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Abstract   The thermodynamic interaction at thermody-
namic equilibrium in the free fermion gas is described in an 
alternative way by the coupling of particles with a scalar 
thermodynamic field that features self-interaction. This al-
ternative coupling is similar to the Higgs coupling and is 
helpful in understanding the temperature transformation at 
thermodynamic equilibrium under the Lorentz boost. As this 
coupling is applied in the abelian interaction fermion gas, 
nothing nontrivial is obtained. However, an interesting thing 
happens in the nonabelian interaction fermion gas where the 
difference appears for the diagonal and off-diagonal inter-
mediate bosons as the Higgs-like coupling is added. 
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1  Introduction 

In thermodynamics, it was once a big controversy how the 
apparent temperature transformed under the Lorentz boost 
(e.g., see Refs. [1―7]). The discussion on this controversy 
still seems to be going on (e.g., see Refs. [8―11]). This 
controversy may be necessarily related to how to define the 
proper temperature and how to treat the thermodynamic in-
teraction in a covariant framework. The non-linearity as well 
                                                  
JIANG Wei-zhou ( )  
Institute of Applied Physics,  Chinese Academy of Sciences,  
Shanghai 201800, China 
Center of Theoretical Nuclear Physics, National Laboratory of Heavy 
Ion Accelerator, Lanzhou 730000, China 
E-mail: jiangwz02@hotmail.com   
 
Received May 22, 2006 

as non-inertia due to bremsstrahlung processes and multiple 
collisions in the thermal system is quite beyond the kinetics 
described by equations of motion for free fermions. The 
usual way is to use the statistical approach in the thermody-
namic interaction. Alternatively, one may try other ways. 
Considering that the interaction is mediated by intermediate 
bosons, we may mathematically introduce the appropriate 
intermediate boson (or denoted as the thermodynamic field) 
to describe thermodynamic interactions for the fermion gas 
at thermodynamic equilibrium. The purpose of introducing a 
thermodynamic field is that we believe problems involving 
the apparent temperature transformation are much easier 
carried out in a covariant framework. It is well known that it 
is easy to involve a boson-mediated interaction in the rela-
tivistic covariant framework. To fulfill this attempt, it is 
technically necessary to begin with two senarios for the 
proper mass at thermal environment and thermodynamic 
equilibrium. The first senario is that the mass modified by 
the heat carried is still observed as the proper mass at the 
rest frame, which abides by the idea of defining the proper 
mass. The second senario is that the thermodynamic equilib-
rium is unchanged under the Lorentz boost, which was once 
adopted in Ref. [9]. 

The mass increase (or acquisition) is usually related to the 
spontaneous-symmetry-breaking property of the field. It is 
necessary to investigate the corresponding property of the 
thermodynamic field. Besides the perfect fermion gas, we  
can also go into the interacting fermion gas. It is convenient 
to investigate the interactions in the fermion gas by intro-
ducing the covariant derivative, since the interactions of 
fermions are fixed by the gauge invariance [12]. The gauge 
bosons acquire the mass through coupling with the field 
which displays the spontaneous breakdown of symmetry 
under the internal Lie group [13―15]. This leads to an in-
teresting exploration: On what will take place for gauge 
fields as the thermodynamic field increases the mass of fer-
mions. 
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We will restrict ourselves to the point under the classical 
limit, and that allows us apply the equipartition of thermo-
dynamic energy conveniently. The arrangement of the paper 
is as follows. In the next section, thermodynamic interac-
tions in the free fermion gas are described in the relativistic 
field theory and the property of the thermodynamic field is 
investigated. The transformation of the apparent temperature 
under the Lorentz boost is given as an evidence of the ap-
plicability of our treatment. In Section 3, the thermal influ-
ence on the abelian and nonabelian gauge interactions will 
be then investigated in turn. A brief summary is given in the 
last section. 

 

2  Thermodynamic interactions and temperature 
transformation 
The most favorable bosons are the scalar and vector ones. In 
the relativistic frame, the vector meson has four components. 
The spatial part of the vector boson will couple to the 
non-zero thermodynamic current, which violates thermody-
namic equilibrium. One may choose a special frame where 
the current is zero, but the current may appear by performing 
a Lorentz boost. Since we consider that the second scenario 
is appropriate, the existence of the vector meson is excluded. 
Consequently, only the scalar boson mediates the thermo-
dynamic interaction at thermodynamic equilibrium. The 
coupling of the scalar boson with the fermion may be con-
sidered as the heating, which increases the fermion mass. 
The usual scalar coupling decreases the fermion mass. In 
order to realize the mass increment, the self-interaction of 
the scalar boson has to be introduced. The idea for doing so 
is similar to that for the pseudoscalar field [16] and for the 
Higgs scalar field [13, 14]. 

The scalar boson field, noted as the thermodynamic field 
below, is described by the following Lagrangian: 

2 2 41 ( )
2 4

µ
τ µ τ τ τ τ τ

λφ φ µ φ φ= ∂ ∂ − −L                  (1) 

where µτ  and λ are the constants with 2
τµ  < 0 and λ > 0.  

where, we need to obtain the real mass of .τφ  The vacuum 

solution of field τφ  is obtained as 

20 2 / ,τ τφ µ λ= − by mini-
mizing the potential. The constant vacuum field is symme-
try-breaking under the reflection of internal field space. 
Substituting 

0 2 /τ τ τφ φ φ µ λ φ= + = − +                        (2) 

into Eq. (1), it becomes 

L 2 2 0 3 4
 

1 (  )
2 4

mµ
τ µ τ τ

λφ φ φ λφ φ φ= ∂ ∂ − − −  (3) 

where the real mass of φ  is obtained to be 22 .mτ τµ= −  
Now, the vacuum of the thermodynamic field is actually 
redefined and is symmetric under field reflection, while the 
reflection symmetry of Lτ is broken due to the term 0 3

τλφ φ− . 

The scalar thermodynamic field defined here is in a form 
similar to the Higgs field, and its spontaneoussymmetry- 
breaking property under internal Lie groups can be found in 
Refs. [13―17]. 

The total Lagrangian which contains the fermion,  
thermodynamic field, and the Yukawa coupling between 
them is 
L (i )m gµ

µ τ τψ γ φ ψ= ∂ − − +Lτ                                                         (4) 
where ψ  is the Dirac spinor, and m is the proper mass of the 
fermion. In homogeneous thermal matter, the scalar field φ   

is given as: 
0 2 3

2
1 ( 3 )g

m τ τ
τ

φ ψψ λφ φ λφ= − − −                  (5) 

In an alternative description for the thermodynamic interac- 
tion, the real-mass boson does not always suggest the defi- 
nite existence of the boson. Actually, a scalar boson that 
serves the role like Higgs bosons has not been found yet.  
Alternatively, one may take the boson mass mτ as large 
enough. In this way, the field φ  will be as small enough. 
Now, the thermal heat of the system may just be determined 
by the term 

0gτ τψφ ψ in Eq.  (4). The homogeneous thermo- 
dynamic equilibrium of the fermion system can be elabo-
rated by the coupling with the isotropic field vacuum 0

τφ .  
Thus, it is actually the broken vacuum of the scalar field that 
plays the very role, in analogy to that of the Higgs field in 
gauge theories [13―15]. 

The potential 
0gτ τφ  is a homogeneous quantity, which in- 

dicates the application of the equipartition theorem that  
holds for the classical limit is consistent with our treatment. 
The fermion mass measured at the rest frame is thus 

 

 

* 0
0m m g m Tτ τφ κ= + = +   (6) 

with κ= 3 and 3/2 for the relativistic and nonrelativistic lim-
its, respectively. The derivation of Eq. (6) implies that it 
is reasonable to take mτ as large enough. Otherwise, it will 
lead to the inequality m*≠m+ κ T0 for finite mτ not large 
enough. The proper temperature T0 in the free fermion gas,  
which is proportional to the modification of the proper mass  
of fermions as given in Eq. (6), is a Lorentz scalar, consis-
tent with the first senario. This definition of the proper tem-
perature is also consistent with the idea of introducing a  
proper temperature demonstrated in Ref. [11]. 

It may be straightforward to work out various Lorentz 
ransformations for the apparent temperature based on the 
Lorentz structure of Lagrangian. For a moving body, one 
needs to measure the apparent temperature T. It is able to 
obtain various apparent temperatures without violating the 
relativity principle and the structure of the Dirac equation.  
There is the following relation for the total energy E of one  
particle in a co-moving system: 

2 *2 *
0E p m m m Tγ γ κ γ= + = = +  (7) 

where the apparent temperature is given as T = T0γ , which  
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is the result of Refs. [2―5]. On the other hand, we note that 
the density of thermal heat 0 ,gτ τ τρ ψφ ψ= is a Lorentz 

scalar, while the total thermal heat Q° = 3d x τρ∫ is not a Lor- 
entz scalar due to the volume element d3x. According to the 
definition /T Q S= ∂ ∂  with S the entropy, it has the rela- 
tion T = T0 /γ which is the result of Refs. [6, 7]. The distinct 
difference arises from the different measurement. The for- 
mer is by means of the mass measurement, while the latter is 
through measuring the volume. The different measurement 
actually corresponds to different definitions or deduction of 
the apparent temperature. 

 

3  Higgs-like coupling in gauge fields 

The thermodynamic interaction has been alternatively de-
scribed through the scalar boson coupling in the free fermion 
gas above. Now, let’s investigate a more realistic system the 
interacting fermion gas. The interaction forms of the inter-
acting fermions are fixed by the gauge invariance [12]. The 
applications of gauge theories can be found, for instance, in 
Refs. [15, 18]. In the following we will in turn investigate 
gauge interactions in U (1) and SU (3) symmetries as two 
examples. 

The abelian interaction in U (1) symmetry (e.g., the elec-
tromagnetic interaction) is simple. In this case, the coupling 
of fermions with the thermal bath is through the exchange of 
the charge neutral thermodynamic field. Hence, there is no 
coupling between the gauge boson and thermodynamic field 
in U  (1) symmetry, that is, the covariant derivative Dµ equals 
to the partial derivative µ∂ . It is obvious that the Higgs-like 
thermodynamic coupling has no influence on the gauge field 
in U (1) symmetry. Considering the different structure of the 
nonabelian gauge field from the abelian one, we turn to in-
vestigate whether there is the thermodynamic effect on 
nonabelian gauge fields. 

We take the thermodynamic interaction in the color SUc (3) 
symmetry as an example. In the Lagrangian the partial de-
rivative µ∂  with the covariant derivative Dµ µ= ∂ −  
igAµ with g the coupling constant. The gauge field is ex-
pressed with respect to the generators  λ  in matrix form as 

/ 2,A Aα α
µ µλ= with α  =1,…, 8 in SUc (3) symmetry. The 

classical Lagrangian involving the gauge field can be given as 

L (i )D m gµ
µ τ τψ γ φ ψ− −=   

21Tr [( ) ( )]
2

D Dµ
µ τ τ τ τ τφ φ µ φ φ⎧ ⎫−⎨ ⎬

⎩ ⎭
+ † †

2 1(Tr[ ])  
4 4

F Fα αµν
τ τ µν

λ φ φ −†     -  (8) 

where the trace is over the internal color space. Mathemati- 
cally, there can be terms linear in Trφτ , 3Tr ,τφ and Tr 2( )τ τφ φ† . 
Assuming the reflection symmetry for the thermodynamic 

field  φτ →- φτ , the terms having the odd powers are ruled 
out. Without involving the term linear in Tr 

† 2( ) ,τ τφ φ  one 
may obtain the field vacuum 

0 2
0

Tr( ) /τ τ τ τφ φ φ µ λ= = −†  (9) 

which is a natural extension of the vacuum of O (1) symme-
try given by Eq. (4). In this way, it is simple to perform the 
rotation in the internal space without adding more assump-
tion on the vacuum value of thermodynamic fields. In order 
to keep the hermitian constraint for the Lagrangian, the field 
φτ should be hermitian, i.e., † .τ τφ φ= The gauge field strength 
tensor is 

  F A A gf A Aα α α αβγ β γ
µν µ ν ν µ µ ν= ∂ − ∂ +  (10) 

with f αβγ the antisymmetric structure constants. The covari-
ant derivatives for the fermion and thermodynamic field are 
defined, respectively, 

( i / 2)D gAα α
µ µ µψ λ ψ= ∂ −  

  i [ ,  ]
2
gD Aα α

µ τ µ τ µ τφ φ λ φ= ∂ −  (11) 

Under the gauge transformation 
1 1,  S S Sτ τψ ψ φ φ− −′ ′= =  

1 1
 

iA S A S S S
gµ µ µ

− −′ = + ∂  (12) 

where S = exp [i θ α (x)λα /2] with θ α (x) the gauge functions, 
the Lagrangian (8) is invariant. 

Because thermodynamic interactions exist for fermions 
with various charges (colors), the hermitian matrix of ther-
modynamic fields is not required to be diagonalized. Similar 
to the non-interacting case, the apparent consequence re-
sulting from the thermodynamic interaction is the modifica-
tion of the fermion mass. We therefore need to perform the 
diagonalization for φτ. The hermitian matrix can be diago-
nalized through the unitary transformation as follows: 

1
2

3

        exp i exp i
2 2                

α α α ατ
ττ

τ

φ
ξ λ ξ λφφ

φ

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟= −⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠
⎝ ⎠

 (13) 

In diagonalized form, the φτ vacuum quantity is 0
τφ =  

20 ,ii τφ∑ and one may choose any of the following forms to 

express the vacuum in the tensor form 
0

0

0

0 0
      0 ,        ,        0
            0              0             

τ
τ

τ

φ
φ

φ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟ ⎜ ⎟= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

v  (14) 

Any one of tensor vacua can be rotated to other forms by the 
symmetry-breaking generator λβ such as performing λβ 
vββ λβ. The thermodynamic field can be parametrized based 
on the given vacuum. The parametrization is simple as know-
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ing that the diagonal elements in Eq. (13) are the real quanti-
ties. We just need to replace the medium matrix in Eq. (13), 
and it is 

exp i ( )exp i
2 2

u
α α α α

τ
ξ λ ξ λφ

⎡ ⎤ ⎡ ⎤
= + −⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
v  (15) 

where u is also in the matrix form as v but with the zero vac-
uum quantity is substituted by the field φ. In order to give 
the modification to the fermion mass of all colors by  

thermodynamic interactions, three forms of vacuum are 
needed. Thus the Lagrangian should involve thermodynamic 
fields with all of three vacuum choices, and for simplicity it 
is not rewritten here. 

In a standard parametrization of Higgs mechanism [15], 
the fermion mass can be modified and massless Goldstone 
bosons [16] will be exorcised.  In the parametrized expres-
sion of φτ given in Eq. (15), Goldstone bosons are described 
by tensors [λβ, v ]ξ β  which satisfy the relations 0βλ ≠v  

and ( ) 0β βλ λ= ≠†v v  with M  (< 8) choices for β . To ex-
orcise massless Goldstone bosons we just need to perform 
the gauge transformation given in Eq. (12) under the unitary 
gauge .α αθ ξ=  

A straightforward consequence of the coupling between 
the gauge and thermodynamic fields is the generating of 
gauge boson masses, abiding by the Higgs mechanism. The 
mass term of the gauge field is obtained from the term (Dµ 
φ)† D 

µ
 φ in Eq. (8). To acquire the effective gluon mass, we 

just need sum up the terms linear in v2 contained in (Dµ φ)† 
Dµφ over three vacua as 

2
2 Tr{[ ,  ][ ,  ]}

4
gm A A A Aα αµ α α σ σ

α µ µ µλ λ= − ∑
v

v v  (16) 

with α, σ = 1,…,  8.. Thus, the effective gluon masses are 
0 ,   for  3, 8m gα τφ α= ≠  (17) 

For 3Aµ  and 
8 ,Aµ they remain massless. 

An important procedure adopted above is the diagonali-
zation, which is actually the decolorization of thermody-
namic fields. Through the decolorization of thermodynamic 
fields, six off-diagonal gluons acquire effective masses. It is 
difficult to say that the acquired mass is related to the Debye 
screening since in U (1) symmetry where the same proce-
dure is applied nothing is acquired for the gauge boson. 
However, it is interesting to note that the difference of di-
agonal and off-diagonal gauge bosons is observed in our 
treatment. 

  

4  Summary 
This work is an exploration based on some considerations 
on the thermodynamic equilibrium under the classical limit 

 

and temperature transformation under the Lorentz boost. 
Different from the conventional statistical treatment, the 
thermodynamic interaction in free fermion gases is alterna-
tively described by the exchange of a scalar boson, based on 
notions of the relativistic field theory and the senarios for 
thermodynamic equilibrium. The scalar boson field (ther-
modynamic field) features self-interaction like the Higgs 
scalar field. The modification of the fermion proper mass in 
the thermal bath is equivalently described by the coupling 
with the symmetry-breaking vacuum of the scalar thermo-
dynamic field. It is helpful for the introduction of the Higgs- 
like coupling to understand the apparent temperature trans-
formation under the Lorentz boost. In our description, dif-
ferent transformations of the apparent temperature can be 
obtained from the various measurement.  

We further make an exploration of the thermodynamic in-
fluence on the gauge fields based on the same ideas. No 
thermodynamic influence is obtained for the abelian gauge 
field. The interesting thing happens in the nonabelian inter-
action fermion gas [in SUc (3) symmetry]: The different 
mass acquisition appears for the diagonal and off-diagonal 
intermediate bosons as the Higgs-like thermodynamic inter-
action is added. No evidence is shown that the acquired 
mass of off-diagonal gauge bosons is related to the Debye 
screening. 

Acknowledgements  This work was partially supported by CAS Knowl-
edge Innovation Project No.KJCX2-N11, the National Natural Sciences 
Foundation of China under grant No.10405031. The author is grateful to 
Prof. Ai Xiao-bai for his helpful discussion. 

 

References 
1. Haar D.ter and Wergeland H., Phys. Rept. C, 1971, 1: 31 
2. Eidington A. S., The mathematical theory of relativity, Cambridge 

Press, 1957  
3. Li F.L., Prog. Phys., 1989, 9: 362 
4. Ott H., Z. Phys., 1963, 70: 175 
5. Mφller G., Relativistic thermodynamics, Kφbenhavn, 1967 
6. Einstein A., Jahrbuch D., Radioaktivitat und Elektronik, 1907, 4: 

411  
7. Planck M., Preuss S. B., Akak. Wiss, 1907, 542 
8. Landsberg P. T., Phys. Rev. Lett., 1980, 45: 149 
9. Aldrovandi R. and Gariel J., Phys. Lett. A, 1992, 170: 5 

10. Fenech Ch. and Vigier J. P., Phys. Lett. A, 1996, 215: 247 
11. Landsberg P. T. and Matsas G. E. A., Phys. Lett. A , 1996, 223: 401 
12. Yang C. N. and Mills R. L., Phys. Rev., 1954, 96: 191 
13. Higgs P. W., Phys. Rev. Lett., 1964, 12: 132 
14. Higgs P.W., Phys. Rev., 1966, 145: 1156 
15. Abers E. S. and Lee B. W., Phys. Rept. C, 1973,  9: 1 
16. Goldstone J., Nuovo Cimento, 1961, 19: 154 
17. Goldstone J., Salam A., and Weinberg S., Phys. Rev., 1962, 127: 965 
18. Moriyasu K., An elementary primer for gauge theory, World Scien-

tific press, 1983

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


