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Galaxy rotation curves in superfluid vacuum theory
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Logarithmic superfluid theory of physical vacuum suggests that gravity has a multiple-scale struc-
ture; where one can recognize sub-Newtonian, Newtonian, logarithmic, linear and quadratic (de Sit-
ter) terms in the induced spacetime metric and effective potential. To test the theory’s predictions
on a galactic scale, we apply best-fitting procedures to the rotation curve data obtained from fifteen
galaxies by the HI Nearby Galaxy Survey; assuming their stellar disk’s parameters to be fixed to
the mean values measured using photometric methods. Although the fitting results seem to be
sensitive to a stellar disk model chosen, they correspond closely with observational data, even for
those galaxies which rotation velocity profiles do not have flat regions.
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1. INTRODUCTION

According to Newtonian gravity, the rotation velocity
of non-relativistic bodies is inversely proportional to the
square root of the distance from a gravitating center, thus
resulting in Keplerian orbits. This theory is expected to
be applicable to rotating stars and gas in galaxies, es-
pecially far from galactic cores where relativistic effects
become negligible. However, multiple observations of ro-
tation velocities of stars around the centers of galaxies re-
veal tremendous discrepancies from Keplerian behaviour.
These grow as one proceeds from the inner galactic re-
gions to the furthest data points. The observed data
shows rather diverse behaviour of rotation curves, often
including, but not restricted to, flat rotation curve (FRC)
regimes in the outer regions. Generally, there are two
most popular ways of addressing this problem.

The most direct way is that there is a large amount of
non-luminous matter, dubbed dark matter (DM), which
interacts with luminous matter only through gravity.
However, after decades of research, no direct evidence
of the existence of dark matter particles has been found.
Besides, Standard Model of particle physics and related
experiments have placed rather strict bounds upon exotic
particles’ existence and properties. This inspires further
theoretical studies in search of other explanations for the
discrepancy between luminous matter’s gravitating po-
tential and its observed one.

There is also a growing understanding that a con-
vincing theory of DM-attributed phenomena cannot be
a stand-alone or purely phenomenological model; but
should, instead, be rooted in an axiomatic fundamental
theory involving all known interactions. It is also agreed
that creating this fundamental theory would not be pos-
sible without a clear picture of what the physical vacuum
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- a natural phenomenon which underlies all known par-
ticles and interactions - is all about.

One of the simplest and physically clear candidates
for a theory of physical vacuum and quantum gravity
is superfluid vacuum theory (SVT). This framework has
foundations in Dirac’s idea of the physical vacuum being
a nontrivial object described by quantum wavefunction
[1]. Since his work, various approaches have been pro-
posed, which agree on the main paradigm (of physical
vacuum being a background quantum liquid and elemen-
tary particles being excitations thereof [2, 3]), but which
vary in details. In this paper, we will be using a modern
version of the superfluid vacuum approach, logarithmic
superfluid vacuum theory; its details can be found in the
landmark papers [4–6].

The paper is organized as follows. Theory of phys-
ical vacuum based on the logarithmic superfluid model
is outlined in Sec. 2, including the derivation of effective
gravitational potential induced by the superfluid vacuum
in a given quantum state. Galaxy rotation curves and
their best fit results based on the logarithmic superfluid
vacuum theory are presented in Sec. 3. Discussion of re-
sults and conclusions are presented in sections 4 and 5,
respectively.

2. INDUCED SPACETIME AND EFFECTIVE

GRAVITY

In this section, closely following the lines of the work
[6], we derive the effective gravitational potential of the
logarithmic superfluid vacuum in the presence of a large
density inhomogeneity, serving as a gravitating center
and reference point.

The theory assumes that the physical vacuum is de-
scribed, when disregarding quantum fluctuations, by the
fluid wavefunction Ψ(r, t), which is a three-dimensional
Euclidean scalar. The quantum state of the fluid itself
is described by a ray in the corresponding Hilbert space,
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therefore, this wavefunction obeys the normalization con-
dition 〈Ψ|Ψ〉 =

∫
V
ρ dV = M, where M and V are the

total mass and volume of the fluid, respectively, and
ρ = |Ψ|2 is the fluid mass density. The wavefunction’s
evolution is governed by a wave equation of a Schrödinger
type but with logarithmic nonlinearity:

i~∂tΨ =

[
− ~

2

2m
∇

2 + Vext(r, t)−
(
b0 −

q

r2

)
ln

( |Ψ|2
ρ̄

)]
Ψ,

(1)
where m is the constituent particles’ mass, Vext(r, t) is
an external or trapping potential (to be neglected for
simplicity in what follows), r = |r| = √

r · r is a radius-
vector’s absolute value, and b0 and q are real-valued con-
stants. Despite its resemblance to Schrödinger equations,
eq. (1) should not be confused with theories of nonlinear
quantum mechanics [7]. Instead, the logarithmic nonlin-
earity is induced by many-body effects in the quantum
Bose liquid, whereas the underlying quantum mechanics
remains conventional.
In this picture, massless excitations, such as photons,

are somewhat analogous to acoustic waves propagating
with velocity cs ∝

√
p′(ρ), where fluid pressure is de-

termined via the equation of state p = p(ρ), and the
prime denotes a derivative with respect to the argument
in brackets. A relativistic observer “sees” himself located
inside four-dimensional curved spacetime with a pseudo-
Riemannian metric:

gµν ∝ ρ

cs




−
[
c2s − η2(∇S)2

] ... −η∇S
· · · · · · · · · ·
−η∇S

... I


 , (2)

where η = ~/m, S = S(r, t) = −i ln (Ψ(r, t)/|Ψ(r, t)|)
is a phase of the condensate wavefunction written in
the Madelung representation, Ψ =

√
ρ exp (iS), and I

is a three-dimensional unit matrix. In this picture, Ein-
stein field equations are interpreted as a definition for
an induced stress-energy tensor, describing some effec-

tive matter, as observed by a relativistic observer, T̃µν ≡
κ−1

[
Rµν(g)− 1

2gµνR(g)
]
, where κ = 8πG/c2(0) is the

Einstein’s gravitational constant, G is the Newton’s grav-
itational constant, and c(0) ≈ c, where c = 2.9979× 1010

cm s−1 is historically called the speed of light in vacuum.
If the physical vacuum is in a quantum state de-

scribed by wavefunction Ψ = Ψvac(r, t), then the so-
lution of eq. (1) is equivalent to the solution of the linear
Schrödinger equation with effective potential, which can
be written (in Cartesian coordinates) as:

Φ = − 1

m
Veff(r, t) =

1

m

(
b0 −

q

r2

)
ln

( |Ψvac(r, t)|2
ρ̄

)
,

(3)
where we disregard any anisotropy and rotation.
According to logarithmic SVT, Lorentz symmetry

emerges in the “phononic” (low-momentum) limit, where
SVT can be well approximated by the theory of general
relativity [8, 9]. Correspondingly, a relativistic observer

would perceive gravity induced by the potential (3) as
curved four-dimensional spacetime. In a rotationally in-
variant case, the line element of such spacetime can be
written as

ds2 = −K2c2(0)dt
2 +

1

K2
dr2 +R2(r)dσ2, (4)

K2 ≡ 1 + 2Φ/c2(0),

where R(r) = r
[
1 +O

(
Φ/c2(0)

)]
≈ r, d σ2 = dθ2 +

sin2θ dϕ2 is the line element of a unit two-sphere.
Furthermore, because we do not know the exact wave-

function of the physical vacuum, we must resort to gen-
eral arguments and trial functions whose parameters are
to be determined empirically. We expect that our vac-
uum is currently in a stable state, which is close to a
ground state or at least to a metastable state, with a suf-
ficiently large lifetime. It is thus natural to assume that
the state |Ψvac〉 is stationary and rotationally invariant,
and use the following ansatz for its amplitude:

|Ψvac| =
√
ρ̄
(r
ℓ̄

)χ/2

P (r) exp
(
−a2

2
r2 +

a1
2
r +

a0
2

)
,

(5)
where P (r) is a polynomial function, χ and a’s are con-
stant parameters of the solution. Here ℓ̄ is the length
scale of the logarithmic nonlinearity – which can be cho-
sen to be the classical length (m/ρ̄)1/3 or the quantum
temperature length ~/

√
mb0. For reasons explained in

[6], these constants’ values remain theoretically unknown
at this stage. From the empirical point of view, the func-
tion (5) can be considered a trial function, whose param-
eters can be fixed using experimental data.
By substituting the trial solution (5) into the definition

(3), we derive the effective gravitational potential

Φ = Φsmi(r) + ΦRN(r) + ΦN(r)

+Φ(ln)(r) + Φ(1)(r) + Φ(2)(r) + Φ0, (6)

where Φ0 = (a0b0 + a2q) /m is the additive constant,

Φsmi(r) = − q

mr2
ln
[(r

ℓ̄

)χ

P 2(r)
]
, (7)

ΦRN(r) = −a0 q

m

1

r2
, (8)

ΦN(r) = −a1q

m

1

r
= −GM

r
, (9)

Φ(ln)(r) =
b0
m

ln
[(r

ℓ̄

)χ

P 2(r)
]
, (10)

Φ(1)(r) =
a1b0
m

r, (11)

Φ(2)(r) = −a2b0
m

r2, (12)

where M is the (induced) gravitational mass of the con-
figuration.
The main simplifying assumptions and approximations

underlying the derivation of the potential are summa-
rized in the Appendix B of [6]. Note also that in
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the work [6] we used a simple approximate form of
the non-exponential part of the wavefunction amplitude,(
r/ℓ̄

)χ/2
P
(
r/ℓ̄

)
≈

(
r/ℓ̄

)χ/2
, which resulted in a simpli-

fied form of logarithmic terms in the effective potential
and induced spacetime metric. That approximation was
sufficient for the illustrative purpose of explaining the
FRC regime, and was also robust for asymptotic studies
of rotation curves in [10]; but for the purposes of this
paper it is prudent to do not specify P (r) in formula (5)
until the next section.
Last but not least, it is important to emphasize the

meaning of the term ‘effective potential’ here. From the
construction of eq. (3), it is clear that no potential ex-
ists in reality – instead, many-body quantum-mechanical
effects in the supefluid act in the manner we perceive
as gravitational potential. One can imagine a (distant)
classical analogy of this process: during the diffusion pro-
cess of a substance, its individual molecules move from a
region of higher concentration to a region of lower con-
centration, as if they were driven by some macroscopic
potential. In our case, the logarithmic term is directly
related to the Everett-Hirschman information entropy of
the logarithmic superfluid, cf. Section 3 of [6], therefore,
it is this entropy’s evolution which induces “thermody-

namic” force and associated “potential”.

3. ROTATION CURVES

From this section onwards, we will work in unitsG = 1.
In a spherically symmetric case, the rotation velocity of
stars orbiting with non-relativistic velocities on a plane
driven by gravitational potential (6), or, alternatively,
along geodesics in the induced spacetime (4), can be com-
puted using a simple formula v2 = 1

2r
d
dr (c

2
(0)K

2)
∣∣
r=R

=

RΦ′(R), where v is the orbital velocity and R is the
orbit’s radius. We assume that this formula is approxi-
mately valid in the cylindrically symmetric case, which
is a common assumption for studies of this kind.

Besides, we will neglect those terms in eq. (6) which
decay faster than the Newtonian term at spatial infinity.
We thus obtain

Φ(r) = ΦN(r) + Φ(ln)(r) + Φ(1)(r) + Φ(2)(r), (13)

where the additive constant is omitted as well. Using this
truncated potential, we obtain

v(R) =

{
R

d

dR

[
ΦN(R) + Φ(ln)(R) + Φ(1)(R) + Φ(2)(R)

]}1/2

=
√

v2N + v2(ln) + ã1R− ã2R2, (14)

where

v2(ln) =
b0
m
R

d

dR
ln

[(
R

ℓ̄

)χ

P 2(r)

]
=

b0
m
R

d

dR

{
χ ln

(
R

ℓ̄

)
+ ln

[
P 2(r)

]}
, (15)

where the tilde denotes the multiplication by b0/m (such as ã1 = (b0/m)a1 et cetera), and vN is the rotation velocity
derived from Newtonian dynamics.
As mentioned in the previous section, an exact form of the polynomial P (x) is not yet theoretically known. In the

works [6, 10], we used the approximation P (r) ≈ r, which was sufficient for our purposes there. In this paper, we
assume a slightly more general form

P (r) ≈ k2r
2 + k1r + 1, (16)

therefore

v2(ln) ≈
b0
m
R

d

dR

{
χ ln

(
R

ℓ̄

)
+ ln

[(
k2R

2 + k1R+ 1
)2]

}
, (17)

hence

v(R) ≈
√
v2N +

b0
m
R

d

dR

{
χ ln

(
R

ℓ̄

)
+ ln

[
(k2R2 + k1R+ 1)

2
]}

+ ã1R− ã2R2, (18)

where the coefficients ki will also have their values fixed according to the best-fitting criteria.
Furthermore, to calculate the velocity vN, the mass distribution of a galaxy must be assumed, usually derived

from the photometric data. This generally contains two components: gas (mainly neutral hydrogen and helium, any
other gases are negligible compared to them) and the stellar disk, while the mass of the bulge is usually neglected for
simplicity [11]. Also for a sake of simplicity, it is assumed that both gas and stellar disks are thin.
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Name D Rd Rd Md Md b0/m χ k1 k2 ã1 ã2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

DDO 154 4.3 0.72 0.54 0.00263 0.00186 21.42 0 0 0.233 0 4.12 × 10−36

NGC 925 9.2 3.30 n/a 1.02 0.72 3262 0.012 0 0.00174 -4.34 2.27 × 10−31

NGC 2403 3.2 1.81 2.05 0.47 0.33 111.52 0 0.171 0 -0.527 3.13 × 10−50

NGC 2841 14.1 4.22 3.55 10.96 7.59 1442 0.050 0 0.089 -2.39 5.14 × 10−50

NGC 2903 8.9 2.40 2.81 1.41 1.0 91.92 0 0 0.18 0 3.42 × 10−33

NGC 2976 3.6 0.91 n/a 0.178 0.126 111.42 0 0 0.039 0 4.44 × 10−31

NGC 3031 3.6 1.93 n/a 6.92 4.9 100.52 0 0 0.056 0 4.88 × 10−32

NGC 3198 13.8 3.06 3.88 2.82 1.995 68.22 0 0 0.017 0 2.85 × 10−34

NGC 3521 10.7 3.09 2.86 12.3 8.71 1892 0 0 0.017 -7.03 1.68 × 10−47

NGC 3621 6.6 2.61 n/a 1.95 1.38 64.82 0 0.563 0 1.35 8.05 × 10−50

NGC 4736 4.7 1.99 n/a 1.86 1.32 230.42 0.83 0 0.008 -43.8 7.76 × 10−49

NGC 5055 10.1 3.68 5.00 12.3 8.71 47.62 0 80.2 0 1.27 3.06 × 10−51

NGC 6946 5.9 2.97 n/a 5.89 4.17 1652 0 0.0543 0 0 1.72 × 10−46

NGC 7331 14.7 2.41 4.48 16.6 11.7 3112 0 0 0.0015 -20.1 1.25 × 10−49

NGC 7793 3.9 1.25 n/a 0.275 0.195 91.62 0 0 0.0436 0 1.48 × 10−31

TABLE I: The best fit of THINGS data, assuming formula (18). Notes: (1) name of galaxy; (2) distance to galaxy, in Mpc;
(3) characteristic radius of stellar disk taken from [17], in kpc; (4) characteristic radius of stellar disk taken from [18], in kpc;
(5) mass of stellar disk according to the diet-Salpeter IMF, taken from [17], in 1010M⊙; (6) mass of stellar disk according to
the Kroupa IMF, taken from [17], in 1010M⊙; (7) a free parameter, in km2 s−2; (8) a free parameter, dimensionless; (9) a free
parameter, in kpc−1; (10) a free parameter, in kpc−2; (11) a free parameter (related to Rindler acceleration), in 10−11 m s−2;
(12) a free parameter (related to de Sitter constant), in s−2. Values of free parameters were obtained assuming disk radius and
mass from the third and sixth column, respectively.

According to the popular exponential disk model [12], the rotation velocity of stars can be derived as

v⋆(R) = c(0)

{
Md

2Rd

(
R

Rd

)2 [
I0

(
R

2Rd

)
K0

(
R

2Rd

)
− I1

(
R

2Rd

)
K1

(
R

2Rd

)]}1/2

, (19)

where Md and Rd are the mass and length scale of the
disk, In andKn being the nth-order modified Bessel func-
tions of the first and second kind, respectively.

The Newtonian velocity due to the combined contri-
butions of gas and stellar disk is given by

vN(R) =
√

v2gas(R) + v2⋆(R), (20)

where the term vgas takes into account the contributions
of both neutral hydrogen and helium.

Furthermore, we perform the best fit to various galax-
ies data taken from the HI Nearby Galaxy Survey
(THINGS) [13, 14]. We use formulae (18)-(20), in which
the fitting parameters are going to be b0/m, χ, k1, k2, ã1,
ã2, whereas Rd and Md are fixed according to an initial
mass function model (IMF) chosen [15, 16], as discussed
in [17, 18]. The gas contribution vgas can be directly de-
duced from the database, similar plots can be found in

[14, 18]. For simplicity, we use the mean values of the
THINGS data.

We make use of the Levenberg–Marquardt least-
squares fit method. The results are plotted in figure 1
(cases NGC 7331 and 7793 are being additionally dis-
cussed in figures 2 and 3), and corresponding best-fitting
parameters are listed in table I. When fitting, we fix the
stellar disk radius and mass to the values from its third
and sixth column, respectively.

4. DISCUSSION

Before discussing the fitting results themselves, it
should be stressed out that there is a large discrepancy in
the interpretation of photometric data for stellar disks.
Even within the common framework of Freeman’s expo-
nential disk model, one gets substantially distinct values
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FIG. 1: Least-squares fit (solid curves) to the rotation curves of sample galaxies, for parameters listed in table I. The horizontal
axis is the distance R in kpc, and the vertical axis is the rotation velocity in km s−1. Black dots are mean values from the
THINGS data, dotted curves are the contribution of gas, dashed curves are the total contribution of gas and stellar disc in
Newtonian dynamics. Cases of NGC 7331 and 7793 are separately discussed in figures 2 and 3, respectively.
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FIG. 2: NGC 7331: a comparison of fits for different stellar
disk parameters. The first panel is the one taken from figure 1,
which is based on the fixed parameters from third and sixth
column of table I; fitting values of its free parameters are listed
therein. The second panel is the best fit based on the disk
mass from the same sixth column, but the disk radius being
assumed slightly larger; fitting values of the corresponding
free parameters are: b0/m = 2382 km2 s−2, χ = 0, k1 = 0,
k2 = 0.00147 kpc−2, ã1 = −1.02 × 10−10 m s−2 and ã2 =
1.15 × 10−50 m s−2. Axes’ labels and units are the same as
in figure 1.

of stellar disk parameters, such as mass and characteris-
tic radii. This uncertainty leads to the increased ambi-
guity of fitting curves, especially considering the multi-
parameter character of the fitting function (18). For
these reasons, most of the fitting results are sensitive
to the disk models used, see figures 2 and 3 for exam-
ples. Yet, a few qualitative features, common for sample
galaxies considered can be spotted right away.

To begin with, the power degree χ is responsible for the
part of the logarithmic term which diverges at R → 0.
This parameter turns out to be zero for most of galaxies,
except those whose rotation velocity is not approaching
small values at R → 0, such as NGC 925 or 2841. It is
not clear however if this occurs due to the lack of precise
observational data points at small orbital radii (less than
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FIG. 3: NGC 7793: a comparison of fits for different stellar
disk parameters. The first panel is the one taken from figure 1,
which is based on the fixed parameters from third and sixth
column of table I; fitting values of its free parameters are listed
therein. The second panel is the best fit based on the disk
mass from the same sixth column, but the disk radius being
assumed slightly smaller; fitting values of the corresponding
free parameters are: b0/m = 1232 km2 s−2, χ = 0, k1 = 0,
k2 = 0.0229 kpc−2, ã1 = 0 and ã2 = 2.44 × 10−31 m s−2.
Axes’ labels and units are the same as in figure 1.

0.5 kpc).

One immediately notices that the logarithmic coupling
b0/m acquires a large value for all fitting samples. On
the other hand, its square root is approximately equal
to the average velocity of the galaxy’s FRC regime (if a
plateau occurs on a curve), or to the peak velocity (if a
curve does not have a clearly visible plateau). This sug-
gests that the logarithmic term (10) yields an important,
if not predominant, contribution to galactic dynamics for
a large range of distances, all the way up to the galactic
outskirts. This confirms our earlier result that the loga-
rithmic term is largely responsible for the FRC regime’s
occurrence the outer regions of galaxies [6], also that it
contributes to the crossover from flat to non-flat regimes
at galactic outskirts [10].

Furthermore, the linear term seems to affect the shapes
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of the rotation curves in middle-to-far regions, but in
many cases the fitting result turns out better without as-
suming this term whatsoever – which may or may not
be a consequence of the stellar disk model’s uncertainty
mentioned above. The quadratic (de Sitter) term con-
tributes to asymptotic behaviour of rotation curves, at
the galaxy’s border. Despite de Sitter constant’s value
looking rather small (in sub-astronomical units such as
SI or CGS), its presence substantially improves fitting at
largest values of the orbital radius.
It seems also that both linear and quadratic terms are

unique to each galaxy, which confirms the conjecture of
multiple expansion mechanisms, discussed in section 7
of [6]; the galaxy dependence of parameters of effective
potentials (therefore, rotation velocities) was discussed
in sections 2 and 6 thereof. In essence, nearly all the
parameters of the logarithmic superfluid vacuum theory
are not the parameters per se, but they are dynamical
and thermodynamical values. Therefore, they can vary,
depending on the environment and boundary conditions:
background superfluid not only induces gravitational po-
tential, but also gets affected by it, because this potential
acts upon surrounding matter by creating density inho-
mogeneity.

5. CONCLUSION

In logarithmic superfluid theory, effective gravitational
potential is induced by the quantum wavefunction of the
physical vacuum of a self-gravitating body or configu-
ration; while the vacuum itself is viewed as the super-
fluid described by the logarithmic wave equation in the
leading-order approximation with respect to Planck con-
stant. Therefore, predicted phenomena are determined
not only by original parameters of the model but also

shape characteristics of the solution’s wavefunction which
also depend on boundary conditions. This results in
a rich mathematical structure of the theory. For in-
stance, gravity acquires a multiple-scale pattern, to such
an extent that one can distinguish the sub-Newtonian,
Newtonian, logarithmic, linear (sometimes referred to as
Rindler) and quadratic (de Sitter) terms in the effective
potential.

Following the lines of our previous works [6, 10], we
have applied the best-fitting procedures to the rotation
curve data of a number of galaxies from the HI Nearby
Galaxy Survey assuming their stellar disk and gas pa-
rameters being rigidly fixed to the mean values obtained
using photometric methods. Although the fitting results
seem to be sensitive to stellar disk models and techni-
cal assumptions about the superfluid vacuum’s wavefunc-
tion, they agree with observational data very well, con-
sidering the large range of phenomena involved.

It should be emphasized that successful fitting also
takes place for those galaxies whose rotation curves do
not have a clearly visible FRC plateau, such as NGC
2976, 4736 and 7793, or have unusual asymptotic be-
haviour at small values of the orbital radius, such as NGC
925, 2841 and 4736. This is largely possible due to the
multi-scale structure of gravity in logarithmic superfluid
vacuum theory.
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