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Gravitational focusing of cosmic neutrinos by the solar interior
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The Sun is transparent for cosmic neutrinos with an energy less than 80 GeV. The interior part of the Sun
forms for this radiation a high-quality gravitational lens with the focal distalRee24 AU (astronomical
unitg—the distance between the Uranus and Neptune orbit radii. The factors distorting the focusing are
estimated. Among them are the spherical aberration, astigmatism caused by the rotation of the Sun, fluctuations
of density connected with convection, and sunspots, etc. The lens has the unprecedented angular resolution
about 1.4 10 rad. In focus the increase in intensity for the neutrinos flux from the center of Sirius is about
a million times and even larger for more distant objects. This is only two orders of magnitude less than the flux
of solar neutrinos on the Earth. Information about the solar interior can also be obtained by such observations.
The resulting increase in intensity of the neutrino flux from the Sirius seems to open great possibilities in their
detection even at the present virtual level of registration technique.

PACS numbgs): 95.85.Ry, 96.60.Jw, 98.70.Sa

[. INTRODUCTION ity. This distanceF,;, is far beyond the solar system and
unattainable at present by space missions.

The detection of cosmic neutrinos from pointlike sources The good lens properties of the interior gravitational field
could give important information unobtainable by otherof the massive cylindrically and spherically symmetric object
methods. The brightest sources registered up to now are th{e.g. the starwith respect to the gravitational radiation for
Sun and the Supernova in the Large Magellanic Cloud SNhe greatly general assumptions about a radial dependence of
1987A, which were thoroughly discussed by Bahddll.  the mass density was first pointed ouf8)4]. In particular,
Other sources of neutrinos are enormously weakert®(10 the same gravitational effect has been discusseBjrin
times and moreand at first sight seem completely unobserv-order to disprove the results of Weber's experimiggiton
able. That is why they were not considered 1). However detection of gravitational radiation focused by the galactic
there is a possibility to compensate almost completely thisore. The Sun as the focusing object and neutrinos as the
enormous factor using an extremely small solid angle fronfocused radiation were not considered &4].
which this radiation comes, i.e., to use the focusing principle.

The focusing of neutrinos appears again impossible because Il. THE DEFLECTION ANGLE
of their weak interaction with matter. Therefore we need as a
focusing device the biggest available object such as the Sun. Let us consider the small-angle deflection of cosmic neu-

In this paper we consider the possibility to increase thdrino rays by an internal gravitational field of a spherically
flux of neutrinos from the star-like Objects by many orders ofsymmetrical star. Then, the formula for the internal deflec-
magnitude using the high quality gravitational focusing prop-tion angle d¢i,(p) remains the same as E(f), but the
erties of solarinterior. Originally the idea of gravitational MassM¢ should be replaced by a total mad¢p) contained
focusing was proposed by Einstein and Fogt in 1f86but  within an infinite cylinder of radiug with the axis passing
they considered onlgxteriorfocusing of the rays of light by through the center of masses parallel to the incident beam:
gravitational field of the Sun. In this case the deflection angle

Spexi(p) 1s inversely proportional to the impact parameier A4GM(p)
3@indp)= —5— (3)
4GM, cp
O@exd(p)= > @
cp where
whereMg is the mass of the Suig; the gravitational con- " 2
stant, andt the speed of light. Such a lens is of a low quality M(p)=M _47TJ w(nr2y/1— p_dr, (4)
because it smoothed the focal distarfeefor the parallel p re

beam of rays, starting fror,;, corresponding to the rays

touching the disk of the star and up to infinity for larger ~andu(r) is the mass density. Speaking otherwise, all masses
For the Sun, within the cylinder can be added and put at the origin; all
masses outside the cylinder compensate each other and do
not affect the deflectiof3,4]. So, knowing the spherically
symmetrical distribution of masses within the star and calcu-
lating the total mas#(p) within the cylinder of radiup it
where depexi=1.78 is one of the main experimentally ob- is easy to get¢;,:(p). The good focusing properties exist
served values confirming Einstein’s general theory of relativ-only if S¢;,:(p) is proportional tgp which is correct only for

Fom 2 5484 AU ?)
min SPoext ' ,
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small values ofp. Therefore we expand¢;,i(p) in odd
powers ofp (the absence of even powers is evident from th
symmetry considerationgnd keep only the two first terms:

5
P
+ — |
O( R) )
We introduce here the valle—the visible radius of the star
to make the coefficients,, a5 dimensionless. For determi-

nation of the coefficients, @3 one can use the Taylor for-
mula for M (p) in a vicinity at the pointp=0

RE

R

= ®)

O¢int(p)=ay tas

M/r(o)
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M(p)=M(0)+M'(0)p+

I\/I(A)(O)

MY

p*+o(p°). (6)

It is obvious thatM(0)=0. The coefficientsM)(0) are
equal to the values of derivatives of thé order of function

M (p) in the pointp=0, the derivatives being obtained from
Eq. (4). After some transformations we arrive at the follow-
ing expressions:

©

M’(0)=M"(0)=0, M"(0)=4wf w(r)dr,

0

0

du dr

@) Q)=
M) =127 | G-

()

CalculatingM ‘Y(0) we assumed that’(0)=0. The deriva-
tive (du/dr) vanishes at the lower integration limit which
makes the integral finite. Inserting Ed$) and (7) into Eq.
(3) we get

87GR
c2

oo

)

Calculatinga; we make the simplest assumption thefr)

is constant in each of transverse sections of the cylinde
Calculatinga; we take into account the change of density
within each transverse sectibriThe focal distance of the
internal gravitational lens is

27GR® (=du dr
2 Jodr r-

o= p(rydr, az=

8

c

9

The cubic term in Eq(5) spoils the ideal focusing and re-

stricts the effective radius of the lens producing the main part

of the spherical aberration.

The gravitational focusing by a spherically symmetrical
star has been considered also[Bl. However the author
admitted completely unrealistic density distributions(()

Yf u(r) is a constant for <R and =0 for r>R then the for-
mula (8) for a5 is still valid. In this caseuw(r) undergoes a jump
whenr=R and @u/dr),—-g= uod(r —R). We still obtain the cor-
rect result.
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FIG. 1. Empty diamonds linethe standard solar mod€sSM)
relative density distributions(r)/s(0) [w«(0)=148 g/cni]. The
density decreases twice from the center to the0.1Ry (Rg
=6.96x 10'° cm) which shows the degree of the mass concentra-
tion. Crossed diamonds lineSSM relative total mass within the
sphere of radius: M(r)/Mg (Mg=1.99x 10° g). Solid line the
relative gravity  g(r)/gmax (rmax=0.1MRg; Omax=2.33
X 10° cm/&) which is 8.5 times more thag(R).

=0, i.€., a constant one and(r) = uq(1—r?/R?)), neglect-

ing the strong concentration of density in the star’s center
(see Fig. 1 Correspondingly, in the case of the Sun, these
distributions provide the focal distances calculated according
to the formula(9), which the values 366 AU and 219 AU.
These distances are too large and they are placed outside the
solar system. The main difference of these distributions from
the real one given by the standard solar mag&3SM) [1] is

the weak concentration of masses to the center. As seen from
Fig. 1, the gravity for the SSM reaches its maximum value at
r=0.17R, and becomes 8.5 times as large as the surface
gravity. Using the SSM we have calculated the deflection
angle S¢;h(p) given in Fig. 2 and coefficienta , a3:
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FIG. 2. The deflection angle as a function of the relative impact
parameterp/Rg . (1) Calculations along the formulé3) for the
SSM. (2) The linear approximation(3) The cubic approximation.
One can see that the deviations from the linear approximéiieal
focusing starts already at=R/20. Different scales fobe(p) are
given at the left and right sides of the figure.
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Y, (km) ] along thex axis. The caustic, the focus and the straight-line
10] trajectories are presented in Fig. 3. The increase in intensity
] on the focal plane perpendicular to tkaxis is given by the
- formula
] | 1/ a; \2BRY¥® 2.61x100 13
> ¥)=3 sl Y4B yAB(m) (13
-5 So it has they~*3 singularity of intensity on the focal plane
] in the case of the pointlike source. This spherical aberration
Image of the -107 singularity should be smoothed further due to irregularities
Sirius core ] of solar interior and due to the finite angular size of the
3.s8s | 3.3 | 3.598 | 3.600 | 3.608 neutrino source.
Distance from the solar center x,(10°km) Let us consider the Sirius as a neutrino stable source, the

brightest one among nearest stars. First, for simplicity, we
suppose that the brightness of the neutrino source does not
%?pend upon the radius. The size of this power producing
gore is assumed to be ®2 [7]. Thus, for the radius of the

FIG. 3. The straight line rays in the vicinity of the focus calcu-
lated with account of the cubic term in E¢L1). The intensity
increase can be seen qualitatively as a density of lines condensed

one side of caustic. In the focal plane the singularity is proportiona .
to y~%2 After the rotation around the axis we will get on it a Mage on the focal plane we obtain the value of 6.1 km. Now

weaker §~1) singularity forx>F. The image of the Sirius core is W€ have to convolu_te bo_th mtgns[ty dlstr|but|or!s. Then we
also drawn as a circle of 6.1 km radius in the focal plane. The blaciEn@ll have the maximal intensity in the focus increased at
area indicates the further contraction of the image when nonuniforieast 10 times relative to the direct flux. For the possible
distribution of neutrino intensity is taken into account. Note the Starlike sources with smaller angular size their image will be
drastic difference in scales along tkendy axes. This extends the Smaller and therefore due to tiye * singularity the focus-
image along thes axis up to millions of km s and only the problem ing concentration of intensity will be higher which partly
of finding the image in the transverse plane remains. compensate the geometrical decrease in brightness. Sec-
ondly, let us take into consideration the fact that the bright-
In Fig. 2 the linesd¢,=a;- (p/Rp) and Sp3=a;- (p/Ry) ness of the neutrino producing core is nonuniform due to the
+ a3-(p/Ro)? are also shown. Itis easy to see that the lineavery steep energy production—temperature dependése
approximation is valid in a relatively small central region of T?%). Therefore the effective radius of the core can be at least
the Sun—forp less than one twentieth of thR,. Using three times less than our initial assumption what increases

Egs.(9) and(10) we get for the focal distance the focusing concentration of the neutrino flux at least 5
times and may be more. In this estimation the model of the
F=24 AU. Sirius interior considered ifi7] was used.

The spherical aberration is the most important factor lim-
This distance is then within the range of the solar systemiting the quality of the gravitational solar lens. Another sig-
between the radii of the orbits of Uran(s9 AU) and Nep- njficant factor distorting the focusing is the fluctuations of
tune(30 AU), which is drastically closer thaf,,, due to the  density connected with the convection and sunspots. Assum-

concentration of masses mentioned above. _ing that the size of a convection cells is about 1000 km, the
The family of neutrino trajectories at large distances will density variation within the cells is about 10%, the depth of
be an axially-symmetrical family of straight lines convective zone is 0.8, and taking into account their par-
3 tial regularity (relatively uniform distribution of granules on
p p the solar surfagewe get finally the total deflection of the
X)=p—X — |+ — |, 11 .
yx)=p (al( Ro a3( R@> ) (1) neutrino rays on the focal plane of no more than 50 m. The

influence of the sunspots can be easily estimated and it gives
wherex is the distance from the solar centgr-the distance the deflection of a few meters.
from the axis in the cylindrical coordinates in the vicinity of  The third distorting factor is the astigmatism of the lens
the focus(see Fig. 3. This family of straight lines transforms connected with the rotation of the Sun and its nonsphericity.
into a conical one ifv3 is negligible. Then we have the ideal Assuming that the Sun rotates as a rigid body and taking into
focusing. In general whem;#0 there exists the spherical consideration that Sun’s oblatenes@x 10 ° we have here
aberration and the trajectories form a caustic envelopehe additional deflection of abbd m in thefocal plane.
which can be obtained by the rotation of the semicubic pa- We see that the irregular and therefore an unavoidable

rabola spreading of the image of the point-like source in the focal
plane caused by convection is about 50 m. This is much less

2 [(a;x—Rg)? than the image of the Sirius core and we can therefore re-
y(x)= 3 3| as|x (12) solve the decrease in luminosity of the core. Besides we can

state that our giant telescope has an unprecedented angular
around thex axis. The intensity of the neutrino flux becomes resolution of 1.4 10! rad when compared with any exist-
infinite on the surface of caustic as well as in the focus andng device.
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In connection with the solar neutrino problem many au-incidence systentcomplicated enoughcan be constructed.
thors have treated nonstandard solar models in which th&/e also do not take into account all effects connected with
core has a rapid rotatiofsee references ifi]). Assuming possible neutrino oscillations.
that the core rotates ten times as fast as the surface we obtain
an additional deflection of the ray about 100 m on the focal Il. CONCLUSION

plane, which could be observable and would give important T4 send a heavy neutrino detector to the outer part of the
information about this assumption. The weak influence ofsplar system actually to the Neptune orbit—this is a grandi-
rotation is connected with its symmetry. The deviation fromose project that needs very serious argumentation. The de-
spherical symmetry in this case is of quadrupole nature angkction of the Sirius neutrinos is probably an insufficient goal
its action on the neutrino rays with small impact parameteffor such a project. However if stronger neutrino sources in
vanishes in first approximation. the sky will be discovered, the situation could change. For

The last important factor connected with the possibility ofinstance, extremely briglitike a galaxy and small(the size
the neutrino detection is the intensity of the neutrino emis-of the solar systejnquasars can emit the energy mainly by
sion, their energy spectrum and the corresponding sensitivitpeutrinos from the whole volume and only a small part by
of various detectors. photons from the surface.

Both the Sun and the Sirius generate energy by means of Eventually the solar neutrino telescope would give a
the p-p cycle and CNO cycle. However, the contribution of Unique chance to find and investigate such sources. Actually
p-p cycle to the Sun’s luminosity comprises more than 98%hiS i the unique way to increase the neutrino flux from
and that of CNO cycle is less than 2. But it is not the p(_)lnthke sources and therefore sooner or later this project
case with the Sirius where the contribution pp cycle is  Will be realized. _
only about 25% and that of CNO cycle amounts to up to Unfortunately one needs years to bring the _d(.at_ector to the
75% [7]. The energy of neutrinos from-p cycle is below focus and therefqre we cannot observe the |n|F|aI stage lof
0.42 MeV. The energy of neutrinos from CNO cycle is be-SUPernova explosions by such a telescope. In this connection

low 1.74 MeV. Both types of neutrinos can be detected by2" ideal object would be some novae, where the main part of
71Ga detectof1] with the threshold of 0.23 MeV but those the energy is emitted within several years to give time to

with higher energy are detected about ten times more effi[each the chus. . . . . .
ciently. The quality of focusing can give direct information about

Alleffects for the Sirius source can be summarized adhe solar Interior Wh'.Ch is also a unique p_035|b|I|ty.
follows: 3x 10" geometrical decreasein the brightness All neutrino experiments are breathtaking because of the

equal to the square of the relation of distances from thescales contrasts. The proposal discussed above gives another

Sirius and from the Sun; $Gocusingincreasefactor for the uItl_Ir_nhate examFI_Z of tk;etr:m ino f ing by the S
uniform core; anincreasefactor of 5 connected with nonuni- e general idea of the neutrino focusing by the Sun was

formity of the core; anncreasefactor of about 100 by which ;expreslsed by one Of.L(Séu'NdD') aDnd waskpr\]esented i?j gf- .
the Sirius is brighter than the Suincluding ultraviolet in-  [eréntlectures given in Sweden, Denmark, Japan, and Russia

visible part of Sirius radiationand increased percent of neu- " 19941995 without calculations. It was based on the well
trino radiation relative to the total one; amcreasefactor of known fact that good focusing preserves the luminosity of

about 10 due to different efficiency dtGa detector for neu- th.e_ object and is equivalent to the transfer of objabe
trinos fromp-p and CNO cycles. On the whole our estima- Sirius) onto the lens placé&he Sun and the observer to the

tions are rather rough and we hope that with more exacftocus' All the calculations considered were performed by

calculations we might gain another order of magnitude. 6.‘”0”?” authofA.M.P.) and they are presented here for the
Altogether the counting rate of neutrinos from the Siriusf'rSt time.

by such dgtector is about two orders of magnitude less ﬁhan ACKNOWLEDGMENTS
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