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TO WHAT EXTENT DO THERMODYNAMICS AND 
STATISTICAL MECHANICS APPLY TO SELF-GRAVITATING SYSTEMS? 



“Do the stars in such systems or even the 
galaxies themselves, when idealised as point 

particles, admit a thermodynamic 
description?” [Callender, 2010, p.44].



Does thermal physics apply to SGS?

Is this an extension of the domain of 
applicability?

Does this give further weight to the idea 
thermodynamics is universal? 



DOES THERMAL PHYSICS APPLY 
TO SGS? 

On the other, there are many 
unusual features…

Known as the ‘gravitational 
paradoxes’

On the one hand, thermal physics 
looks successful…

In certain circumstances, the 
evolution of the distribution of 
stars can be modelled using the 
collisionless Boltzmann equations, 
or the Fokker-Planck equation. 



THE DISPUTE

Some express optimism…

and others pessimism 



THE OPTIMISTS

``the usual tools and ideas of statistical mechanics do apply to 
such systems, both at equilibrium and out of equilibrium” [Bouchet 
and Barre, 2006, p. 19]. 

``Statistical mechanics of gravitating systems is a controversial 
subject. However, our modern understanding of statistical 
mechanics and thermodynamics does handle gravitational 
interactions rigorously with complete satisfaction" [Kiessling, 1999, 
p. 545].



THE PESSIMISTS  

Against the applicability of SM-TD, Rowlinson says:

Thermodynamics is essentially a human science; it started with 
steam engines and went on to describe many physical and 
chemical systems whose size is of the order of a metre. They clearly 
are inapplicable to the solar system or to galaxies. Clearly classical 
thermodynamics is not a useful branch of science in cosmology; we 
have extrapolated too far from its human-sized origins"

[Rowlinson et al., 1993, p. 873]



HOW TO RESOLVE THE DISPUTE?

Hedge our bets? 

We can do better: make peace between the optimists and 
the pessimists - by deflating the dispute between them. 

My strategy: if we are careful in delineating 
thermodynamics (TD) and statistical mechanics (SM), 
both sides can live in harmony, because…

Whilst SM applies, TD does not.  



CONTRA CALLENDER

My strategy differs from Callender (2010, 
2011), who subscribes to a cautious 
optimism:

the problems facing SGS ‘do not spell the 
end for gravitational equilibrium 
thermodynamics’ (Callender, 2011, p. 962).



OUTLINE 

1. A whistlestop tour of self-gravitating systems (SGS)

2. Some of the unusual features 

3. My strategy - and how it differs from Callender

4. Why thermodynamics does not apply 

5. Does statistical mechanics apply? 

6. SM, without TD: an explanation in terms of the thermodynamic 
limit



1. NEWTONIAN GRAVITY WEIGHS IN 

In the tabletop gases familiar from 
ordinary thermodynamics, gravitational 
interactions are negligible.

Of course, no longer true when 
considering astrophysical systems like 
galaxies.  



1. SELF-GRAVITATING SYSTEMS 

Unlike the collisions and forces in 
an ideal gas, the gravitational 
force is long-range. 



• The large scale structure of 
the stellar system determines 
the force on a given star. 

• The gravitational potential 
dominates the behaviour: 
infinite range and a 
(potentially infinite) amount 
of energy is released as two 
point particles (stars) get 
closer together.



THE NEWTONIAN 
APPROXIMATION

Of course, this is an idealisation… 

Breaks down when hydrodynamics can no 
longer be ignored

Or when the curvature of spacetime can 
no longer be ignored 



• 1011 stars 

ELLIPTICAL GALAXIES  



• spherical 
gravitationally bound 
systems of around 105 
stars 

• contain very little 
interstellar medium 
(dust and gas).

GLOBULAR CLUSTERS 



SUCCESSFUL FEATURES 

The probability that a star is found in a given region is 
encoded in the density function (DF).

For times less than the relaxation time (proportional to 
the number of stars, and the crossing time), the evolution 
of DF is given by the collisionless Boltzmann equation. 

When ‘encounters’ between stars are relevant, the 
Fokker-Planck equation is used. 



UNUSUAL FEATURES: STRONG INTERACTIONS 

For an ideal gas, the total energy E= K. 

But for SGS, E= K+U 

Entropy and energy are often not additive for 
SGS.  

Neighbouring stars do not contribute the 
majority of the influence on a given star. 



• In contrast to SGS, two 
boxes of gas only interact 
at their boundary. 

• In a box of gas, energy 
and entropy are 
extensive (scale linearly 
with the size of the 
system). 

UNUSUAL FEATURES CONTINUED… 



UNUSUAL FEATURES: NEGATIVE HEAT CAPACITY 

Negative heat capacities (adding energy 
decreases the temperature). 

For systems in virial equilibrium:

 2K+U=0, so E=-K.

Equipartition K=3/2NkT. 

So Cv=-3/2Nk. 



UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 

Lynden-Bell (1968)

Which evolutions are entropically favourable? 

Expansion - increases phase space volume

The hotter the system the higher its 
entropy since more momentum spaces 
are available. 



Whether an expansion of a SGS increases/
decreases entropy, depends on the competing 
factors: 

Expansion - increase phase space volume. 

But decreases number of momentum states 
since K decreases as work is done against the 
gravitational potential. 

UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 



When the density contrast between the edge and centre of a SGS is great 
enough, we can divide into a uniform core and halo - each in virial equilibrium. 

If a small amount of heat is transferred from the core to the halo, the core’s K 
decreases, making it favourable for the core to contract. 

Since the core has negative heat capacity, and it has lost energy - its 
temperature increases. 

The core decreases in entropy but this is more than offset by the expansion 
and cooling of the halo. 

This increases the temperature gradient between the core and halo, and so 
the process of heat transfer from the core to the halo is self-peretuating. 

UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 



Since the gravitational potential ~ 1/r is unbounded from 
below, means that this collapse could continue without 
end? 

An infinite amount of potential energy is released as two 
stars get ever closer to one another. 

No equilibrium will be reached since, according to the 
gravitational potential the core can keep contracting 
indefinitely becoming infinitely dense. 

UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 



Is this catastrophe observed? 

In general, singularities suggest the breakdown of a theory? 

“When you follow any of our physics too far, you find it always gets into 
some kind of trouble” (Feynman et al., 1964, §28.1) 

In SGS, Hut “whenever a theory predicts the occurrence of singularities, 
it has been a sign that other physical effects, which have been 
overlooked, will kick in before actual infinities are reached” (Hut, 1997). 

UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 



Globular clusters undergo this gravothermal collapse…
over a period of tens of million years. 

Formation of hard binaries provides the core with an 
energy source (Spitzer and Ostriker, 1997). 

So ‘other effects’ indeed kick in…

But there’s still no equilibrium states (in the sense of 
having maximum entropy). 

UNUSUAL FEATURES: THE 
GRAVOTHERMAL CATRASTROPHE! 



SO: does thermal physics apply to 
Newtonian astrophysical contexts?



RECONCILIATION?

Callender: to reconcile the two sides of the debate, we should take a 
broader, more liberal view of thermodynamics.  We should not ‘take 
thermodynamics too seriously’ but allow for such unusual features.

…a cautious Optimist! `these paradoxes do not spell the end of 
equilibrium thermodynamics’. 

I advocate a different view:  if we clearly distinguish thermodynamics 
and statistical mechanics, no reconciliation is required.  This is 
because phenomenological thermodynamics does not apply to these 
systems.



WHY DELINEATE  TD FROM SM?

Given the blurring of the two theories (cf. 
‘statistical thermodynamics’), why do this? 

There’s a background (and independent) 
motivation…

The reduction* of  TD to SM: requires that 
there are two distinct theories.

* N.B. the different ordering of ‘reduction’ by physicists and philosophers, which is a bit unfortunate!   



WHAT IS REDUCTION?

Controversies over the role of limits, laws 
and bridge principles…

Reduction: a theory Tt is reduced to  Tb  if the 
equations/quantities/variables of  Tt  have been 
constructed from the equations/quantities/
variables of  Tb          



TYPES OF REDUCTION

• Horizontal reduction: Special relativity and 
Newtonian mechanics is an example of ‘old-to-
new’ theory reduction.

• Vertical reduction: Statistical mechanics and 
quantum mechanics: an example of  reduction 
between different ‘scales’ or ‘levels’.  



WHY DOES REDUCTION 
MATTER?

Recovering the old or less fundamental theory (e.g. 
by taking some limit) from the new or more 
fundamental theory explains the success of the 
old theory. 

Important for scientific realism that theory 
change is not too discontinuous 

Metaphysical implications? 



Thermodynamics: state space of 
equilibrium states, parametrised by a few 
macrovariables (p,V). 

Statistical mechanics: probability 
distributions over microvariables (p,q). 

STATISTICAL MECHANICS VS. 
THERMODYNAMICS



STATISTICAL MECHANICS VS. 
THERMODYNAMICS

Drawing a line is contentious…

…but necessary! (Reduction). 

How you do so might be foundationally or 
philosophically motivated:

Conceptual priority:  SM as the 
powerhouse, or venerate TD? 



‘The law that entropy always increases, holds, I think, 
the supreme position among the laws of Nature. If 

someone points out to you that your pet theory of the 
universe is in disagreement with Maxwell's equations 

— then so much the worse for Maxwell's equations. If 
it is found to be contradicted by observation — well, 
these experimentalists do bungle things sometimes. 
But if your theory is found to be against the second 

law of thermodynamics I can give you no hope; there is 
nothing for it but to collapse in deepest humiliation.’ 

— Eddington, 1928. 



STATISTICAL MECHANICS VS. 
THERMODYNAMICS

Drawing a line is contentious…

…but necessary! (Reduction). 

How you do so might be foundationally or philosophically 
motivated:

Conceptual priority: SM as the powerhouse, or 
venerate TD? 

Gibbs vs. Boltzmannian 



REASONS TO ANTICIPATE MY 
CONCLUSION…

A. Constructive/principle theory distinction:

• Einstein famously called thermodynamics a 
‘principle theory’, in contrast to those 
‘constructive theories’ that ‘build complex 
phenomena out of relatively simple 
postulates’ (Einstein, 1919, p.228). 



A. ‘Thermodynamics, no but Statistical mechanics yes’ 
conclusion already suggested by the material reviewed: 

• no abstraction to bulk variables from microvariables of 
individual stars.

• SM entropy used in discussing the gravothermal 
catastrophe. 

• Collisionless Boltzmann equation and Fokker-Planck = 
non-equilibrium SM. 

REASONS TO ANTICIPATE MY 
CONCLUSION…



If physical theories were people, thermodynamics 
would be the village witch. The other theories 
find her somewhat odd, somehow different in 
nature from the rest, yet everyone comes to her 
for advice, and no one dares to contradict her.

(Lídia del Rio, 2016)

THERMODYNAMICS ‘CONSTRUED’



THERMODYNAMICS ‘CONSTRUED’

State space of thermodynamic equilibrium states 
(def: macro-parameters no longer vary). 

That the system will reach such an equilibrium 
state is ‘the minus first law’ (Uffink and Brown, 
2001). 

No spontaneous dynamics through state space - 
how to understand curves in this space?



Interventions (inserting pistons, thermal contact with 
heat baths etc) push the system along the curve.

Thermodynamics as 

‘control theory’ cf. Wallace (2014),  
Lavis (2017). 

‘resource theory’, cf. Horodecki and 
Oppenheim (2013) 

‘means-relative’ cf. Myrvold (2011) 
following Maxwell.  



Crucially, this requires stability - entropy is a maximum 
or heat capacity is positive (cf. Landau and Lifshitz 
(1969, p.47), Thompson (1972, p. 72 )).

One example of strange behaviour: heat baths.

Imagine: a system A with negative heat capacity in 
contact with heat bath B with TB < TA 

if |CA | < |CB |, then a new equilibrium is reached 
where both systems are now at a higher temperature. 



THERMODYNAMICS DOES NOT 
APPLY TO SGS

Prong 1:  What are the equilibrium states? 

Binney and Tremaine: there are none.

Consider the gravothermal catastrophe (which 
macrovariables over which timescales?)

Prong 2: SGS are not thermodynamically stable. 

 Initial inhomogeneities are amplified, rather than dissipated. 

No minus first law. 



TURNING TO STATISTICAL MECHANICS 

Statistical mechanics: probability 
distributions over microvariables (p,q). 

Diversion… probability 



PROBABILITIES IN STATISTICAL 
MECHANICS 

Controversial, since they are often interpreted a la Jaynes as 
involving our ignorance of the microstate of the system… 

 “Can anybody seriously think that it is somehow necessary  ... that

the particles that make up the material world must arrange themselves
in accord with what we know , with what we happen to have

looked into ? Can anybody seriously think that our merely being
ignorant of the exact microconditions of thermodynamic systems

plays some part in bringing it about , in making it the case , that (say)
milk dissolves in coffee? ” (Albert, 2003, p.64, original emphasis) 



PROBABILITIES IN SM 

Jaynesian ignorance….subjective?

Connected to us, rather than the world? 

This is part of a wider philosophical project of untangling ‘what is 
genuinely an aspect of reality from what is a kind of appearance, or 
artifact, of the particular perspective from which we regard 
reality’ (Price, 1996, p. 4). 

Especially difficult for probability: Janus-faced. 

Chances (e.g. radioactive decay) vs. credences (e.g. betting behaviour). 



There is a worry that the Jaynesian view is subjective 

Objective/subjective vs. epistemic/ontic

But there’s no intersubjective disagreement about (the values 
of) probabilities in SM - so in this sense they are objective. 

But are they epistemic? 

Myrvold says they are objectified credences. 

(Knowledge is important to TD - a Maxwellian demon operates 
by knowing more about the state of the system.)

Whether SM probabilities qualify as chances depends on your 
views on compatibilitism between determinism and chance.



BACK TO SELF-GRAVITATING SYSTEMS 

Does SM apply to SGS? 



DOES SM APPLY? 

Just similar calculational intractability for 10
11

stars as 
10

23
molecules in a gas? 

Agreed: not akin to a gas relaxing to Maxwell-Boltzmann 
distribution - there’s no SM eq (max entropy) that an SGS 
reaches.

But, in some cases, entropy is non-decreasing. 

The system approaches but doesn’t reach equilibrium (cf. 
minus first law). 



THE MAIN VERDICT

SM - YES  

TD - NO 

Peace: insofar as the optimists were talking about 
SM - they were right…

and insofar as the pessimists were talking about 
TD - they were right… 



THE MAIN VERDICT

SM - YES  

TD - NO 

Is there any explanation of this? 



SM, WITHOUT TD

Especially pressing to explain how TD and SM can come 
apart…

…If TD is reduced to SM. 

I’ve argued that SGS do not display the equilibrating 
behaviour required to be represented in the equilibrium state-
space of thermodynamics - a prerequisite for TD to apply. 

But SM goes beyond TD - and has a wider subject matter. It 
also concerns the approach to equilibrium. 



A SM DESCRIPTION WITHOUT THE 
EMERGENCE OF TD DESCRIPTION

SGS have a SM description, but without 
TD description. 

The explanation: generically, in the 
thermodynamic limit, a TD description is 
recovered from the SM description. But 
the TD limit does not exist for SGS. 



THE THERMODYNAMIC LIMIT 

The thermodynamic limit does not exist for SGS.  To 
show the limit exists, two conditions must be satisfied: 

These conditions are violated
by the gravitational potential due to

the long-range and short-range
nature respectively. 



WHAT IS THE SIGNIFICANCE OF 
THE LACK OF THE LIMIT?

“the first objective of the study of the thermodynamic 
limit is to demonstrate that in this limit, the laws of 
thermodynamics apply and to justify our statistical 
mechanical recipes for calculating thermodynamic 
functions...” (Oliver Penrose, 1979, p.1957).

But the TD limit hasn’t been shown to be a 
necessary condition for the applicability of TD. 



Nonetheless, the TDL ‘washes out’ certain differences in the 
TD and SM descriptions:

the equivalence of ensembles in this limit shows that 
the same TD phenomenology obtains regardless of 
these SM details.

in the limit, probabilistic vs. categorical differences 
washed out 

certain quantities are only truly extensive in the limt. 

WHAT IS THE SIGNIFICANCE OF 
THE LACK OF THE LIMIT?



Given the two theories, TD and SM are 
interwoven, how do we have the 
applicability of one without the other? 

The TD limit connects the two theories 

And since the limit does not exist for SGS, 
we should be less surprised that they 
come apart.  



I’ve argued for a narrower view of TD - 
and claimed that TD doesn’t apply to 
SGS. 

A more general question: what is the 
scope of thermodynamics? 

WIDER CONSEQUENCES: THE 
SCOPE OF THERMODYNAMICS



THE SCOPE OF 
THERMODYNAMICS 

This is a controversial question: does TD apply to black holes, and 
quantum systems? 

Many eminent people have lauded the scope of thermodynamics. 

Atkins (2007, preface) claims: “The second law is one of the all-time great 
laws of science, for it illuminates why anything — anything from the 
cooling of hot matter to the formulation of a thought — happens at all.” 

Such a view originates with Planck:  “Every process occurring in nature 
proceeds in the sense which the sum of the entropies of the bodies taking 
part increases” (Planck 1926, p. 463). 



–Einstein, as quoted by Klein (1967, p. 509).

“[Thermodynamics] is the only physical theory of 
universal content, which I am convinced, that within the 

framework of applicability of its basic concepts will 
never be overthrown” 



– Maxwell (1891) as quoted by Cercignani (1998). 

’Hence the SL of TD is continually being violated, and that to a considerable extent, 
in any sufficiently small group of molecules belonging to a real body. As the number 
of molecules in the group is increased, the deviations from the mean of the whole 

becomes smaller and less frequent; and when the number is increased till the group 
includes a sensible portion of the body, the probability of a measureable variation 
from the mean occurring in a finite number of years becomes so small that it may 

be regarded as practically an impossibility

The Maxwellian view of TD: only applicable to systems with large no. 
of DOF, and contingent on our inability to manipulate individual 

molecules. 



But one might wonder how these grand claims about 
thermodynamics fit with my construal of thermodynamics. 

My construal of thermodynamics was narrow: and so, one 
might read those who venerate thermodynamics as referring 
a wider set of ideas than my construal of ‘thermodynamics’. 

For example, Milne (1930) distinguishes (i) the narrow sense 
I have endorsed from (ii) the wider meaning of 
‘thermodynamics’ as the science of all phenomena involving 
temperature. So in the passages venerating thermodynamics, 
the term ‘thermodynamics’ may have Milne’s second sense: 
‘thermodynamics’ may refer to all of thermal physics. 



My conclusion that TD does not apply to SGS, at least suggests 
that we should be careful in assuming that TD is universal.

Black holes, proteins…psychology…

Of course, one could endorse a wider, more liberal 
interpretation of thermodynamics - let a thousand flowers 
bloom (pluralism is often good). 

 But for resolving the dispute (and for considering reduction), 
the interpretation of thermodynamics here helps. 

WIDER CONSEQUENCES: THE 
SCOPE OF THERMODYNAMICS



TO SUM UP

Contra Callender, the physics of SGS does not compel us to take a broader view of 
thermodynamics. 

SGS: SM yes, TD no - peace between the Optimists and the Pessimists.

Why? Because the thermodynamic limit does not exist for SGS.

The laws of thermodynamics are recovered from the statistical mechanical 
description in the thermodynamic limit. 

Is the thermodynamic limit necessary for thermodynamic behaviour? No - they 
could exist some counterexample — but SGS are not it.

Nonetheless, SGS give us reason to be cautious about the universality of 
thermodynamics? 
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