mass. We have the
bare metric components

gtt ¼ −f; grr ¼ f−1; gϕϕ ¼ r2;

gtt ¼ −f−1; grr ¼ f; gϕϕ ¼ r−2; ð13Þ

while all off-diagonal components of the bare metric
identically vanish. This provides the baseline geometry.
We dress the metric (12) as in (8), taking the bare

Schwarzschild metric components as gμν. Note that the
dressed metric thus obtained has, in principle, also off-
diagonal components. The functional expression of the
dressed components, consisting of perturbative deforma-
tions of the bare ones, is different with respect to the
original Schwarzschild one. In particular, setting, for
simplicity and in compatibility with the assumed cosmo-
logical setting, ∂ϕχa ¼ 0 and ∂tχ

ϕ ¼ 0, we get the relevant
nonvanishing dressed components

ḡtt ¼ gtt − 2gtt∂tχt ¼ −fð1 − 2∂tχ
tÞ;

ḡϕϕ ¼ r2; ð14Þ

while, e.g., under the above assumptions, ḡtϕ ¼ 0. Observe
that the dressing operation thus yields an effective mass

Meff ¼ Mð1 − 2∂tχ
tÞ þ r

G
∂tχ

t; ð15Þ

where ∂tχt is a small deformation (one can in fact assume
0 < ∂tχ

t < 1=2), which, if constant, gives a contribution to
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the effective mass proportional to r. Notice also that, since,
from (10),

r ¼ φr − χr ¼ r̄ − χr; ð16Þ

the effective mass can be rewritten in term of the dressed
coordinate r̄, neglecting higher-order terms in the χ
variables, as

Meff ≈Mð1 − 2∂tχ
tÞ þ r̄

G
∂tχ

t; ð17Þ

which therefore has the same functional expression as (15)
for the radial coordinate, respectively, bare and dressed.
Using (10), we also rewrite the dressed metric compo-

nents in terms of the dressed coordinates. This is because
the dressed theory is the one to be compared with
observations, and it shall be entirely expressed in terms
of the dressed variables. We obtain

ḡtt ¼ −
�
1 −

2GM
ðr̄ − χrÞ

�
ð1 − 2∂tχ

tÞ;

ḡϕϕ ¼ ðr̄ − χrÞ2 ≈ r̄ð1 − 2χrÞ; ð18Þ

neglecting O2ðχrÞ terms. From these, one also derives

dḡtt
dr̄

¼ 2GMð−1þ ∂tχ
tÞ

ðχr − r̄Þ2 ;

dḡϕϕ
dr̄

¼ 2ðr̄ − χrÞ; ð19Þ

which will be used in the following analysis of the dressed
galaxy kinematics and test particles dynamics.

Dressed rotational velocity Let us now consider the
following (dressed) Lagrangian describing the dynamics
of a test particle:

L̄ ¼ 1

2
ḡab ¯̇xa ¯̇xb; ð20Þ

where ¯̇xa denotes the dressed four-velocity. From it we can
derive the dressed energy and angular momentum:

p̄t ¼
∂L̄

∂¯̇t
¼ −Ē; p̄ϕ ¼ ∂L̄

∂
¯̇ϕ
¼ L̄: ð21Þ

Thus, considering, for simplicity, circular orbits, ¯̇r ¼ 0,
which implies

Ē2 ¼ V̄effðr̄Þ; ð22Þ

where V̄effðr̄Þ is the dressed effective potential, together
with ḡtϕ ¼ 0, we get

¯̇ϕ ¼ L̄
ḡϕϕ

; ¯̇t ¼ −
Ē
ḡtt

: ð23Þ

We focus on the timelike case, for which we have

ḡμν ¯̇xμ ¯̇xν ¼ −1 ¼ ḡtt¯̇t
2 þ ḡϕϕ

¯̇ϕ2; ð24Þ

and, using (22) and (23), we find the following expression
of the dressed effective potential:

V̄effðr̄Þ ¼ −ḡtt
�
1þ L̄2

ḡϕϕ

�
: ð25Þ

Then, solving the stability requirement dV̄eff
dr̄ ¼ 0, we get

L̄2 ¼
dḡtt
dr̄ ḡ

2
ϕϕ

dḡϕϕ
dr̄ ḡtt −

dḡtt
dr̄ ḡϕϕ

: ð26Þ

We can express the dressed rotational velocity as

v̄ ¼ r̄ ¯̇ϕ ¼ r̄ L̄
ḡϕϕ
, that therefore is

v̄2 ¼
�
r̄
L̄
ḡϕϕ

�
2

¼ r̄2 dḡtt
dr̄

dḡϕϕ
dr̄ ḡtt −

dḡtt
dr̄ ḡϕϕ

: ð27Þ

Finally, we substitute in (27) Eqs. (18) and (19) for the
dressed metric components, obtaining

v̄2 ¼ GMr̄
6GMχr − 3ðχr þ GMÞr̄þ r̄2

; ð28Þ

where, again, we have neglectedO2ðχrÞ terms. Then, in the
weak-field approximation (r̄ ≫ 2GM, 1 − 2GM

r̄ ≈ 1), (28)
boils down to

v̄2 ≈
GM

r̄ − 3χr
≈
GM
r̄

þ 3GMχr

r̄2
: ð29Þ

We observe that the first term in (29) reproduces the
Keplerian behavior, while the second term is a correction
due to the presence of χr. In particular, if χr ∝ r̄2, the
second term is positive and constant. We are thus left with

v̄2 ¼ GM
r̄

þ v̄20; v̄0 ¼ constant; ð30Þ

where v̄20 ¼ 3GMk, with k > 0 being the proportionality
constant in

χr ¼ kr̄2: ð31Þ

The expression in (30) for the dressed rotational velocity
thus contains the (dressed version of the) usual Keplerian
term plus a corrective term induced by the dressed
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formulation which effectively emulates the contribution
expected from DM, raising the galaxy rotation curve.
Since χr ¼ χrðrÞ, the condition on χr imposed to obtain

this result, (31), shall be rewritten, using (16) and neglect-
ing O2ðχrÞ terms, as

χr ¼ kr2

1 − 2kr
: ð32Þ

As a final step of our analysis, we check the consistency of
the conditions implemented on χa, giving the scalar profile,
and its derivatives with the (dressed) four-velocity of a
cosmological fluid or dust field.

Scalar profile and four-velocity of dust field.We define the
effective dressed four-velocity of the (comoving) dust
field as

ūa ≔
dφa

dτ
; ð33Þ

such that, in terms of the bare four-velocity
uμ ≔ dxμ

dτ ¼ ð1; 0; 0; 0Þ, uμuμ ¼ −1, with τ being the proper
time, we write

ūa ≔
dφa

dτ
¼ ∂φa

∂xμ
dxμ

dτ
¼ ∂φa

∂xμ
uμ: ð34Þ

Recall that we are considering motion in the equatorial
plane, θ ¼ π=2 and dθ=dτ ¼ 0, and circular orbits. Then,
using the fact that φa ¼ δaμxμ þ χa, we get

ūa ¼
�
δaμ þ

∂χa

∂xμ

�
uμ: ð35Þ

The conditions we have obtained on χa and its derivatives
to get a constant corrective term in the rotational velocity
squared, raising the galaxy rotation curve, can be collected
as follows, together with their relevant implications:

∂ϕχ
a ¼ 0; ∂tχ

ϕ ¼ 0;

∂tχ
t ¼ ϵ; ϵ small constant ⇒ χt ¼ ϵtþ F;

χr ¼ kr2

1 − 2kr
⇒ ∂tχ

r ¼ ∂ϕχ
r ¼ ∂θχ

r ¼ 0;

∂rχ
r ¼ 2kr

ð1 − 2krÞ3 ; ð36Þ

where, in principle, F ¼ Fðr;ϕ; θÞ (one can also consider,
for simplicity, F to be a function of r only). One can now
see that Eq. (36) are consistent with the description of the
dressed four-velocity of the dust field. In particular, for
consistency with the dust four-velocity description in the
bare case, one would expect ūa ¼ ðūt; 0; 0; 0Þ, which is
indeed the case, as we can see from (35), using (36):

ūa ¼ ð1þ ϵÞuμ ¼ ðð1þ ϵÞut; 0; 0; 0Þ ¼ ð1þ ϵ; 0; 0; 0Þ;
ð37Þ

with ϵ representing the small, constant deformation coming
from the dressing operation [24].

Phenomenological comparison of DFM to observed
rotation curves. To assess the phenomenological viability
of the rotation curve we have derived through the DFM,
which can be read from (30), we may compare it to
observed rotation curves of spiral galaxies.
We select NGC 3198 and NGC 2403—the latter is less

massive than the former—from the SPARC database [12],
as both are nearby late-type spirals with extended, high-
quality HI rotation curves and well-constrained inclina-
tions. Their kinematic regularity and extensive use as
benchmark systems in studies of disk dynamics make
them well suited for testing the phenomenological viability
of our derived rotation curves. In Supplemental Material
[13], we show the plots of the observed rotation curves of
NGC 3198 and NGC 2403.
From the SPARC database, we take the rotational

velocities of the gas, disk, and bulge components, derived
from the surface-brightness distribution, and use them to
estimate the corresponding baryonic mass contributions.
These are then rescaled by the mass-to-light corrective
factors ϒgas ¼ 1.33M⊙=L⊙, ϒdisk ¼ 0.70M⊙=L⊙, and
ϒbulge ¼ 0.70M⊙=L⊙ [see [25,26] ], yielding the physical
baryonic mass of each component. Summing these, we get
the total baryonic mass of the galaxies. In Supplemental
Material [13], we also provide the baryonic mass profile
plots of NGC 3198 and NGC 2403.
The DFM model (dressed) rotational velocity, to be

compared with observations, is given by

v̄ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM
r̄

þ v̄20

r
; ð38Þ

where G ¼ 4.302 × 10−6 kpcðkm=sÞ2M−1
⊙ in cosmologi-

cal units.
In Fig. 1, we present the fit of the DFM velocity profile to

the observed rotation curves, using as input mass M the
baryonic mass previously derived. For completeness, and to
highlight the departure from the purely Newtonian expect-
ation, we also plot the Keplerian velocity profile corre-
sponding to the bare baryonic model (for the same baryonic
massM). The red lines represent the DFM-derived rotation
curve with the best-fit parameter k ¼ 0.0254 kpc−1 for
NGC 3198 and k ¼ 0.0604 kpc−1 for NGC 2403 in both
cases with a precision of 10−5. The quality of the fits is
good, with coefficients of determination R2 ¼ 0.995609 for
NGC 3198 and R2 ¼ 0.99794 for NGC 2403 [27].
In Supplemental Material [13], we also provide a

comparison of the residuals (namely, the difference
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between the values of the observed velocity and those
provided by the DFM) between the dressed model and the
bare baryonic Keplerian model. The DFM residuals are
consistently closer to zero across most radii, indicating a
significantly better agreement with the observed rotation
curves than, e.g., the bare baryonic model.
This analysis demonstrates that the DFM framework can

replicate the flat rotation curves observed in spiral galaxies at
large radii—with velocities stabilizing at values consistent
with typical spiral galaxy observations [2,12,25,26]—
through a constant corrective term, without invoking DM
in this context.

Conclusions.We have demonstrated that the DFM provides
a relational, diffeomorphism-invariant framework that,
when applied to galaxy dynamics, yields rotational veloc-
ities comprising a Keplerian term and a constant corrective
term. This approach produces flat galaxy rotation curves,
mirroring the effects typically attributed to DM without
requiring additional unseen mass in this context. By
constructing physical d.o.f. through DFM, our framework
offers a novel perspective on the rotation curve anomaly,
highlighting the potential of gauge-invariant formulations
to capture observed galactic dynamics. While our analysis
is limited to rotation curves and does not address broader
DM phenomenology, such as the (baryonic) Tully-Fisher
relation, cosmic microwave background fluctuations, or
gravitational lensing, these findings pave the way for
further applications of DFM in cosmology, including
cosmological perturbation theory and other observational
tests, as planned in future work.
We have considered the Schwarzschild metric to provide

the baseline geometry, and matter described effectively as a
cosmological fluid or dust, providing scalars from which
we extracted the dressing field to obtain the manifestly
diffeomorphism-invariant formulation. The scalars can be
thus seen as physical reference frame, whose profile,
subject to conditions compatible with the dressed four-
velocity of the dust field, allows for a corrective term that
raises the galaxy rotation curve.

To assess the phenomenological viability of the rotation
curve we have derived through the DFM, we have also
provided a phenomenological analysis, comparing our
DFM-derived rotation curves to observed data for the
spiral galaxies NGC 3198 and NGC 2403, using data from
the SPARC database [12]. We have thus shown that the
DFM model reproduces well the flat rotation curve at
large radii, performing a one-parameter (the free param-
eter k left of the DFM theoretical analysis) fit to the
observed rotational velocities of NGC 3198 and
NGC 2403.
Our analysis shows that the DFM model, using the

purely baryonic mass as input, provides a good fit to the
observed rotation curves of both galaxies, with best-fit
parameters k ¼ 0.0254� 10−5 kpc−1 for NGC 3198 and
k ¼ 0.0604� 10−5 kpc−1 for NGC 2403. The model
reproduces the characteristic flattening of the curves at
large radii, with velocities stabilizing around 150 km=s for
NGC 3198 and approximately 135–140 km=s
for NGC 2403, consistent with typical spiral galaxy
observations. Residuals analysis [see [13] ] further con-
firms that the DFM predictions closely match the observed
velocities, outperforming the bare baryonic Keplerian
model.
We have examined several other cases and consistently

found agreement with the results of the previous sections,
as displayed in Supplemental Material [13]. These results
support the phenomenological viability of the DFM frame-
work in describing spiral galaxy rotation curves without
invoking DM.
In forthcoming papers, we will further apply

the DFM, encompassing the notion of coordinatization
through coupling to matter, to develop a manifestly rela-
tional, thus automatically DiffðMÞ-invariant, version of
cosmological perturbation theory [28–30], and to
study other possible cosmological effects driven by
dressing.
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FIG. 1. Rotation curves of NGC 3198 (a) and NGC 2403 (b). The black lines show observed velocities from the SPARC database [12].
The red lines represent the DFM-derived rotation curve. The gray lines show the bare baryonic model prediction, assuming a Keplerian
law. (a) NGC 3198 rotation curves. (b) NGC 2403 rotation curves.
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Ministero dell’Università e della Ricerca, Italy), PNRR
Young Researchers funding program, MSCA Seal of

Excellence (SoE), CUP E13C24003600006, ID
SOE2024_0000103.

Data availability. The data that support the findings of this
article are openly available [12].

[1] V. C. Rubin, W. K. Ford, Jr., and N. Thonnard, Extended
rotation curves of high-luminosity spiral galaxies. IV.
Systematic dynamical properties, Sa through Sc, Astrophys.
J. Lett. 225, L107 (1978).

[2] Y. Sofue and V. Rubin, Rotation curves of spiral galaxies,
Annu. Rev. Astron. Astrophys. 39, 137 (2001).

[3] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

[4] M. Taoso, G. Bertone, and A. Masiero, Dark matter
candidates: A ten-point test, J. Cosmol. Astropart. Phys.
03 (2008) 022.

[5] L. E. Strigari, Galactic searches for dark matter, Phys. Rep.
531, 1 (2013).

[6] M. Cirelli, A. Strumia, and J. Zupan, Dark matter,
arXiv:2406.01705.

[7] J. François, The dressing field method for diffeomorphisms:
A relational framework, J. Phys. A 57, 305203 (2024).

[8] J. T. François and L. Ravera, Geometric relational frame-
work for general-relativistic gauge field theories, Fortschr.
Phys. 73, 2400149 (2024).

[9] J. François and L. Ravera, There is no boundary problem,
arXiv:2504.20945.

[10] J. François and L. Ravera, Reassessing the foundations of
metric-affine gravity, Eur. Phys. J. C 85, 902 (2025).

[11] J. François and L. Ravera, On the meaning of local
symmetries: Epistemic-ontological dialectics, Found. Phys.
55, 38 (2025).

[12] F. Lelli, S. S. McGaugh, and J. M. Schombert, SPARC:
Mass models for 175 disk galaxies with spitzer photometry
and accurate rotation curves, Astron. J. 152, 157 (2016).

[13] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/m9xl-9vvk for further galaxy plots
and fits of DFM velocity profiles.

[14] J. D. Brown and K. V. Kuchař, Dust as a standard of space
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ūaūa ≈ −1.
[25] F. Walter, E. Brinks, W. J. G. de Blok, F. Bigiel, R. C.

Kennicutt, Jr., M. D. Thornley, and A. K. Leroy, THINGS:
The HI nearby galaxy survey, Astron. J. 136, 2563 (2008).

[26] W. J. G. de Blok, F. Walter, E. Brinks, C. Trachternach, S.-
H. Oh, and R. C. Kennicutt, Jr., High-resolution rotation
curves and galaxy mass models from THINGS, Astron. J.
136, 2648 (2008).

[27] The coefficient of determination R2 measures the fraction of
the total variance in the observed data that is captured by the
model, with R2 ¼ 1 indicating a perfect fit and R2 ¼ 0
meaning the model explains no variance beyond the mean.
We quantify the fit quality using the coefficient of determi-
nation R2 rather than a reduced χ2, because the χ2 statistic
assumes that the observational uncertainties are statistically
reliable andGaussian. In theSPARCdata, the error bars vary in
precision and are particularly large at small radii forNGC3198
and at large radii for NGC 2403, violating these assumptions.
The R2 metric provides a more appropriate measure for
evaluating the overall agreement in this context.

[28] K. Giesel, S. Hofmann, T. Thiemann, and O. Winkler,
Manifestly gauge-invariant general relativistic perturbation
theory. I. Foundations, Classical Quantum Gravity 27,
055005 (2010).

[29] C. Chiaffrino, O. Hohm, and A. F. Pinto, Gauge invariant
perturbation theory via homotopy transfer, J. High Energy
Phys. 05 (2021) 236.

[30] M. B. Fröb and W. C. C. Lima, Synchronous coordinates
and gauge-invariant observables in cosmological space-
times, Classical Quantum Gravity 40, 215006 (2023).

RAISING GALAXY ROTATION CURVES VIA DRESSING PHYS. REV. D 112, L081501 (2025)

L081501-7

https://doi.org/10.1086/182804
https://doi.org/10.1086/182804
https://doi.org/10.1146/annurev.astro.39.1.137
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1088/1475-7516/2008/03/022
https://doi.org/10.1088/1475-7516/2008/03/022
https://doi.org/10.1016/j.physrep.2013.05.004
https://doi.org/10.1016/j.physrep.2013.05.004
https://arXiv.org/abs/2406.01705
https://doi.org/10.1088/1751-8121/ad5cad
https://doi.org/10.1002/prop.202400149
https://doi.org/10.1002/prop.202400149
https://arXiv.org/abs/2504.20945
https://doi.org/10.1140/epjc/s10052-025-14656-2
https://doi.org/10.1007/s10701-025-00849-y
https://doi.org/10.1007/s10701-025-00849-y
https://doi.org/10.3847/0004-6256/152/6/157
http://link.aps.org/supplemental/10.1103/m9xl-9vvk
http://link.aps.org/supplemental/10.1103/m9xl-9vvk
http://link.aps.org/supplemental/10.1103/m9xl-9vvk
http://link.aps.org/supplemental/10.1103/m9xl-9vvk
http://link.aps.org/supplemental/10.1103/m9xl-9vvk
https://doi.org/10.1103/PhysRevD.51.5600
https://doi.org/10.1103/PhysRevD.51.5600
https://doi.org/10.1103/PhysRevD.65.044017
https://doi.org/10.1103/PhysRevD.65.044017
https://doi.org/10.1007/JHEP01(2022)180
https://doi.org/10.1007/JHEP01(2022)180
https://doi.org/10.1103/PhysRevD.108.044034
https://doi.org/10.1103/PhysRev.111.1182
https://doi.org/10.1103/PhysRev.111.1182
https://doi.org/10.1007/BF00671650
https://doi.org/10.1088/0004-6256/136/6/2563
https://doi.org/10.1088/0004-6256/136/6/2648
https://doi.org/10.1088/0004-6256/136/6/2648
https://doi.org/10.1088/0264-9381/27/5/055005
https://doi.org/10.1088/0264-9381/27/5/055005
https://doi.org/10.1007/JHEP05(2021)236
https://doi.org/10.1007/JHEP05(2021)236
https://doi.org/10.1088/1361-6382/acf98a

	Raising galaxy rotation curves via dressing
	Acknowledgments. 
	References


