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Plasma energy loss into Kaluza-Klein modes
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Recently, Bargeet al. [Phys. Lett. B461, 34 (1999] computed energy losses into Kaluza-Klein modes
from astrophysical plasmas in the approximation of zero density for the plasmas. We extend their work by
considering the effects of finite density for two plasmon processes. Our results show that, for fixed temperature,
the energy loss rate per ¢ris constant up to some critical density and then falls exponentially. This is true for
transverse and longitudinal plasmons in both the direct and crossed channels over a wide range of temperature
and density. A difficulty in deriving the appropriate covariant interaction energy at finite density and tempera-
ture is addressed. We find that, for the cases considered by Bzatrgerthe zero density approximation and
the neglect of other plasmon processes is justified to better than an order of magnitude.

PACS numbg(s): 04.50:+h, 14.70.Bh, 52.40.Db

[. INTRODUCTION density at which it proceeds. Intuition is hampered by the
fact that the natural parameter is the electron chemical po-
Recently, Bargeret al. [1] addressed astophysical con- tential which is not simply related to the particle density. We
straints on extra dimensions by computing energy loss rategive the numerical results over the temperature and density
from the sun red giant stars afiype Il) supernovae due to ranges cited above.
possible excitation of graviton modésn the case where the ~ An important problem in carrying out this work is the
extra dimensions are compactifi¢d]. The processeyy  duestion of the appropriate Lagrangian. The free space cou-
—G, efe"—G, ye—Ge, eN—GeN (in the static nucleon Pling between the electromagnetic field and gravitons can be
approximatio, and NN—GNN where considered. They found in textbooks, for examplg], and has been general-
worked in the zero densiw approximation' Varying On'y the|2ed to the case of hlghel’ dimensional Kaluza'Klei.n excita-
temperature. Their calculation neglected plasma effects anigPns[4.5]. However, we have not found a parallel literature
they anticipated that this neglect should not be importanfor the case in which the free space photon is replaced by a
because of the high power dependencdvby the inverse of plasmon satisfying a nontrivial dispersion relation. This dif-
the compactification dimension. ficulty is addressed in Sec. Il. We adopt a diagrammatic ap-
The purpose of this paper is to address the extent to whicRroach and also make an approximation that we test numeri-
the processyy—G (and the crossed process- yg) is af- cally. Also given in Sec. Il is the formalism usgd for the
fected by a nonzero charged particle density and the presengélmenca}l calculations of Sec. Ill. We conclude in Sec. IV
of both longitudinal and transverse plasmons. Our aims are/Vith a brief summary.
in brief, to find numerical values for the energy loss rate per
cm® for densities fro_m 1to 1§ g/cn? and temper_atures from Il. FORMALISM
1 to 1P eV, to confirm the Bargeet al. expectation of den-
sity insensitivity, to show the extent to which the systems In a medium with nonzero temperature and density, radia-
they considered are close to the border in density at whiction satisfies the dispersion relation
their expectation fails, to determine the relative contributions
of longitudinal and transverse plasmon processes, to address 2_ k12— "
the si e : o= [k[*=11(w,[K]). D
e size of the contribution of the crossed process, and, im-
portantly, to note the ambiguities in the form of a covariant .
interaction between plasmons and Kaluza-Klein modes.  II,(w,|k|) is the transverse or longitudinal component of the
It is clear that the expectation of Bargatral.[1] must fail ~ polarization tensor
at sufficiently high density, for fixed temperature, since the
energy loss rate goes as an integral over the Bose—Einstein SNk "
distribution, @€“1’"—1)"1, in which the frequencies are Ma(o,[k]) = eg*I1,,,€; @
given by a dispersion relation with an effective photon mass
that grows with density. It is essentially a numerical questionwheree; (a=L,T) are the polarization vectors and the po-
as to the point at which suppression sets in and the(mate larization tensoril ,, is the photon self energy in the me-
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dium. The contribution to this self energy from fermions in
the medium is calculated in the medium rest frame by adding N
a term

i s(pP-m? 3 ®

eEZMIT 1 i o(p°—m?) 3 . .

. \\\ O\

to the usualvacuun) propagator. HereTl is the temperature, e Jyeneeees
E=p° andu is the electron chemical potential, which is O (b)

related to the electron number density by

d®p 1 1
2] Gmple= i dE g e @ Sy Qv
(c) .
To lowest order in the fine structure constanthe polariza- - ’

tion tensor is given by
d®p 1 1

HM”=1677af (27T)32E e(E_M)/T-Fl + e(E+M)/T+ 1 ,// @
2 2
X(D' k) “g*”"+kp#p”—p-k(k“p”+k"p*) (5) FIG. 1. The Feynman diagrams for the one-loop corrections to
(p-k)? ' the energy-momentum tensor are shown. The dotted lines denote

. __ Kaluza-Klein gravitons, the dashed lines photons and the solid lines
It turns out thafll, andIl; can be approximated to within glectrons.

1% for all temperatures and densiti€g by

R . R 303 1 1+v
I, = w3[1-G(v2 k|2 )]+ 02 |k2= K%, () IK|2 0= — | = log| —— (12)
vy |2v% 1-v,

_ 2 1 211127,.2 . . . . .
Iy =wp[1+ ZG(U*“(' o], (7 We include in our numerical evaluations the renormaliza-

wherev, is an average value af=|p|/E for the electron tion constants

(the only fermion which contributes for stellar temperatures P
and densities Explicitly, Z l=1- (9—2; (13)
vy =w1/wp, (8) L . . .
although this is inconsistent with calculating only to the low-
with w; given by est order ina. It is a check on our results that they do not
change significantly when th&, are set to unity. Th&, are
da (= - [5 given by[7]
e L
7 Jo

20%(0*~vi[K]?)

wheref is the sum of the electron and positron distributions Z7= o 2 A > 2 2 21012
[the square bracket in E¢5) abovd. The plasma frequency 0 20p—2(0” = [K|H) ]+ (0 + K| (0~ v [K[9)
wp is given by (14

da (= 1 202 w2—v2 K2 2
w%=7fo d|p||pl(v‘§”3>fE' 10 g2l e 19
3w,23—w2+vi|k|2 w2—|k|2

and the functiorG(x) is . o .
(x) The rate of graviton emission can be calculated using the

2% 1—x 1+ X Lagrangian for the coupling of Kaluza-Klein fielgf", cor-
1=%- ﬁlog - 1 (1) responding to the mass excitationf= (2)2A%/R?, to the
photon energy-momentum tensdr,,. Neglecting gauge
It will be important below to note that, for transverse ©€MS, this coupling i$4,5]
photons k?= w?—|k|? is w3 for |k|=0 andincreasesas|K| «
increases, while for longitudinal photori€= w2 at |k|=0 L==5G5 T
and decreasess |K| increases. Integration ovék| for lon-

gitudinal photons must be cut off at the point whérebe-
comes negative:

3
G(X) = ;

K MVEN 1 7% Ap
:E gﬁ FILFV)\_Zgﬁ,,uF F)\P y (16)
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TABLE I. The entries are chemical potentja(p,T). The rows are labeled by the densitjn g/cnt, and

the columns by the temperatufein eV.

AT 1 100 1¢ 100 10¢ 10° 10° 10’ 108 10°

1 051 051 051 050 042 2@0°5 1.4x108% 1.4x10° 1.4x10 % 2.8x10 *

100 051 051 051 051 044 280 * 1.4x107 1.4x10° 1.4x10 1 1.4x10°13

10° 051 051 051 051 046 G0 ° 1.4x10° 1.4x10°% 1.4x101° 1.4x1012

10° 051 051 051 051 0.49 0.02 K40°° 1.4x10°7 1.4x10° 1.4x10

10 052 052 052 052 051 0.14 K40 4 1.4x10°° 1.4x108 1.4x10°1°

10° 056 056 0.56 056 0.56 0.37 K403 1.4x10°° 1.4x107 1.4x10°

10° 072 072 0.72 072 0.72 0.65 0.014 %20 * 1.4x10°°% 1.4x10°8

100 1.20 120 120 120 1.20 1.20 0.14 %40°° 14x10°° 1.4x10°7

10° 2.40 240 240 240 240 2.40 1.20 0.014 AW * 14x10°°

10° 520 520 520 520 5.20 5.20 4.50 0.14 AM 2 1.4x10°°

10 11.0 110 11.0 110 11.0 11.0 11.0 1.40 0.014 xu1e*

101t 24.0 24.0 240 240 240 24.0 24.0 12.0 014 xue3

10 51.0 510 51.0 51.0 51.0 51.0 51.0 45.0 1.40 0.014
10" 110.0 110.0 110.0 110.0 110.0 110.0 110.0 110.0 14.0 0.14
10" 240.0 240.0 240.0 240.0 240.0 240.0 240.0 240.0 120.0 1.40
10 510.0 510.0 510.0 510.0 510.0 510.0 510.0 510.0 450.0 14.0

whereF ,, is the electromagnetic field tensor. We considerwith
only the coupling of the spin-2 component of the Kaluza-

:(OIﬁisn field; the spin-0 component does not couple to pho- Crvnp= Tux Top Tupon = MM (19
The matrix element fory(k k,)— G obtained from _
Eq (16) is [4'5] ’Y( 1) 7( 2) D/.LV,)\p(klikz)_ 77/.L1/klpk2)\_[77,upklvk2)\
+ 7umKinnka, + (uev)]. (20)

K
=~ eM(ky) €”(ky) € #(ky+ k) T 1
M= ek el lko) e kit k) Ty np, (A7) The sum over polarizations of the Kaluza-Klein state is
[4,5]
where
5
(0) S 00— 5B, (K) (21)
TMV,}\p:kl'kZCMV,)\p+DMV,}\p(klak2)r (18) s=1 e Ap 2 mvhp ’

TABLE Il. The entries aré(p,T) the difference between the chemical potentigp,T) andm,. The
rows are labeled by the densityin g/cn®, and the columns by the temperatiitén eV.

P\T 1 10 107 10° 100 100 1060 100 100 10°
1 2.6x10°% 22x10°° —-2.3x10% -58x10° —0.09 —0.51 —0.51 —0.51 —0.51 —0.51
100 1.2x10°* 1.2x10* —-3.6x10° —-3.5x10° -0.07 —-0.51 —-0.51 —0.51 —0.51 —0.51
10 5.6x10* 5.6x10* —-54x10% —1.1x10° -0.05 —0.51 —0.51 —-0.51 —0.51 —0.51
10° 2.6x10°° 2.6x10°% —-2.6x10°° —2.2x10°% -0.02 —0.49 —-0.51 —-0.51 —0.51 —0.51
10t 0.01 0.01 0.01 0.01 0.00 —0.37 —0.51 —0.51 —0.51 —0.51
10° 0.05 0.05 0.05 0.05 0.05-0.14 —0.51 —0.51 —0.51 —0.51
10° 0.21 0.21 0.21 0.21 0.21 0.14-0.50 —0.51 —0.51 —0.51
107 0.71 0.71 0.71 0.71 0.71 0.68-0.37 —0.51 —0.51 —0.51
10° 1.90 1.90 1.90 1.90 1.90 1.90 0.72-0.50 —0.51 —0.51
10° 4.60 4.60 4.60 4.60 460 460 4.00-0.37 —0.51 —0.51
100 11.0 11.0 11.0 11.0 11.0 11.0 10.0 0.86-0.50 —0.51
10t 23.0 23.0 23.0 23.0 23.0 23.0 230 11.6-0.37 -0.51
102  51.0 51.0 51.0 51.0 51.0 51.0 51.0 44.0 0.870.50
10  110.0 110.0 110.0 110.0 110.0 110.0 110.0 110.0 13-60.37
10" 240.0 240.0 240.0 240.0 240.0 240.0 240.0 240.0 120.0 0.87
10®  510.0 510.0 510.0 510.0 510.0 510.0 510.0 510.0 450.0 13.0
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with
2
B,U,V,}\p(k):E,U,)\EV[)J’_E/_L[)EV)\_ §E,u,VE)\p ) (22)
K.k,
E/.LV: Nuv— F (23)

n

The coupling Eq(18) is gauge invariant even iﬁ andk§
are not zero, e.gk“T(®

mv,Np
(ka+ko)#TE) | #0, if K} and/ork? differs from zero. We

=0. However, it is not conserved,

PHYSICAL REVIEW D62 076007

FIG. 2. The chemical potentigk(p,T) is
plotted for the range of densigyand temperature
T given in the text. Here, for display purposes,
the lowest value ofx shown, 102, is an upper
limit on the exact numbers in Table I.

not necessarily equal 1k>§ This means that if we squaret
of Eq. (17), and use Eq(21), we get extra terms of the form
k2/m or k3/m? from the second term in Eq23).

To have a conserved amplitude wih+k3+0, we must
include all the diagrams of Fig. 1. The Feynman rules for the
fermion-fermiong coupling and the fermion-fermion-
photong are given in[4,5] and the loops are calculated by
using Eq.(3) for one of the legs. We have shown the sum of
these diagrams is gauge invariant and conserved for arbitrary
k? and k3 at finite temperature and density. However, this
was done without actually evaluating the diagrams. In par-

cannot write a conserved coupling by using the energyticular, diagram(d) is very tedious and we have not com-

momentum tensor for a massive vector field becadsés

puted it. Instead, we have used only diagréan[Eq. (17)

TABLE Ill. The entries are logy( Q) for the processl) (T+T—¢G). The rows are labeled by the density
p in glen?, and the columns by the temperatufe in eV. A blank entry indicates thatQ
<10 3®erg/cn?s. The number of compact dimensiongiis 2.

T 1 10t 10 10° 10t 10° ¢ 100 108 10

1  —-47.34 -2054 -—10.89 -1.88 7.12 16.12 25.12 34.12 43.12 52.12
100 -99.18 -23.76 -10.97 -1.88 7.12 16.12 25.12 34.12 43.12 52.12
10> -267.65 —38.33 -—11.54 -1.89 7.12 16.12 25.12 34.12 4312 52.12
10° -89.99 -14.75 -1.97 7.12 16.12 25.12 34.12 4312 52.12
10t —255.96 —29.09 —2.53 7.11 16.12 25.12 34.12 4312 5212
10° -77.48 —552 7.03 16.12 25.12 34.12 4312 5212
10° -210.07 -16.77 6.57 16.11 25.12 34.12 4312 5212
10 —45.16 4.96 16.06 25.12 34.12 4312 5212
10° -106.83  0.36 15.86 25.12 34.12 43.12 52.12
10° —239.38 —11.34 1532 2510 34.12 43.12 52.12
101 —38.58 1377 25.03 34.12 43.12 52.12
101t —99.08 9.25 24.84 34.12 43.12 52.12
10 —230.97 —-2.40 24.32 3410 4312 52.12
103 —29.61 2277 34.03 4312 5212
10 —90.10 18.25 33.84 43.12 52.12
10'° —221.98 6.60 33.32 43.10 52.12

076007-4



PLASMA ENERGY LOSS INTO KALUZA-KLEIN MODES PHYSICAL REVIEW D62 076007

TABLE IV. The entries are logy( Q) for the proces$2) (T+L—G). The rows are labeled by the density
p in glen®, and the columns by the temperat(itén eV. The number of compact dimensionsnis 2.

AT 1 10t 10 10° 10¢ 10° ¢ 100 108 10

1 —46.65 —-20.73 -14.13 -—-8.11 —-2.11 9.39 20.89 30.05 39.06 48.07
10t -98.74 -2273 -1270 -6.61 —0.61 9.39 20.89 30.05 39.06 48.07

10> -267.31 -37.64 -—11.73 -5.13 0.89 9.39  20.89 30.05 39.06 48.07
10° -89.55 -13.73 —3.70 2.38 9.40  20.89 30.05 39.06 48.07
10t —255.62 —28.40 —2.74 3.86 9.87  20.89 30.05 39.06 48.07
10° —77.05 —458 5.27 11.28 20.89 30.05 39.06 48.07
10° —209.73 —16.14 6.26 12.75 20.89 30.05 39.06 48.07
10’ —44.73 5.46 14.04 2090 30.05 39.06 48.07
10° -106.47  0.94 14.99 21.17 30.05 39.06 48.07
10° —239.05 -10.84 1530 2225 30.05 39.06 48.07
10t° —38.17 1421  23.26 30.05 39.06 48.07
10t -98.73 9.81  24.03 30.28 39.06 48.07
102 —230.65 —1.90 2429 31.29 39.06 48.07
1013 —29.19 23.20 32.27 39.06 48.07
10t —89.74 18.81 33.03 39.29 48.07
10'° —221.65 7.10 33.29 40.31 48.07

abovg but have evaluated every energy loss twice: once inscale which is related to the compactification scBlend
cluding thek3/m? andk3/m? terms and once omitting them. Newton's constanGy. Specifically, we use
In every case, the results were almost identical. While this
proves nothing, it does seem to indicate that performing the
complete one-loop calculation would not give a substantially
different answer.
The reaction rate must be summed over the Kaluza-KleirQur definition ofM g*z differs from that of{ 1] by a factor of
states, which is done by integrating over 2, i.e., theirMg is larger by a factor of #"*2), As a con-
sequence, values of the energy loss rate per unit volume
(24) obtained from our tables must be multiplied by 2 when com-
paring with Bargeret al. [1].
For 2 particles»1 particle reactions there remainséa
wheren is the number of extra dimensiond.g is the string  function from phase space which identif'mﬁ with the cen-

(47)™T(n/2)

n+2mn_
Ms™“R 4Gy

(25

n—-2

dmz411'm§1 )

n 2npn+2
k“Mg

TABLE V. The entries are log(Q) for the proces$3) (T—L+G). The rows are labeled by the density
p in glenT, and the columns by the temperatiftén eV. The number of compact dimensionsnis 2.

T 1 10t 10 10° 10t 10° 10° 10 108 10°

1 -20.43 -16.94 —15.08 -14.01 1.16 1549 2475 3378 4281
10t -2091 -13.70 -—11.58 —9.96 1.16 1549 2475 33.78 4281
10 -11.44 -8.09 -6.41 116 1549 2475 33.78 4281
10° -11.92 -484 -2093 118 1549 2475 33.78 4281
10t —-2.58 0.46 229 1549 2475 33.78 4281
10° -3.15 3.31 547 1549 2475 33.78 4281
10° 5.33 8.82 1549 2475 33.78 4281
10 4.84 10.97 1549 2475 33.78 4281
10° 12.64 16.10 2475 33.78 4281
10° 13.26 18.09 24.75 33.78 4281
10% 19.99 2474 33.78 42381
10t 21.36 25.18 33.78 42.81
1012 19.86 27.14 33.78 4281
103 28.88 33.77 4281
10t 29.94 3423 4281
10'° 27.24 36.13 4281
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TABLE VI. The entries are logy( Q) for the proces$4) (L+L—G). The rows are labeled by the density
p in glen®, and the columns by the temperat(itén eV. The number of compact dimensionsnis 2.

AT 1 10t 10 10° 10¢ 10° ¢ 100 108 10

1 —47.16 —21.95 -—1857 -16.46 —14.47 0.37 1521 2459 33.63 42.68
10t -9950 -—22.88 -1535 —12.99 —10.97 0.37 15.21 2459 33.63 42.68
10 —268.17 -38.15 -12.95 —9.57 —7.48 0.37 15.21 2459 33.63 42.68

10° -90.32 -13.88 -6.35 —4.01 0.39 1521 2459 33.63 42.68
10t —256.47 —-2892 —396 —0.59 1.49 1521 2459 33.63 42.68
10° -77.82 —4.80 2.58 476 1521 2459 33.63 42.68
10° —-210.59 -16.71 4.96 8.16  15.21 2459 33.63 42.68
10’ —45.50 4.83 11.09 1522 2459 33.63 42.68
10° -107.32  0.32 1325 15.85 2459 33.63 42.68
10° —239.92 -1154 1426 1834 2459 33.63 42.68
10t° —38.96 13.49 20.62 24.59 33.63 42.68
101t —99.58 9.18 22.35 25.12 33.63 42.68
102 —231.52 —2.60 23.25 27.45 33.63 42.68
1013 —29.98 2249 29.65 33.63 42.68
10t —90.59 18.18 31.36 34.17 42.68
10'° —222.53 6.40 32.25 36.49 42.68

ter of mass squared energyThus, the integral oven?, Eq.  wherevo denotes the cross section times the relative veloc-
(24, replacesrznf12 by(s+a2r)1d our results depend anthrough jty [1]. The initial photons havé&?= w?— |k;|?, i=1,2 and
— n
the factors" Mg, _ o can be transversea=b=T, longitudinal, a=b=L, or
The rate of energy loss per unit volume is given by themixed, e.g.a=L, b=T. The factorA gives the number of
standard expression . Lo
spin states’A=4,2,1 for TT, TL, or LL. For longitudinal

d3k, 1 d%k, 1 N N
Qap=A 2mPen™—1) 2m)den—1 photons, thek| integrals are cut off ak|,. given by Eq.
R R (12). The corresponding expression for the energy loss in the

TABLE VII. The entries are logy Q) for the sum of procesd)—(4). The rows are labeled by the density
p in glenT, and the columns by the temperatiftén eV. The number of compact dimensionsnis 2.

T 1 10t 10 10° 10* 10° ¢ 100 108 10

1 —46.47 —20.07 —-10.89 —1.88 7.12 16.12  25.12 34.12 43.12 52.12
10t —-9855 —20.90 -10.96 —1.88 7.12 16.12  25.12 34.12 43.12 52.12

10 -267.11 -37.46 -11.07 -—1.89 7.12 16.12 25.12 34.12 43.12 52.12
10° -89.37 -11.91 -1.96 7.12 16.12 25.12 34.12 43.12 52.12
10t —-255.41 -2822 —2.12 7.11 16.12 25.12 34.12 43.12 52.12
10° -76.86 —3.12 7.04 16.12 25.12 34.12 4312 5212
10° —209.53 —15.96 6.77 16.12 25.12 3412 4312 5212
10 —44.54 5.72 16.06 25.12 34.12 43.12 52.12
10° -106.27 111 1591 25.12 34.12 4312 5212
10° —238.84 —10.66 1563 2510 34.12 43.12 52.12
101 —37.98 1440 2504 34.12 4312 52.12
101t —98.53 9.99 24.90 34.12 43.12 52.12
10%? —230.44 —1.72 2463 3410 43.12 52.12
103 —25.04 23.40 34.04 4312 52.12
10 —89.54 18.99 33.90 43.12 52.12
10'° —221.45 7.28 3363 43.10 52.12

076007-6



PLASMA ENERGY LOSS INTO KALUZA-KLEIN MODES
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TABLE IX. The entries are the fraction of the contribution@o

the mominant contribution t®@. A zero indicates that all of the due to the dominant process of Table VIII.

AT 1 100 1?2 168 100 100 1¢¢ 100 108 10°

processes are negligibl@& 10 3%erg/cni s).
p\T 1¢° 100 10¢ 1¢¢ 100 100 1¢® 100 108 10
1 2 3 1 1 1 1 1 1 1 1
0t 2 3 1 1 1 1 1 1 1 1
16 2 2 3 1 1 1 1 1 1 1
10° 0o 2 3 1 1 1 1 1 1 1
100 0 2 2 1 1 1 1 1 1 1
100 0 0 2 3 1 1 1 1 1 1
106 0 0 2 2 1 1 1 1 1 1
100 0 0 0 2 2 1 1 1 1 1
100 0 0 0 2 2 1 1 1 1 1
100 0 0 0 2 2 1 1 1 1 1
0° o o o0 0 2 2 1 1 1 1
101 o 0 0 0 2 2 1 1 1 1
o2 o 0o 0 o0 2 2 1 1 1 1
02 o 0o o0 o0 0 3 2 1 1 1
10 0 0 0 0 0 2 2 1 1 1
10° 0 0 0 0 0 2 2 1 1 1
X d3k; 1 d3k,
OrL= 2m)R2w7 eTT-1] (27)%2w,
(w1~ wy) - -
Xl e ot Z(|keD)Z (k)
(27T)4[(k —k )2](n—2)/2
X - | M2, (27)

2y N2
k“Mg

where M is given by Eq.(17) with k,— —Kk, .

1 066 043 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 0.65 0.97 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1¢* 0.63 0.66 0.43 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10° 0.00 0.65 0.97 0.98 1.00 1.00 1.00 1.00 1.00 1.00
10 0.00 0.63 0.66 0.39 1.00 1.00 1.00 1.00 1.00 1.00
10° 0.00 0.00 0.65 0.94 0.98 1.00 1.00 1.00 1.00 1.00
16 0.00 0.00 0.63 0.67 0.64 1.00 1.00 1.00 1.00 1.00
10 0.00 0.00 0.00 0.65 0.56 0.99 1.00 1.00 1.00 1.00
1¢® 0.00 0.00 0.00 0.63 0.66 0.88 1.00 1.00 1.00 1.00
1¢° 0.00 0.00 0.00 0.62 0.66 0.49 1.00 1.00 1.00 1.00
10'° 0.00 0.00 0.00 0.00 0.65 0.64 0.98 1.00 1.00 1.00
10'* 0.00 0.00 0.00 0.00 0.63 0.66 0.86 1.00 1.00 1.00
10'2 0.00 0.00 0.00 0.00 0.62 0.66 0.49 1.00 1.00 1.00
10'® 0.00 0.00 0.00 0.00 0.00 1.00 0.64 0.98 1.00 1.00
10" 0.00 0.00 0.00 0.00 0.00 0.63 0.66 0.86 1.00 1.00
10'° 0.00 0.00 0.00 0.00 0.00 0.62 0.66 0.49 1.00 1.00

Ill. CALCULATIONS

The first step in the calculations is to obtai(T,p) from
Eqg. (4). In doing this we assume that the electron number
density ne is related to the mass densityby n.=p/m,,
wherem, is the proton mass. This is useful for comparison
purposes and is a reasonable order of magnitude approxima-
tion but needs correctiotby less than an order of magni-
tude for a supernova or a neutron star. The results of the
calculation ofu are given in Tables | and Il for the matrix of
p and T values: p=1.0,10.0...,10%g/cn? and T
=1,1¢,...,10eV. Two tables are giver u(T,p) and

FIG. 3. The logyQ) for the processT+T
—@ is plotted for the range of densigyand tem-
peratureT given in the text.
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we used an iteration procedure and required that the output
density value equal the input to better than 1%.

We now pass on to the results of calculating
=d*E/dt dV for the case oh=2 extra dimensions. It was
possible to evaluate the integral in E@6) over the cosine
of the angle between the two plasmons analytically so that,
for all the processes under consideration, only two integrals
remain in finding the energy loss rate: the integrals over the
two plasmon momenta.

It should be noted that there are only four processes to
consider(1) T+T—G, (2 T+L—G, (3) T—L+G, and(4)
L+L—G. This is because, as the plasmon momentim
increases, the effective mass of a transverse plasmon in-
creases while the effective mass of a longitudinal plasmon
decrease$7]. Thus themissingprocesses,. —T+¢G andL
— L+, are forbidden by energy-momentum conservation.
The assertion is clear for the first process simge>m, . For
the second, we note that, in the rest frame of the decaying
longitudinal plasmonm_=wp and conservation of energy
and momentum implies that the graviton masg satisfies

2_ V12— k]2
m:z=[wp— o (|K|)]7— k|4, 28)
FIG. 4. The logy( Q) for the process +L—G is plotted for the g Lwp KD =K (
range of density and temperatur@ given in the text. L ] )
wherew (|K|) is the energy of the final plasmon. Using the

7(T,p) = u(T,p) —my] in order to make clear both the de- dispersion relation for longitudinal plasmons, it can be
viation of u from m, (taken as 0.51 Me)Vat low tempera- s[\own that the right side of Eq28) is less than zero for
ture and its deviation from zero at high. Note the rapid varia{k|>0.

tion of w (for the lowest densitigsat the temperaturd The results of the calculations are given in Tables ll1-VII.
around 0.1 MeV where pair production first begins to beThese have the energy loss rates for the four processes, and
copious, and the slower but similar variation at higher denfor the sum, for a matrix of density and temperature values
sities p. The variation is slower for higher densities because—1.0—-13°g/cn? for densityp and 1-18eV for tempera-
the electron-positron density difference needs to have a largeire T—in both cases in factors of 10 increments. In these
value. These variations are illustrated in Fig. 2, where, fottables,T increases from left to right whilg increases from
display purposes, the lowest value gfshown, 102, is an  top to bottom. The entries are logs to the base 10 of the
upper limit on the exact numbers in Table I. In calculating energy loss rate in erg/cta. Note that Bargeet al.[1] give

TABLE X. The entries are log(Q) for the sum of processed)—(4) in the case olh=3 compact
dimensions. The rows are labeled by the dengity g/cn?, and the columns by the temperatdtén eV.

T 1 10t 10 10° 10t 10° ¢ 100 108 10

1 -56.71 —-30.35 —20.05 -10.04 -0.04 9.96 19.96 29.85 39.95 49.95
10 -108.29 —-31.47 -20.11 -10.04 —0.04 9.96 19.96 29.95 39.95 49.95
10 -276.35 —46.70 —20.36 -10.05 —0.04 9.96 19.96 29.95 39.95 49.95

10° -98.11 -21.48 -10.10 -0.04 9.96  19.96 29.95 39.95 49.95
10t —263.66 —36.47 —10.36 —0.05 996  19.96 29.95 39.95 49.95
10° -84.62 -11.64 —0.10 996  19.96 29.95 39.95 49.95
10° -216.84 -2328 -0.35 995  19.96 29.95 39.95 49.95
10 -51.47 —-1.22 991  19.96 29.95 39.95 49.95
10° —112.85 -—5.45 9.78  19.95 29.95 39.95 49.95
10° —245.09 —16.90 956  19.94 29.95 39.95 49.95
101 —43.88 854  19.89 29.95 39.95 49.95
10t —104.10 4.43 19.77 29.95 39.95 49.95
10 —23568 —6.96 19.55 29.94 39.95 49.95
108 —33.90 18.54 29.89 39.95 49.95
10 —94.12 1443 29.77 39.95 49.95
10'° —22569 3.04 2955 39.94 4995
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TABLE XI. The entries are log(Q) for the sum of processed)—(4) in the case ofn=4 compact
dimensions. The rows are labeled by the dengity g/cnt, and the columns by the temperatdtén eV.

T 1 10t 10 10° 10t 10° 10° 100 108 10

1 —66.96 —40.44 -—-29.15 -1815 —7.15 3.85 1485 25.85 36.85 47.85
10t -118.03 —41.77 -2920 -18.15 -7.15 3.85 1485 25.85 36.85 47.85
10> —285.59 -5595 —29.44 -18.15 -7.15 3.85 1485 25.85 36.85 47.85

10° -106.85 -30.77 -1820 -7.15 3.85 14.85 25.85 36.85 47.85
10t —271.91 -44.72 -1844 -7.15 3.85 14.85 25.85 36.85 47.85
10° -92.38 -19.79 -7.19 3.85 14.85 25.85 36.85 47.85
10° —224.16 -30.59 -7.41 3.85 14.85 25.85 36.85 47.85
10 -58.40 -8.11 3.82 14.85 25.85 36.85 47.85
10° —119.43 -12.02 3.70 14.85 25.85 36.85 47.85
10° —251.33 -23.14 3.51 14.84 25.85 36.85 47.85
10t° —49.79 2.69 14.80 25.85 36.85 47.85
10t —109.68 —1.13 14.69 25.85 36.85 47.85
10 —240.93 -12.19 1451 25.83 36.85 47.85
103 —38.82 13.69 25.79 36.85 47.85
104 —-98.69 9.87 2569 36.85 47.85
10° —229.93 —1.19 2551 36.83 47.85

results per unit mass, but results per unit volume are bettdf], but the other processes bring the total rate up to 2.6
for our purposes since they show more clearly the way irerg/gs, or within about a factor 2 of the zero density result.
which the zero-density approximation breaks down as the Finally we turn to the dependence of the emission rates on
density increases. We give the results kbg=1 TeV. Two the numben of (large extra dimensions. We give, in Tables
additional tables(VIIl and 1X) give, respectively, the num- X and Xl, the results for the total rates far=3 andn=4.

ber of the process that dominates for the reacti@mo if the ~ One sees, in the low-density limit, tA€ " behavior pointed
rate is zero, i.e., below 1629 and the fraction of the total out by Bargeret al.[1] for the TT— G rate which dominates
represented by the dominant contribution. for n=3,4 in the same places as in the-2 case.

In Fig. 3 (T+T—@), we see at a glance the effect cited in
Sec. I: for fixedT the energy loss rate is independent of the
density untilp increases to a point where the effective pho-  The approximations of zero density and purely transverse
ton mass and plasmon density are sufficiently high that thgTJrT_)g) photon annihilation into gravitons dfL] must
rate drops exponentially. The numerical values are given |, for fixed temperature, at high densities. We have com-
Table Ill. The analogous plot fdr+L—G is shown in Fig.  pyted a first estimate of finite density corrections to two-
4. Here, the the rate grows slightly for a fixébefore drop-  pjasmon production, for both transverse and longitudinal
ping exponentially in the mass of the longitudinal plasmonpjasmons of Kaluza-Klein excitations, as well as the decay
with increasing|k|. Again, numerical values are found in processT—L+G as a function of plasma density and tem-
Table VI. perature over a wide range of interest in both parameters.

The Sun, a red giant, and a type Il supernova are, in th®ur conclusion is that the zero-density, pure transverse ap-
(p,T) plane, given by Bargeet al.[1] to be at(156 g/cnf, proximation is satisfactory for the Sun, marginal for super-
1.3 keV), (1P g/en?, 8.6 keV), and (18 g/cn?, 30MeV), novae, and fails by about a factor of 5 for RGs. It is inter-
respectively. We see from Table IIl that the Sun is in a lowesting to note that, while very little of the—T plane is
density region where the zero-density approximation hold®ccupied, astrophysical systems appear to be preferentially
while the supernova is on the edge of a constant densitiocated relatively close to the boundari@s p) at which the
region. We also see from Table VIl that the other processeransverse photon approximation begins to fail. Our calcula-
contribute little in these two cases. The red gid@®) case is  tion is approximate in that we omit most of the diagrams of
more interesting. In Table 1ll, we see from tiie=10* and  Fig. 1. However, we believe our results indicate that the full
T=10® columns that the RG is in the gentle falloff region for calculation of all the diagrams is unlikely to modify our con-
the former, but the steep falloff region for the latter. Exam-clusions.
ining the region between 1 and 10 keV more closely gives, ACKNOWLEDGMENTS
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IV. SUMMARY

076007-9



DICUS, REPKO, AND TEPLITZ PHYSICAL REVIEW D62 076007

[1] V. Barger, T. Han, C. Kao, and R.-J. Zhang, Phys. Let#@B, [4] G. F. Guidice, R. Ratazzi, and J. D. Wells, Nucl. PHg544,

34 (1999. 3(1999.

[2] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B [5] T. Han, J. D. Lykken, and R.-J. Zhang, Phys. Rev.58
429 263 (1998; I. Antoniadis, N. Arkani-Hamed, S. Di- 105006(1999.
mopoulos, and G. Dvalibid. 436, 506 (1998. [6] E. Bratten and D. Segel, Phys. Rev.4B, 1478(1993.

[3] S. WeinbergGravitation and CosmologiWiley, New York, [7] Georg G. Raffelt,Stars as Laboratories for Fundamental
1972. Physics(The University of Chicago Press, Chicago, IL, 1296

076007-10



