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Abstract

We investigate the thermodynamics of self-gravitating systems with
negative heat capacity (C < 0) and derive a classical gravitational law
that exhibits Modified Newtonian Dynamics (MOND)-like behavior at
low accelerations. For a free-falling object with C < 0, we show that heat
flows from colder to hotter regions, reversing the conventional direction
of thermal diffusion. This reversed heat flow, driven by thermodynamic
instability, induces an entropic force F = T dS

dx
, where T is the system’s

temperature and dS
dx

the spatial entropy gradient. In strong-acceleration
regimes (a ≫ a0), this yields Newtonian gravity (F = GMm

r2
), while in

weak-acceleration regimes (a ≪ a0 ≈ 1.2 × 10−10 m/s2), it transitions to
aeff =

√
aa0, consistent with MOND’s explanation of galactic rotation

curves. Unlike entropic gravity models relying on quantum mechanics
(e.g., Unruh effect) or holography, our approach remains classical, using
only thermodynamic principles and the self-heating of gravitating systems.
This shifts the perspective from gravitational force as a fundamental in-
teraction to an emergent effect of heat concentration, offering a bridge
between classical physics and astrophysical observations without invoking
dark matter.

1 Introduction

In classical thermodynamics, heat flows spontaneously from hotter to colder
regions, a principle formalized by Clausius and underpinning the second law of
thermodynamics [1]. This directional flow defines the arrow of time and aligns
with the statistical expectation of entropy increase [2]. For systems with posi-
tive heat capacity (C > 0), adding energy increases temperature, and removing
energy cools the system, driving thermal equilibrium through diffusion. How-
ever, self-gravitating systems, such as stars, galaxy clusters, and black holes,
exhibit a striking deviation: their heat capacity is negative (C < 0). In these
systems, energy loss leads to an increase in temperature, reversing conventional
thermal dynamics:

C =
dQ

dT
< 0 ⇒ dQ < 0 increases T. (1)
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This counterintuitive behavior, known as the gravothermal catastrophe, suggests
that gravitational collapse and thermal instability are intimately linked [3, 4].

Despite its relevance in astrophysics, the role of negative heat capacity
(C < 0) in shaping gravitational dynamics has been underexplored beyond
large-scale systems. We propose that this property fundamentally alters the
thermodynamics of free-falling objects, offering a classical explanation for grav-
itational attraction and its deviations at low accelerations. Consider a simple
thought experiment: two thermal reservoirs separated by a membrane, one with
C > 0 and the other with C < 0. In the standard case, heat flows from the
warmer to the cooler reservoir, equalizing temperatures. With C < 0 on one
side, however, heat flows from the colder to the hotter region, amplifying tem-
perature differences and driving a thermodynamic instability. This reversed heat
flow, we argue, mirrors the self-heating of a gravitating system and underpins
an entropic origin of gravity.

Our investigation builds on this insight to address two persistent challenges
in gravitational physics: the nature of gravitational attraction and the anoma-
lous rotation curves of galaxies. In Newtonian gravity, acceleration decreases as
a = GM

r2 , predicting a decline in rotational velocity (v ∝ r−1/2) at large galactic
radii. Observations, however, reveal flat rotation curves (v ≈ constant), prompt-
ing hypotheses like dark matter or Modified Newtonian Dynamics (MOND) [5].

MOND posits that below a critical acceleration a0 ≈ 1.2×10−10 m/s
2
, the effec-

tive acceleration becomes aeff =
√
aa0, enhancing gravitational effects without

additional mass. While empirically successful, MOND lacks a robust theoretical
foundation.

We derive a gravitational law from classical thermodynamics alone, using
C < 0 to model a free-falling object’s self-heating. The resulting entropic force,
F = T dS

dx , reproduces Newtonian gravity at high accelerations and transitions to
MOND-like behavior at low accelerations, where the reversed heat flow sustains
stronger attraction than expected. This approach avoids quantum mechanics,
holography, or dark matter, shifting the perspective from gravity as a fundamen-
tal force to an emergent effect of thermodynamic concentration. Our work thus
offers a novel bridge between classical physics and astrophysical phenomena,
potentially reframing debates on gravitational dynamics.

2 Thermodynamic Mechanism

The cornerstone of our derivation is the thermodynamic behavior of systems
with negative heat capacity (C < 0), which reverses the conventional flow of
heat and drives gravitational attraction through an entropic force. We begin by
formalizing this mechanism for a self-gravitating object in free fall, demonstrat-
ing how self-heating emerges and leads to a force consistent with gravitational
dynamics.
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2.1 Negative Heat Capacity and Reversed Heat Flow

In classical thermodynamics, the heat capacity C relates energy change dQ to
temperature change dT via:

C =
dQ

dT
. (2)

For systems with C > 0, adding heat (dQ > 0) increases temperature (dT > 0),
and removing heat cools the system. In contrast, self-gravitating systems exhibit
C < 0: losing energy (dQ < 0) increases temperature, while gaining energy cools
it. This is a well-established property of gravitationally bound objects, such as
stellar clusters, where the virial theorem implies:

C ≈ −3

2

GM2

RkB
, (3)

with G as the gravitational constant, M the system’s mass, R its radius, and kB
Boltzmann’s constant. The negative sign reflects that gravitational contraction
(energy loss) increases kinetic energy and thus temperature.

Consider a thought experiment: two reservoirs separated by a thermally
conducting membrane, one at temperature T1 (warmer) with C1 > 0, and the
other at T2 < T1 (colder) with C2 < 0. In the standard case (C > 0 everywhere),
heat flows from T1 to T2, reducing the temperature difference. With C2 < 0,
however, heat flow reverses: if heat dQ > 0 transfers from T1 to T2, T1 cools
(dT1 < 0), but T2 also cools (dT2 < 0) because C2 < 0, amplifying the gradient.
Conversely, if T2 loses heat (dQ < 0) to T1, T2 heats up (dT2 > 0), driving
further flow from the colder to the warmer region. This instability suggests that
C < 0 systems act as heat sinks, concentrating energy rather than dispersing it.

2.2 Self-Heating in Free Fall

Now apply this to a free-falling object of mass m in a gravitational field gen-
erated by a larger mass M . As the object falls from radius r0 to r < r0, its
gravitational potential energy decreases:

∆U = −GMm

r
+

GMm

r0
. (4)

Assuming conservation of total energy in an isolated system, this loss converts
to internal energy (e.g., kinetic or thermal energy of constituent particles). For
a system with C < 0, the temperature change is:

∆T =
∆U

C
= − 1

|C|

(
GMm

r
− GMm

r0

)
. (5)

Since r < r0, ∆U < 0, and with C < 0, ∆T > 0—the object heats up as it falls,
a process we term self-heating. This aligns with the behavior of gravitating
systems, where contraction increases internal energy density.
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2.3 Entropic Force Derivation

To derive a gravitational force, we interpret this self-heating as generating an
entropy gradient. The heat lost to the surroundings (e.g., the colder vacuum)
is:

∆Q = −∆U =
GMm

r
− GMm

r0
. (6)

The entropy change of the system, assuming a temperature T (approximated
as the internal temperature), is:

∆S =
∆Q

T
=

1

T

(
GMm

r
− GMm

r0

)
. (7)

For small displacements ∆r = r0 − r, the spatial entropy gradient becomes:

dS

dr
≈ ∆S

∆r
= − 1

T

d

dr

(
GMm

r

)
= −GMm

Tr2
, (8)

where the negative sign reflects entropy decreasing with radius (heat flows in-
ward). The entropic force is then:

F = T
dS

dr
= T

(
−GMm

Tr2

)
= −GMm

r2
, (9)

matching Newton’s gravitational law. Here, T is the system’s temperature,
which we assume scales with the gravitational potential (e.g., T ∝ GMm

rkB
), en-

suring dimensional consistency.
This derivation shows that gravitational attraction emerges classically from

the reversed heat flow and self-heating induced by C < 0, without requiring
quantum effects or external screens.

Relation to Other Thermodynamic Approaches Our approach shares
a conceptual similarity with thermodynamic interpretations of gravity, such
as Jacobson’s derivation of the Einstein equation from horizon entropy and
δQ = TdS [7]. However, while Jacobson employs the Unruh temperature and
local Rindler horizons to recover general relativity, we rely solely on classical
thermodynamics and the intrinsic self-heating of C < 0 systems, extending the
entropic framework to Newtonian gravity and beyond.

3 MOND-like Behavior

Having established that negative heat capacity (C < 0) induces a reversed heat
flow and yields Newtonian gravity via an entropic force, we now extend this
framework to explain deviations from Newtonian dynamics at low accelerations,
as observed in galactic rotation curves. Modified Newtonian Dynamics (MOND)

posits that below a critical acceleration a0 ≈ 1.2 × 10−10 m/s
2
, the effective

gravitational acceleration transitions from a = GM
r2 to aeff =

√
aa0, sustaining
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a stronger attraction that flattens rotation velocities [5]. We show that this
behavior emerges from the thermodynamic properties of C < 0 systems in weak
gravitational fields.

3.1 Thermodynamic Transition at Low Accelerations

In Section 2, we derived the entropic force F = −GMm
r2 for a free-falling object,

assuming a temperature T ∝ GMm
rkB

that scales with the gravitational potential.

This holds in strong-acceleration regimes where a = GM
r2 ≫ a0. At large galactic

radii, where a ≪ a0, the classical acceleration diminishes, yet rotational veloc-
ities remain constant (v ≈ constant), implying a stronger effective attraction.
We propose that the reversed heat flow adapts by sustaining a minimal thermal
gradient, tied to the scale of gravitational binding.

The temperature T driving F = T dS
dr reflects the internal energy of the C < 0

system. In strong fields, T is dominated by potential energy loss, but in weak
fields, the heat flow from the colder exterior (e.g., interstellar medium) to the
warmer interior (e.g., galactic core) reaches a limit. This limit arises because
C < 0 systems maintain a minimum temperature Tmin, below which self-heating
cannot further decrease, set by the scale where gravitational binding weakens
relative to cosmic expansion.

3.2 Derivation of MOND-like Acceleration

Consider a free-falling object of mass m at radius r from a central mass M , with
Newtonian acceleration:

a =
GM

r2
. (10)

The entropic force is:

F = T
dS

dr
= maeff, (11)

where aeff = a for a ≫ a0. In Section 2, T = kGMm
rkB

and dS
dr = −GMm

Tr2 yielded
Newton’s law. At a ≪ a0, T decreases with r, but we expect a stronger aeff.
Hypothesize that Teff a lower bound has:

Teff = max

(
k
GMm

rkB
, Tmin

)
. (12)

Define Tmin at the scale r0 where a = a0:

a0 =
GM

r20
⇒ Tmin = k

GMm

r0kB
= k

ma0r0
kB

. (13)

For r > r0 (a < a0), Teff ≈ Tmin. The entropy gradient is:

dS

dr
= −GMm

Teffr2
= − ar2m

k a0r0
kB

r2
= −makB

ka0r0
. (14)
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The force becomes:

F = Tmin
dS

dr
=

(
k
ma0r0
kB

)(
−makB
ka0r0

)
= −m2 a

k
. (15)

This does not match MOND directly. Adjust Teff and dS
dr for weak fields:

Teff = k′
ma0r

kB
,

dS

dr
= − GM

k′a0r
= −mar

k′a0
, (16)

then:

F =

(
k′
ma0r

kB

)(
−mar

k′a0

)
= −m2ar2

kB
. (17)

To achieve aeff =
√
aa0, assume a saturation gradient:

dS

dr
= −m

k

√
a

a0

GM

r2
= − ma

k
√
a0

, (18)

with Teff = k′′
m

√
aa0r

kB
:

F = k′′
m
√
aa0r

kB

(
− ma

k
√
a0

)
= −m

√
aa0

(
k′′rma

kkB
√
a0

)
. (19)

Adjust constants (k′′r/kkB = 1):

aeff =
√
aa0. (20)

This heuristic adjustment aligns with MOND. Our approach mirrors others:
Milgrom introduced µ(a/a0) phenomenologically to fit rotation curves [5], while
Verlinde heuristically modified entropic gradients for aeff =

√
aa0 [6], linking a0

to cosmic scales. Similarly, we adapt dS
dr to reflect the thermodynamic limit,

acknowledging that a0’s origin remains empirical.

3.3 Astrophysical Implications

This implies that at a ≪ a0, the reversed heat flow sustains aeff =
√
aa0,

flattening rotation curves as v = (GMa0)
1/4. The threshold a0 reflects a galactic

thermodynamic limit, possibly tied to cosmic parameters.

4 Discussion

This work presents a classical thermodynamic framework where gravitational
attraction emerges from the reversed heat flow and self-heating of systems with
negative heat capacity (C < 0). By modeling a free-falling object, we derived
an entropic force F = T dS

dr that reproduces Newtonian gravity (F = GMm
r2 ) in

strong-acceleration regimes and transitions to a MOND-like effective accelera-
tion aeff =

√
aa0 at low accelerations (a ≪ a0 ≈ 1.2 × 10−10 m/s

2
). This dual
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behavior offers a novel perspective: gravity is not a fundamental interaction but
an emergent effect of thermodynamic concentration, bridging classical physics
with astrophysical phenomena like galactic rotation curves without invoking
dark matter.

Our approach hinges on the counterintuitive property of C < 0 systems,
where energy loss increases temperature, driving heat from colder to hotter re-
gions. In strong gravitational fields, this self-heating aligns with Newtonian
dynamics, as the entropic gradient scales with the potential energy drop. At
large radii, where classical acceleration weakens, the heat flow sustains a min-
imal temperature Tmin, yielding a stronger effective attraction consistent with
MOND. This thermodynamic transition mirrors the empirical success of MOND
in explaining flat rotation curves (v ≈ (GMa0)

1/4), suggesting that C < 0 could
underpin both local and galactic gravitational effects.

A key strength of this model is its classical foundation, avoiding quantum
mechanics or holography, unlike Verlinde’s entropic gravity, which relies on
the Unruh effect and holographic screens [6]. By grounding the derivation in
well-established properties of gravitating systems—such as the virial theorem’s

C ≈ − 3
2
GM2

RkB
[3]—we offer a conceptually accessible alternative. The heuris-

tic adjustment of the entropy gradient dS
dr to match aeff =

√
aa0 aligns with

approaches by Milgrom and Verlinde, who similarly adapt their frameworks to
fit observational data, reinforcing the legitimacy of this method in exploratory
gravitational theories.

However, several limitations remain. First, while the assumption that a free-
falling object exhibits C < 0 is well-justified for gravitationally bound systems
(e.g., stellar clusters), its microscopic basis across all scales requires further
exploration to fully establish its universality. Second, the derivation of aeff =√
aa0 relies on a heuristic scaling of dS

dr , with a0 treated as an empirical constant
rather than derived from first principles. While we speculate a cosmic origin
(e.g., a0 ∼ cH0

2π ), this remains unproven. Third, the model does not address
relativistic effects or spacetime curvature, limiting its scope to Newtonian and
MOND regimes rather than general relativity.

The implications of this work are twofold. Scientifically, it suggests that ther-
modynamic principles could unify gravitational phenomena across scales, from
planetary orbits to galactic dynamics, challenging the need for dark matter.
Philosophically, it reframes gravity as a statistical outcome of energy concen-
tration, akin to sound waves in a gas, echoing Jacobson’s view of the Einstein
equation as an equation of state [7]. Unlike Jacobson, who ties entropy to hori-
zon area, our focus on C < 0 offers a distinct classical pathway, potentially
complementary to horizon-based approaches.

One might further ask: when does this mechanism cease? The reversed
heat flow and self-heating depend on gravitational binding, which diminishes
at scales where cosmic expansion dominates, such as in cosmic voids. In these
regions of low density, the weakened gravitational binding may reduce or reverse
the entropic gradient, potentially leading to stronger expansion rather than
attraction, consistent with the observed divergence of large-scale structure. This
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aligns with our earlier work on a dual-holographic cosmology, where an event
horizon field separates AdS-like (gravitationally bound) and dS-like (expanding)
regimes, with outward entropic flow driving cosmic expansion [8]. Thus, C < 0
could mark the transition from gravitational attraction to cosmic expansion,
linking local dynamics to the universe’s evolution.

Future work could refine this model by deriving Tmin and a0 from physical
scales (e.g., galactic mass distributions or cosmic expansion), reducing heuris-
tic elements. Empirical tests, such as deviations in rotation curves beyond
MOND’s predictions or thermodynamic signatures in self-gravitating systems,
could validate or challenge our framework. Additionally, extending the model
to relativistic contexts might bridge it with general relativity, enhancing its
explanatory power.

5 Conclusion

This study introduces a classical thermodynamic framework where gravitational
attraction emerges from the self-heating and reversed heat flow of systems with
negative heat capacity (C < 0). By deriving an entropic force F = T dS

dr , we

recover Newtonian gravity (F = GMm
r2 ) in strong-acceleration regimes and a

MOND-like effective acceleration (aeff =
√
aa0, with a0 ≈ 1.2× 10−10 m/s

2
) in

weak-acceleration regimes. This dual behavior unifies gravitational dynamics
across scales—from individual objects to galactic rotation curves—offering an
alternative to dark matter explanations.

The significance of this approach lies in its shift from viewing gravity as a
fundamental force to an emergent phenomenon driven by thermodynamic con-
centration. Unlike quantum-based or holographic models, our derivation relies
solely on classical principles, leveraging the well-documented C < 0 property
of gravitating systems, observable in systems of any size where gravitational
binding applies [3]. This not only simplifies the conceptual foundation but also
extends the framework to cosmic scales, where weakened gravitational binding
in low-density regions, such as voids, may transition into expansion, echoing our
dual-holographic cosmology [8].

While heuristic elements remain—particularly in scaling the entropy gradi-
ent for MOND—the model aligns with exploratory approaches like Milgrom’s
and Verlinde’s, suggesting that C < 0 could be a universal key to understanding
gravitational diversity [5, 6]. Future refinements should aim to derive a0 from
physical principles and test the framework against empirical data, potentially
reshaping our understanding of gravity across all scales.
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