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In this paper we briefly review main ideas underlying the constraints 
on exotic physics coming from Astrophysics already used by the others. 
Next we present a new bound coming from the White Dwarf cooling. Such 
stringent bound is possible due to accurate measurements offered by astro- 
seismology. Specifically we consider the G117-B15A pulsating white dwarf 
(ZZ Ceti star) for which the speed of the period increase has been accu
rately measured for its fundamental oscillation mode. It has been claimed 
that this mode detected in G117-B15A is perhaps the most stable oscillation 
ever recorded in the optical band. Then we review our result concerning the 
bounds on compactification scale in the theory with large extra dimensions 
according to Arkani-Hamed, Dimopoulos and Dvali. Because an additional 
channel of energy loss (Kaluza-Klein gravitons) would speed up the cooling 
rate, one is able to use the aforementioned stability to derive a bound on 
compactification scale. We find the lower bound on compactification scale 
to be M s > 14.3 TeV/c2 which is more stringent than solar or red-giant 
bounds, as well as the bound coming from LEP. In final section we point out 
that pulsating hot “pre-White Dwarf” PG 1159-035 (GW Virginis) whose 
oscillation period increases at the rate of the order of magnitude larger than 
predicted could be a promising object for further investigations.
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1. In tro d u ctio n

Last century witnessed a successful application of standard  physics in 
elucidating the properties of celestial bodies which consequently can be used 
as a source of — sometimes strong — bounds. The idea th a t astrophysical 
considerations can constrain “exotic” physics is not a new one. For example 
it has been implemented to  constrain the axion mass [1]. The main idea 
here is th a t if “exotic” physics to be tested predicts the existence of weakly 
interacting particles which can be produced in stellar interiors such weakly 
interacting particles would serve as an additional source of energy loss in 
many ways influencing the course of stellar evolution.

There are three main sources of astrophysical bounds invoked in this con
text. F irst is the Sun which is a hydrogen burning main sequence star with 
radiative interior. Back reaction in response to increased energy loss results 
in rising the internal tem perature and shrinking of the radiative interior (for 
details see [1]). Because enhanced tem perature increases the rates of nuclear 
reactions this would exacerbate solar neutrino problem. Moreover, helioseis- 
mologv provides an accurate estim ate of the internal profile of isothermal 
sound speed squared [2]. The most accurate value of this quantity, which is 
proportional to tem perature, refers to  the radius r  =  0.2 i?Q. This provides 
an effective mean to  constrain exotic sources of energy loss.

The second source of bounds comes from red giants — stellar evolution
ary phase after the hydrogen has been exhausted and which lasts until the 
helium ignition takes place during the so called helium flash. Additional 
cooling would result in one of the following effects. First of all helium flash 
would not occur if cooling was too effective. If additional cooling is less ef
fective (so th a t helium flash eventually takes place) the red giant tip  on the 
Hertzsprung-Russel diagram would be located higher above the Horizontal 
Branch and the tim e spent on a Horizontal Branch would be shortened. All 
these effects could be tested on HR diagrams for globular clusters [1].

The last and the most effective of traditional sources of bounds comes 
from SN1987a — more specifically from the observed duration of neutrino 
pulse. The pulse would be shortened had the nascent neutron star cooled 
down more rapidly than  standard  theory predicted.

In this paper we consider another class of astrophysical objects for which 
the cooling ra te  is known from observations, namely the pulsating white 
dwarfs. We will focus our attention on ZZ Ceti star (¡117-Bio A which was 
considered previously as a tool of testing fundam ental physics (in the context 
of axion emission) [1,3] and then we will extend our discussion to  the hot 
pre-white dwarf star GW  Vir for which there exist reliable da ta  on the rate 
of cooling.



2. W hite dwarf astroseismology as a probe of cooling rate

As we have already pointed out, the main idea of astrophvsical con
straints on exotic physics is to consider the effects1 of additional cooling 
mechanism offered by new kinds of weakly interacting particles predicted by 
these theories.

W hite dwarfs constitute another class of objects where astronomical ob
servations provide useful limits on new stellar energy losses. These compact 
objects are the rem nants of stars with initial masses of up to  several M Q 
after they ascended the asym ptotic giant branch, had lost their envelopes 
in the planetary nebula stage and developed a degenerate carbon-oxvgen 
core2. Their subsequent evolution is governed by cooling, first dom inated 
by neutrino losses throughout their volumes, later by surface photon emis
sion. This suggested a very simple approach first form ulated by Mestel [4]. 
If we assume th a t surface photon emission (therm al cooling) is the main 
source of white dw arf’s energy one can write:

dU d U d T  „  „ dT
L = - * = S r * = ^ ° ’ M * '  (1)

where U denotes the internal (thermal) energy of the star, T  is the central 
tem perature, M  is the mass of the white dwarf and Cv is constant volume 
heat capacity. To solve this equation one needs a relation between L  and T. 
Such a relation can be obtained from the structure equations assuming an 
analytic power law expression for the opacity (K ram er’s law). In the end 
one can write the following formula relating the luminosity L  and central 
tem perature T:

—  =  9.743 l (T 21T 3-5 . (2)
M  M Q v '

During past few decades, astronomers inferred the cooling speed obser- 
vationallv from the white dwarf luminosity function, i.e. the white dwarf 
number density per brightness interval. The m easured luminosity function 
reveals th a t there are few bright white dwarfs and many faint ones. The 
shape of best fitted line is in good agreement with the M estel’s cooling law 
(at least at the faint end of the curve where photon cooling is a dom inant 
process). This is somewhat surprising but it owes to  the fact th a t sev
eral later improvements in the theory of white dwarfs cooling and structure 
turned out to  have cancelling effects when integrated over whole evolution
ary tim e span. The observed luminosity function dips a t the bright end due

1 We actually use th e  accuracy to  which the observations of real objects agree w ith our 
standard  theoretical picture to  derive the bounds.

2 The mass of the resulting white dwarf sta r is typically of order of 0.6 M©.



to  neutrino emission which quickly switches off as the star cools. The lumi
nosity function drops sharply at the faint end. Even the oldest white dwarfs 
have not yet cooled any further, implying th a t they were born 8-12 Gvr 
ago, in good agreement with the estim ated age of the galaxy. Therefore, a 
novel cooling agent cannot be much more effective than  the surface photon 
emission. This was the main conclusion used so far in discussing the astro- 
physical bounds for exotic physics derivable form the astrophysics of white 
dwarfs [1].

Now, with an advent of astroseismological techniques we have at hand 
a new more accurate possibility of tracing actual ra te  of white dwarf cool
ing. Namely, in a certain range of surface tem peratures white dwarfs are 
pulsationallv unstable and are observed as the so called ZZ Ceti stars. The 
pulsation period of such stars, which is of the order of a few minutes, de
pends on the luminosity, and the period decrease gives a direct information 
about the cooling speed. Let us be a little bit more specific on this issue.

Extensive theoretical studies of non-radial oscillations of white dwarfs 
had been carried out long tim e ago [5]. Appropriate theory of stellar os
cillations consists in linearising the Poisson equation as well as equations 
of momentum, energy and mass conservation with respect to small non
radial perturbations [6]. These perturbations (which in ZZ Ceti stars are 
the so called g-modes) can have oscillatory behaviour oc exp(—iat),  where 
a 2 oc —A. The quantity  A  is determined by therm odynam ical properties 
of stellar m atter: A  =  _  _j_A!-ILÊ where: p denotes the density, r  —
radial coordinate, p  is the pressure and A  is the first adiabatic index [6]. 
It is also illustrative to  see the connection between oscillations and convec
tive instability. Namely, if an element of a stratified spherically symmetric 
fluid is displaced from the radius r  to r  +  dr then the buoyancy force per 
unit volume acting upwards on this element is pgA8r. Hence if A  <  0 the 
element tends to  return  to the original position (we say th a t fluid is stable 
against convection) and in dissipationless fluid the element oscillates with 
the so called B runt-V aisaila frequency N,  where N 2 =  — Ag.  For small |A| 
frequencies of the g-modes are approxim ately equal to  the Brunt-V aisaila 
frequency.

Now, for a zero-tem perature degenerate electron gas A  =  0 meaning th a t 
no g-modes are supported. However, if non-zero therm al effects are taken 
into account one can show [5] th a t A  oc T 2 and consequently oc T  i.e. the 
periods scale like 1 /T  where T  is the central tem perature. Consequently, 
the increase of the pulsation period can be calculated from the following 
formula:

CVM WDT  ■
L



In the second part of the above formula (equality) the aforementioned Mestel 
cooling law has been applied [4].

The conclusion is th a t from the ra te  of period increase one is able to 
extract the rate  of tem perature decrease — hence the cooling speed. Now, 
let us suppose th a t astroseismological da ta  provided us with the observed 
speed of pulsation period increase P0bs- Independently to  this observable 
quantity, we have our theoretical expectations3 concerning an analogous 
quantity  P0 without additional cooling. If we confront observations with 
theory we can expect two situations: a disagreement and an agreement. In 
the first case disagreement means th a t Pobg > Po4 then one can interpret 
this as an indication of a new channel of energy loss operating with the 
luminosity / .nev.-:

where P 7 represents standard  photon cooling.
The second case is more delicate. Had the observations an infinite pre

cision one would say th a t agreement excluded any new channels of energy 
loss. In practice we speak about an agreement only in a statistical sense, 
i.e. th a t the theoretical value P0 lies within say 2a  confidence interval of 
P0bs- Then one can use an upper 2a  value of Pobg (let’s denote it P0bs,upper) 
to  derive a bound:

as an estim ate for how much of hypothetical new energy loss is allowed by 
observations combined with the standard  theory.

3. G117-B15A as a source of constraints on exotic physics
ZZ Ceti variable star G117-B15A has already been a well recognised 

object in the context of astroparticle physics [1,3]. Since its discovery in 
1976 [7] G117-B15A has been extensively studied. Regarding its variability 
the observed periods are 215.2, 271 and 304.4 s together with higher har
monics and linear combinations thereof [8]. Using the da ta  accumulated over 
the period 1976-1991 Kepler derived an upper limit to  the rate  of increase of 
main pulsation period P  =  215.2 s as P  =  (12.0 ± 3 .5 )  x H T 15 s s ” 1. This 
rate  appeared to  be about 2-3 times as big as th a t accommodated within

3 Based on the standard  theory of stellar structure and evolution, bu t also on the 
knowledge of actual s ta r’s param eters like mass, effective tem perature, chemical com
position of the  core and the  envelope, which are determ ined observationally.

4 The case P0bs <  P o  would mean th a t there is something fundam entally wrong either 
w ith theory or w ith observations — so in our context th is situation is inconclusive.

(5)



standard  CO dwarf models which predicted P  =  (2 — 6) x 10-15 s s " 1. 
This m otivated Isern et al. [3] to conjecture th a t axion emission could be 
responsible for the phenomenon. Very recently, with a much longer time 
interval of acquired data, Kepler et al. [20] recalculated the rate  of period 
increase and found significantly lower value of P  =  (2.3 ±  1.4) x 10-15 s s- 1 . 
Hence it has been claimed th a t the 215.2 s mode of G117-B15A is perhaps 
the most stable oscillation ever recorded in the optical band (with a stability 
compared to  millisecond pulsars [9]).

This circumstance made it possible to derive bound on axion mass [9] and 
the compactification scale M s in the theory with large extra dimensions [10].

3.1. Constraints on large extra-dimensions

The interest in physical theories with extra spatial dimensions has re
cently experienced considerable revival. In particular, it is has been con
jectured [11] th a t compactification scale could be at the order of a TeV, 
corresponding to a weak-scale string theory. Such a low compactification 
scale is attractive from experimental perspective. In this theory, gravity is 
essentially n  +  4 dimensional whereas all other physical fields are confined to 
4-dimensional brane. The relation between the Planck mass in 4 dimensions 
(Mpi =  1.2 1019 G eV /c2), the string mass scale in 4 +  n  dimensions M s and 
the radius R  of extradim ensional space reads:

f h \ n M l ,
R n  =  ( -  )   J P -  , (6 )

where Qn is the volume of the unit n-sphere. Present laboratory limits [14] 
give 1 TeV as lower bound on M s. Assuming th a t M s is of order of TeV 
(sustaining the hopes of experimental verification of multidimensionality of 
the world) one can immediately rule out n  =  1 because in th a t case one would 
expect modified gravity a t distances R  «  1015 c m  which is not observed.

At an energy scale much lower than  compactification scale, one can con
struct an effective theory of KK gravitons interacting with the standard 
model fields [12]. Barger et al. [13] have calculated Kaluza-Klein gravi
ton emissivities in five processes interesting from astrophvsical perspec
tive: photon-photon annihilation, electron-positron annihilation, G ravi- 
Com pton-Prim akoff scattering, Gravi-brem sstrahlung in a static  electric 
field and nucleon-nucleon brem sstrahlung. Kaluza-Klein gravitons can cou
ple to photons which leads to  the first process, similarly electron-positron 
pair can annihilate into Kaluza-Klein gravitons, in the th ird  process scat
tering of photons by electrons may lead to Kaluza-Klein graviton emission 
via Com pton or Primakoff processes (conversion of photons into K aluza- 
Klein gravitons) — respective Feynman diagrams can be found in [13]. First



of the last two processes consists in brem sstrahlung emission of K aluza- 
Klein gravitons in static  electric field of ions, the next one is similar — 
the brem sstrahlung emission of gravitons by nucleons (in electric field of 
nucleons). One can expect th a t first process becomes effective in hot stars 
where the photon density is large enough, the second one in stars with abun
dant electron-positron pairs (i.e. mainly the protoneutron or young neutron 
stars) etc.

Because white dwarfs are dense and cool one can expect th a t dom inant 
process of Kaluza-Klein graviton emission is gravi-bremsstrahlung of elec
trons. The specific (mass) emissivitv estim ated by Barger et al. [13] is

* =

• -

where T  is the tem perature of isotherm al core, p is the density, n e and rij are 
the number densities of electrons and ions, respectively. Total Kaluza-Klein 
graviton luminosity can be obtained as

MWD

L k k  =  J £ d m . (9)

o

The white dwarf pulsator G117-B15A has a mass of 0.59 M Q, effective 
tem perature T eg- =  11620 K [17] and luminosity log( L / L q ) =  ^2 .8  [18] 
(i.e. L j  =  6.18 x 103° e rg s -1 ). Typical model for such CO star predicts 
the central tem perature T  =  1.2 x 107 K [9] and m atter density p =
0.97 x 106 g cm - 3 . We assume th a t mean molecular weight per electron is 
p e «  2. This allows us to estim ate electron number density n e. Following 
detailed calculations by Salaris [19] chemical composition of the core has 
been taken as 83% of oxygen by mass and remaining 17% of carbon. Then 
by virtue of electric neutrality  of the star one is able to estim ate rij. Now we 
can estim ate the power radiated away from the white dwarf core in the form 
of Kaluza-Klein gravitons Lkk- In order to  derive the lower bound on M s 
one can take (in the role of P0bs,upper in (5)) an upper 2a limit of P  equal to 
5.1 x 10-15 s s-1 [20]. Following [9] we assume Lo =  3.9 x 10-15 s s- 1 . By 
virtue of relation (5) one can verify th a t recently established secular stability 
of the fundam ental oscillation mode of G117-B15A implies L kk < 0.308 L7 
which translates to:

for n  = 2 .

for n  =  3 .

( 7 )

(8)



Respective graviton emission rates for n  =  3 (and greater) theories tu rn  
out to be negligible, hence we do not quote the resulting numbers.

It is interesting to compare our result with existing astrophvsical con
straints on string compactification scale within the framework of the theory 
proposed by Arkani-Hamed, Dimopoulos and Dvali [11]. Helioseismological 
and red-giant type considerations were performed by Cassisi et al. [15]. They 
calculated detailed solar models taking into account energy loss in K aluza- 
Klein gravitons explicitly in their code and obtained the lower bound for M s 
equal to 0.3 TeV /c2. More stringent limit was derived from simulating the 
globular cluster Hertzsprung-Russel diagram [15] (implementing K aluza- 
Klein graviton emissivitv into FRANEC evolutionary code). By virtue of 
comparing predicted luminosity of RGB tip  with observations Cassisi et al. 
obtained a “red-giant” bound for M s to be 3-4 TeV /c2. Our estim ate of 
the string energy scale implied by recently reported stability of ZZ Ceti star 
G117-B15A equal to 14.3 TeV /c2 is much stronger than  above mentioned 
stellar evolutionary bounds.

Among existing astrophvsical bounds on Kaluza-Klein theories with 
large extra dimensions only the supernova constraints are more restrictive. 
They demand M s >30-130 TeV /c2 [13,16] and are based on a differ
ent mechanism of Kaluza-Klein graviton emission — the nucleon-nucleon 
brem sstrahlung. On the other hand the lesson learned in testing the physics 
of axions shown th a t first straightforward supernova bounds were reduced 
by an order of m agnitude when more accurate nuclear physics was em
ployed [22].

In quite recent paper by Hannesteed and Raffelt [25] it has been argued 
th a t EG R ET gamm a ray flux limit for nearby neutron stars puts even more 
stringent constraint M s >  500 TeV /c2 on theories with two large extra 
dimensions. In so far as these limits could in the end be decisive in the 
context of Arkani-Hamed, Dimopluolos, Dvali model, this should not weaken 
our conclusion th a t astroseismological determ ination of white dwarf cooling 
might become a useful tool in broadly understood astroparticle physics.

The bound quoted in this paper is based on white dwarf cooling. The 
physics underlying this process is very simple hence one can expect th a t the 
result is robust (within the framework of the theory proposed by Arkani- 
Hamed, Dimopoulos and Dvali [11]). Kaluza-Klein graviton emissivitv at 
the relevant densities and tem peratures of white dwarfs is dom inated by the 
gravi-bremsstrahlung process taking place in the degenerate and isother
mal core. The mass of the core (essentially equal to  the mass of the star, 
since the outer helium layer comprises less than  0.01 M w d ) ,  its tem perature 
and chemical composition can be reliably estim ated by fitting evolutionary 
models to  observational characteristics such like effective tem perature or 
oscillation periods.



4. Perspectives for the future

The cooling ra te  of B117-G15A pulsating star is constrained by measure
m ents which are performed with great accuracy. The most recent determ i
nation of the secular rate  of change of the period [20] took into account all 
the periodicities and the error bars reported therein can be considered as 
safe. It can be argued [9] th a t remaining uncertainty -  mostly from mode 
identification procedure and the precise physical characteristics (mass or 
tem perature) is of order of 1 x 10-11 s s- 1 . O ther effects like the contribu
tion of the proper motion [20,21] or the ra te  of reaction 12C (a , y ) 1 6 0  which 
determines the stratification of the core at final stage of the asym ptotic gi
ant branch, both contribute an order of m agnitude smaller value to  the final 
uncertainty.

The detailed discussion of using a pulsational code coupled to  evolution
ary code aimed at constraining an axion mass by observed stability of the 
fundam ental mode of G117-B15A can be found in a recent paper by Corsico 
et al. [9]. One of the conclusions formulated in [9] was th a t the bounds 
on axion mass derived from simple estim ates like performed in the present 
paper (in a different context) or in [3] are in good agreement with evolu
tionary calculations. Although axion emissivitv has different tem perature 
dependence than  th a t of Kaluza-Klein gravitons, one can expect the same 
for gravitons. Hence the B117-G15A pulsator remains an im portant tool for 
testing fundam ental physics.

Preceding sections illustrate the story how did a certain ZZ Ceti pulsating 
white dwarf star become the source of very strong astrophvsical constraints. 
A decade ago [3] the same star G117-B15A was considered as suspected 
for the evidence of extra cooling (supposedly due to  axion emission) and 
since then has been mentioned in this context many times [1]. Improved 
observational da ta  announced a perfect agreement of the cooling speed of 
G117-B15A with predictions of standard  theory — another trium ph of stan
dard physics in understanding the celestial bodies. So we do really have a 
new astrophvsical source of constraints on exotic physics.

Is this the final conclusion? Although it is an im portant one it is in 
some sense disappointing since most of scientific efforts are driven by the 
desire to explain the unknown. In particular it would be good to have 
a candidate in which a non-standard physics could help in elucidating its 
peculiar behaviour. In these closing remarks we will point toward such a 
candidate.

Recent observations of pulsating hot “pre-W hite Dwarf” PG 1159-035 
(GW  Virginis), which is a prototype of a new class of pulsating hot W hite 
Dwarfs, have indicated th a t its oscillation period P  =  516 s [23] increase at



the rate
Fobs =  (13.07 ±  0.003) x 10“ 11 s s“ 1 

an order of m agnitude larger than  predicted

P0 =  1 x 10“ 11 s s“ 1 .

Is this an indication of extra cooling due to exotic physics? There are 
some hints indirectly supporting the view th a t such possibility could se
riously be taken into account. The comparison of Kawaler-Bradlev [24] 
stellar evolutionary models with the observed pulsational spectrum  of PG 
1159-035 gave a best fit with a mass 0.59±0.01 M Q an effective tem perature 
of «  136,000 K  and luminosity log( L / L &) < 3. So the star is really hot and 
hence one can expect the production of exotic particles much effective than  
in ZZ Ceti stars. This possibility will be a subject of further investigation.

The authors would like to thank  Pawel Moskalik for pointing our a tten
tion to  PG 1159-035.

REFERENCES

[1] G.G. Raffelt, Annu. Rev. Nucl. Part. Set. 49, 163 (1999).
[2] S. DegPInnocenti, W. Dziembowski, G. Fiorentini, B. Ricci, Astron. Phys. 7, 

77 (1997).
[3] J. Isern, M. Hernandez, E. Garcia-Berro, Astrophys. J. 392, L23 (1992).
[4] L. Mestel, Mon. Not. R. Astron. Soc. 112 , 583 (1952).
[5] A. Baglin, J. Hayvaerts, Nature 222, 1258 (1969).
[6] J.P. Cox, Theory of Stellar Pulsations, Princeton University Press, 1980.
[7] J.T. McGraw, E.L. Robinson, Astrophys. J. 205, L155 (1976).
[8] S.O. Kepler, E.L. Robinson, R.E. Nather, J.T. McGraw, Astrophys. J. 254, 

676 (1982).
[9] A.H. Corsico, O.G. Benvenuto, L.G. Althaus, J. Isern, E. Garcia-Berro, New 

Astron. 6, 197 (2001).
[10] M. Biesiada, B. Malec, a s tro -p h /0 1 0 9 5 4 5 .
[11] N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B429, 263 (1998); 

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B436, 
257 (1998).

[12] G.F. Giudice, R. Rattazzi, J.D. Wells, Nucl. Phys. B544, 3 (1999); T. Han, 
J.D. Lykken, R.-J. Zhang, Phys. Rev. D59, 105006 (1999).

[13] V. Barger, T. Han, C. Kao, R.J. Zhang, Phys. Lett. B461, 34 (1999).
[14] G.F. Giudice, Int. J. Mod. Phys. A15S1, 440 (2000).



[15] S. Cassisi, V. Castellani, S. D egl’Innocenti, G. Fiorentini, B. Ricci, Phys. Lett. 
B481, 323 (2000).

[16] S. Cullen, M. Perelstein, Phys. Rev. Lett. 83, 268 (1989).
[17] P. Bergeron, F. W esemael, R. Lamontagne, G. Fontaine, R.A. Saffer, N.F. Al

lard, Astrophys. J., 449, 258 (1995).
[18] G.P. McCook, F.M. Sion, Astrophys. J. Suppl. Ser., 121 , 1 (1999).
[19] M. Salaris, I. Dominguez, E. Garcia-Berro, M. Hernanz, J. Isern, 

R. Moschkovitz, Astrophys. J., 486, 413 (1997).
[20] S.O. Kepler, A. Mukadam, D.E. W ignet, R.E. Nather, T.S. Metcalfe, 

M.D. Reed, S.D. Kawaler, P.A. Bradley, Astrophys. J., 534, L185 (2000).
[21] G. Pajdosz, Astron. Astrophys., 295, L17 (1995).
[22] G.G. Raffelt, in Beyond the Desert, Proc. of the Conference, Ringberg Castle, 

Tegernsee, Germany June 8-14, 1997; astro-ph/9707268.
[23] J.E.S. Costa, S.O. Kepler, D.E. Wignet, Astrophys. J. 522, 973, (1999).
[24] S.D. Kawaler, P.A. Bradley, Astrophys. J. 427, 415 (1994).
[25] S. Hannesteed, G.G. Raffelt, Stringent neutron-star limits on large extra di

mensions, hep-ph/0110067.


