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Stars and Fundamental Physi
s?Georg G. Ra�eltMax-Plan
k-Institut f�ur Physik (Werner-Heisenberg-Institut), F�ohringer Ring 6,80805 M�un
hen, GermanyAbstra
t. Stars are powerful sour
es for weakly intera
ting parti
les that are pro-du
ed by nu
lear or plasma pro
esses in their hot interior. These 
uxes 
an be usedfor dire
t measurements (e.g. solar or supernova neutrinos) or the ba
k-rea
tion onthe star 
an be used to derive limits on new parti
les. We dis
uss two examples of
urrent interest, the sear
h for solar axions by the CAST experiment at CERN andstellar-evolution limits on the size of putative large extra dimensions.1 Introdu
tionAstrophysi
s and 
osmology provide a natural testing ground for virtually anynew idea in the area of elementary parti
le physi
s. Usually one may �rst thinkof the early universe or perhaps high-energy 
osmi
 rays when sear
hing for as-trophysi
al arguments in favor or against a new parti
le-physi
s model. However,there are a number of interesting 
ases where the low energies available in starsare quite suÆ
ient for rather useful and restri
tive tests of high-energy physi
sphenomena.The basi
 idea is very simple. Stars are powerful sour
es for weakly intera
t-ing parti
les su
h as neutrinos, gravitons, hypotheti
al axions, and other newparti
les that 
an be produ
ed by nu
lear rea
tions or by thermal pro
esses inthe hot stellar interior. The solar neutrino 
ux is now routinely measured withsu
h pre
ision that 
ompelling eviden
e for neutrino os
illations has a

umu-lated. The measured neutrino burst from supernova (SN) 1987A has been usedto derive many useful limits. Even when the parti
le 
ux 
an not be measureddire
tly, the absen
e of visible de
ay produ
ts, notably x- or 
-rays, 
an provideimportant information. The properties of stars themselves would 
hange if theylost too mu
h energy into a new 
hannel. This \energy-loss argument" has beenwidely used to 
onstrain a long list of parti
les and parti
le properties. All ofthis has been extensively reviewed [1,2℄ and is now widely appre
iated amongparti
le physi
ists [3℄.Therefore, instead of reviewing on
e more the general ideas I will ratherfo
us on two topi
al examples of 
urrent interest that ni
ely illustrate the overallmethods. One is the sear
h for solar axions by the CAST experiment at CERN(Se
. 2). The other is the possibility that spa
e-time has large extra dimensions.This hypothesis predi
ts a \tower" of graviton modes that 
an be produ
ed in? Prepared for the Pro
eedings of the ESO-CERN-ESA Symposium on Astronomy,Cosmology and Fundamental Physi
s (4{7 Mar
h 2002, Gar
hing, Germany).



2 Georg G. Ra�eltstars, notably in SN 
ores or neutron stars. The most restri
tive limits on thesize of the extra dimensions arises from the astrophysi
al arguments presentedin Se
. 3. A brief summary and outlook is given in Se
. 4.2 Axion-Like Parti
lesAxions are hypotheti
al parti
les that are predi
ted in the 
ontext of a theoreti
als
heme to solve the CP problem of strong intera
tions [4,5℄. This is the problemthat quantum 
hromodynami
s (QCD) ought to violate the CP symmetry in thatthe neutron should have a large ele
tri
 dipole moment, 
ontrary to experimentaleviden
e. This observation 
an be explained by a new symmetry, the Pe

ei-Quinn symmetry, that is spontaneously broken at some large energy s
ale fa,the Pe

ei-Quinn s
ale or axion de
ay 
onstant. Axions are the \almost" Nambu-Goldstone bosons of this new symmetry and as su
h nearly massless.Phenomenologi
ally one should think of axions as the neutral pion's littlebrother. Model-dependent details aside, the axion's mass and 
ouplings are givenby those of the �0, s
aled with f�=fa where f� = 93 MeV is the pion de
ay
onstant. The axion de
ay 
onstant fa is a free parameter and thus 
an bevery large. Therefore, axions 
an be very light and very weakly intera
ting eventhough they are fundamentally a QCD phenomenon.There are other plausible solutions of the strong CP problem. However, thePe

ei-Quinn approa
h is parti
ularly elegant and predi
ts something new|inthe guise of axions it provides a handle for a possible experimental veri�
ation.Moreover, axions 
an play the role of the 
osmi
 
old dark matter [6℄. Therefore,two fundamental problems would be solved by the existen
e of one new parti
le.The experimental sear
h for axions has fo
used on their predi
ted intera
tionwith the ele
tromagneti
 �eld that would be of the formLa

 = 14ga

F�� eF�� a = �ga

E �B a ; (1)where F is the ele
tromagneti
 �eld-strength tensor, eF its dual, and E and Bthe ele
tri
 and magneti
 �elds, respe
tively. The 
oupling strength isga

 = �2�fa C
 ; C
 = EN � 1:92� 0:08 ; (2)where E=N is the ratio of the ele
tromagneti
 and 
olor anomalies, a model-dependent ratio of small integers. One popular 
ase is the DFSZ model whereE=N = 8=3, another the KSVS model where E=N = 0, but there are moregeneral examples [7℄.Assuming ma = 0:60 eV�107 GeV=fa for the axion mass, Fig. 1 shows ga

as a fun
tion of ma. The diagonal band marked \Axion Models" is somewhatarbitrarily delimited by the DFSZ and KSVZ models. The role of axions or axion-like parti
les is frequently assessed in the full two-dimensional ga

-ma-spa
erather than the narrow band de�ned by 
onventional axion models, althoughthis band remains the best-motivated lo
ation in this parameter spa
e.



Stars and Fundamental Physi
s 3The ele
tromagneti
 intera
tion allows for the two-photon de
ay a! 

 witha rate �de
ay = g2a

m3a=64�. This pro
ess is very slow if the axion mass is smalland the 
oupling strength is weak. Therefore, it is more promising to 
onsiderthe analogous pro
ess where one of the photons is virtual, i.e. an external ele
tri
or magneti
 �eld. The a $ 
 
onversion in the presen
e of an external E or B�eld is known as the Primako� pro
ess; it was �rst 
onsidered for neutral pionshalf a 
entury ago [8℄.If axions are the gala
ti
 dark matter, they 
an be dete
ted in the laboratoryby the \halos
ope" te
hnique [9℄. One pla
es a tunable high-Q mi
rowave 
avityin a strong magneti
 �eld and measures the power output. If the resonan
e fre-quen
y mat
hes ma, the Primako�-
onversion 
an produ
e a measurable signal.Two pilot experiments [10,11℄ and a �rst full-s
ale sear
h [12,13℄ ex
lude a rangeof 
oupling strength shown in Fig. 1 that is marked \Halos
ope." The new gen-eration of experiments in Livermore [13℄ and Kyoto [14℄ should 
over the dashedarea in Fig. 1, perhaps leading to the dis
overy of axion dark matter.In a di�erent region of masses and 
ouplings axions are dete
table with arelated te
hnique 
alled the \helios
ope" [9,16℄. Thermal photons in the solar
Fig. 1. Limits on the axion-photon 
oupling ga

 as a fun
tion of axion mass ma. Thelimits apply to any axion-like parti
le ex
ept for the \halos
ope" sear
h whi
h assumesthat axions are the gala
ti
 dark matter; the dotted region marks the proje
ted sensi-tivity range of the ongoing full-s
ale sear
hes. Limits for higher masses than shown hereare reviewed in Ref. [15℄. The light-grey region marks the foreseen CAST sensitivity.



4 Georg G. Ra�eltinterior 
onvert to axions by the Primako� pro
ess in the mi
ros
opi
 ele
tri
�elds of 
harged parti
les, produ
ing a solar axion 
ux whi
h peaks at energiesof a few keV. If one views the Sun through a long dipole magnet, the axionspartially ba
k-
onvert into photons and be
ome visible as x-rays at the far end ofthe magnet. A dedi
ated sear
h for this e�e
t by the Tokyo Axion Helios
ope [17℄ex
ludes the dark-grey region in Fig. 1.The 
onversion rate in the helios
ope s
ales quadrati
ally with the length Land �eld-strength B of the 
onversion region. Therefore, one 
an do mu
h betterin the new CAST proje
t at CERN where a de-
ommissioned LHC test magnetis used as a \magneti
 teles
ope" to sear
h for solar axions [18,19℄. Mounted ona movable platform (Fig. 2) allowing �40Æ horizontal and �5Æ verti
al tra
king,this instrument 
an a
hieve about 33 full days of alignment with the Sun peryear. If we express the 
oupling strength as ga

 = g10 10�10 GeV�1, the solaraxion 
ux at Earth is g210 3:5�1011 
m�2 s�1. The 
onversion probability in themagnet is g210 1:8� 10�17(B=8:4T)2(L=10m)2. For the two magnet bores with a
ross se
tion of 2� 14 
m2 we thus expe
t an x-ray event rate of 15 g410 per dayof exposure time.In order to rea
h the sensitivity shown as a light-grey area in Fig. 1 one needsto make great e�orts to suppress ba
kground 
ounts. One way is to fo
us thex-rays to a small dete
tor region. Spe
i�
ally, an engineering model for the sevenx-ray teles
opes of the Abrixas satellite has be
ome available for this purposeand has been tested to be in good working 
ondition. CAST should be able totake �rst data shortly, i.e. in the summer or fall of 2002.
Fig. 2. S
hemati
 view of the CAST experiment at CERN.



Stars and Fundamental Physi
s 5Figure 1 shows a loss of sensitivity for about ma > 10 meV. The axion-photon 
onversion should be pi
tured as a phenomenon similar to neutrino os-
illations [20℄. For larger ma the os
illation length be
omes shorter than themagnet and the e�e
tive mixing angle is suppressed. This \momentum mis-mat
h" between axions and photons 
an be over
ome by giving the photons arefra
tive mass by virtue of a low-Z gas su
h as helium. This approa
h was su
-
essfully employed in the Tokyo Helios
ope [17℄ and will be used in CAST aswell. We may extend the sensitivity range to larger masses as shown in Fig. 1and in the neighborhood of ma � 1 eV a
tually bite into the parameter rangeof 
onventional axion models.At somewhat larger masses axions are already ruled out by a teles
ope sear
hfor spe
tral lines from a! 

 de
ay in galaxy 
lusters [21℄. In the few-eV massrange axions would have been in thermal equilibrium in the early universe and
ontribute a small hot-dark matter 
omponent.If we use the Sun as an axion sour
e we must be sure that our sensitivity rangeis not ex
luded by an ex
essive modi�
ation of stellar properties by the axioni
energy loss. An observable modi�
ation of the solar p-mode frequen
ies ex
ludesga

 values above the horizontal line in Fig. 1 marked \Sun" [22℄. Signi�
antlysmaller 
ouplings are ex
luded be
ause the energy-loss of horizontal-bran
h (HB)stars would shorten their helium-burning lifetime, redu
ing the relative numberof HB stars observed in globular 
lusters [1,2℄; see the horizontal line in Fig. 1marked \HB Stars." The CAST experiment advan
es into un
harted territory.For very small axion masses, however, the CAST sensitivity range is alreadyex
luded by an argument involving SN 1987A. Axions would have been produ
edin the hot SN 
ore by the Primako� e�e
t, and then would have ba
k-
onvertedinto 
-rays in the gala
ti
 magneti
 �eld. The non-observation of a 
-ray burstin the SMM instrument in 
oin
iden
e with the observed SN 1987A neutrinosex
ludes ga

 values above the line marked SN 1987A [23,24℄. This limit appliesonly for about ma < 10�9 eV; for larger masses the 
onversion is suppressed bythe mass di�eren
e relative to photons.The magneti
ally indu
ed transition from photons to axion-like parti
les inintergala
ti
 spa
e has been proposed as a me
hanism that would make distantphoton sour
es look dimmer, with important 
onsequen
es for the interpretationof the SN Ia Hubble diagram [25,26,27,28,29℄. The relevant masses are very small,again to avoid suppressing the transition by a large axion-photonmass di�eren
e.Therefore, the relevant ga

 range is limited by the SN 1987A argument and thusfalls outside the CAST sensitivity range.3 Large Extra DimensionsThe Plan
k s
ale of about 1019 GeV, relevant for gravitation, is very mu
h largerthan the ele
troweak s
ale of about 1 TeV of the parti
le-physi
s standard model.A radi
al new approa
h to solving this notorious hierar
hy problem holds thatthere 
ould be large extra dimensions, the main idea being that the standard-model �elds are 
on�ned to a 3+1 dimensional brane embedded in a higher



6 Georg G. Ra�eltdimensional bulk where only gravity is allowed to propagate [30,31,32,33,34℄.This 
on
ept immediately puts stringent 
onstraints on the size of the extradimensions be
ause Newton's law holds at any s
ale whi
h has thus far beenobserved, i.e. down to about 1 mm. Extra dimensions 
an only appear at asmaller s
ale.Following 
ommon pra
ti
e the new dimensions are taken to form an n-torusof the same radius R in ea
h dire
tion. The Plan
k s
ale of the full higherdimensional spa
e, MP;n+4, 
an be related to the normal Plan
k s
ale,1 MP;4 =1:22� 1019 GeV, by Gauss' law [30℄M2P;4 = RnMn+2P;n+4: (3)Therefore, if R is large then MP;n+4 
an be mu
h smaller than MP;4. If thiss
enario is to solve the hierar
hy problem then MP;n+4 must be 
lose to theele
troweak s
ale, i.e.MP;n+4 < 10{100 TeV. This requirement already ex
ludesn = 1 be
ause MP;n+4 ' 100 TeV 
orresponds to R ' 108 
m. However, n � 2remains possible, and parti
ularly for n = 2 there is the intriguing perspe
tivethat the extra dimensions 
ould be a

essible to experiments probing gravity ats
ales below 1 mm.The most restri
tive limits on M � MP;n+4 obtain from supernovae andneutron stars. The �rst example is the SN 1987A energy-loss argument. If largeextra dimensions exist, the usual 4D graviton is 
omplemented by a tower ofKaluza-Klein (KK) states, 
orresponding to new phase spa
e in the bulk. TheseKK gravitons would be emitted from the SN 
ore after 
ollapse by nu
leonbremsstrahlung N + N ! N + N + KK. The KK gravitons intera
t with thestrength of ordinary gravitons and thus are not trapped in the SN 
ore. However,this energy-loss 
hannel 
an 
ompete with neutrino 
ooling be
ause of the largemultipli
ity of KK modes and shorten the observable signal [36,37,38,39℄. Thisargument has led to the tight bound R < 0:66 �m (M > 31 TeV) for n = 2 andR < 0:8 nm (M > 2:75 TeV) for n = 3 [39℄.The KK gravitons emitted by all 
ore-
ollapse SNe over the age of the uni-verse produ
e a 
osmologi
al ba
kground of these parti
les. Later they de
ay intoall standard-model parti
les whi
h are kinemati
ally allowed; for the relativelylow-massmodes produ
ed by a SN the only 
hannels are KK ! 2
, e+e� and ���.The relevant de
ay rates are �2
 = 12�e+e� = ���� ' 6 � 109 yr (m=100 MeV)�3[33℄. Therefore, over the age of the universe a signi�
ant fra
tion of the pro-du
ed KK modes has de
ayed into photons, 
ontributing to the di�use 
os-mi
 
-ray ba
kground observed by EGRET. This argument implies that if thenumber of extra dimensions n = 2 or 3, their radius R must be about a fa
-tor of 10 smaller than implied by the SN 1987A 
ooling limit, i.e. for n = 2one �nds R < 0:9 � 10�4 mm or M � 84 TeV. For n = 3 the new limit isR < 0:19� 10�6 mm or M > 7 TeV [40℄.This, however, is not the end of the story. We later realized that the KKgravitons emitted by the SN 
ore will stay gravitationally trapped be
ause most1 Some authors de�ne the Plan
k mass as MP;4 = 1:22 � 1019 GeV=(8�)1=2 = 2:4 �1018 GeV. Limits on MP;n+4 in this system of units have been reviewed in Ref. [35℄.



Stars and Fundamental Physi
s 7of them are produ
ed near their kinemati
al threshold, i.e. with barely relativisti
velo
ities [41℄. Therefore, every neutron star is surrounded by a halo of KKgravitons whi
h is dark ex
ept for the de
ays into ' 100 MeV neutrinos, e+e�pairs and 
-rays. In prin
iple, this radiation 
an be dire
tly observed. Conversely,the non-observation allows one to set stringent limits. In addition, the radiationimpinges on the neutron star, keeping it hot, above the observed temperaturein some 
ases su
h as the pulsar PSR J0953+0755. One obtains the limitM >1680 TeV for n = 2 and M > 60 TeV for n = 3. In view of these limits oneexpe
ts that if large extra dimensions solve the hierar
hy problem, their numbern should probably ex
eed 4.Similar arguments 
an be applied to other parti
les than gravitons that mayexist and may be able to propagate in the bulk of the larger-dimensional spa
e.The hypotheti
al majorons are one 
ase in point [42℄.Of 
ourse, there are loop holes to su
h limits. The size of the extra dimensionsneed not be equal, or there 
an be other than toroidal 
ompa
ti�
ations. TheKK gravitons may be able to de
ay fast into invisible 
hannels, and so forth.However, our main point is that straightforward astrophysi
al arguments leadto non-trivial and restri
tive limits on the stru
ture of this new theory.4 Summary and OutlookStars 
ontinue to provide some of the most restri
tive limits on new parti
le-physi
s ideas. The mu
h-dis
ussed hypothesis that our spa
e-time has extra di-mensions that are 
ompa
ti�ed on the sub-millimeter s
ale is a re
ent 
ase inpoint. In addition to deriving limits, there are opportunities for new dis
overies.The CAST experiment at CERN sear
hing for solar axions will have a sensitivityrange that for the �rst time pushes beyond stellar-evolution limits and thus hasa realisti
 
han
e of a
tually �nding axion-like parti
les emitted by the Sun.In future the observation of solar neutrinos will 
ontinue to provide valuableinformation. The ongoing e�orts in neutrino physi
s virtually guarantee thatlarge dete
tors will operate for many years to 
ome; even a megatonne dete
tormay be built to sear
h for proton de
ay and to perform pre
ision measurementsat laboratory neutrino beams. Therefore, 
han
es are that one will measure theneutrino burst from a gala
ti
 supernova, providing high-statisti
s informationboth on the SN event and a host of information of parti
le physi
s interest.The re
ent ex
itement about the possible dis
overy of strange-matter stars[43℄, even though not 
on
lusive, illustrates that 
ompa
t stars o�er one of thefew opportunities to dis
over the true ground state of nu
lear matter.Astroparti
le physi
s is now an established resear
h a
tivity at the interfa
ebetween inner spa
e and outer spa
e. The physi
s and observationd of stellarobje
ts 
ontinue to o�er a number of intriguing opportunities in this multi-fa
eted and interdis
iplinary �eld.
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