G
T
J
A
A
A

. ERDBs

. GgMBOSI

. KOTA

J, OWENS
J. SOMOGYI
» VARGA

Wi o l

¢
\ \Y
\,A'» \

HU33 02 333
KFKI-1977-51

FLUCTUATIONS OF ~101% ev COSMIC RAYS

“Hungarian %cademy of “Sciences

CENTRAL
RESEARCH

INSTITUTE FOR
PHYSICS

BUDAPEST



KFKI-1977-51

FLUCTUATIONS OF ~101% v COSMIC RAYS

G. Erdds, T. Gombosi, J. Kéta, A.J. Owens™, A.J. Somogyi, A. Varga

Department High Energy Physics
Central Research Institute for Physics, Budapest, Hungary

*permanent address: Kenyon College, Gambier, Ohio, U.S.A.

Pregented at the 15th International Cosmic
Ray Conference. Plovdiv, Bulgaria,
August 13-26, 1977. No. 0G-111

HU ISSN 0368-5330
ISBN 963 371 275 O




ABSTRACT

Using 4 years of data from an E.A.S. experiment on Musala Peak,
we have performed a power-spectral analysis on the flux of ~6x1013 ev
primary cosmic rays. Statistically-significant non-Poissonian fluctaations
are found, with a power spectrum propcrtional to £-1 for frequencies 2x10-8 Hz
2f51072 Hz. Possible sources of these fluctuations are discussed: instru-
mental drifts, data analysis techniques, meteorclogical effects, and scat-
tering by interstellar electromagnetic field irregularities.

AHHOTALHA

OnpenerneH CHeKTP MOWMHOCTH NMOTOKA MNepPBMYHHX KOCMHMYECKHX Jy4YeR C
ssepruen -6x.10133B ¢ nomomso QaHHHX, NOJYYEeHHHX B TeveHHH 4-X fneT B 3Kcne-
PHMeHTe 110 WHPOKHM AaTMOCHEPHHM SHBHAM, MDOBeNEeHHOM HAa NHUKe Mycana. CraTtdcTu-
YeckH nocrcaipuan $ryxTyaumMa HOCUT He MYyaCCOHOBCKHA XapakTep, M YMeHbWaeTCA
no 3axony f£-1 B uuteppane wactorw 2.10°8 Tepu < f ¢ 10~5 repu. PaccMoTpenw:
DO3IMONHHE NPHUYUHH MOJYYeHHOR Q. IyKTyauuH: HecTaOHIbLHOCTE alniapaTypHj MeTOomH,
UCNosIb30Banite NMpd OBpaGoTKe NaHHHA, MeTeoposiorHyeckre 3ddeKkTH M paccesHHe
Ha IJIEKTPOMATHUTHHX HEONHOPOOHOCTAX B MEXIUIAHETHOM NPOCTpPaHCTBe.

KIVONAT

A Muszala csucson végzett kiterjedt 1égizapor kisérlet 4 év alatt
kapott adatainak felhasznilasival meghatiroztuk a 6x1013 ev k&ritli energiaju
primer kozmikus sugdrzds fluxusinak power-spektrumidt. Statisztikailag szig-
nifikans rnem Poisson jellegll ingadozast taldliunk, amely a 2x10-8 Hz<£<1073 Hz
frekvenciatartomanyban f~1l szerint csdkken. Megvizsgaljuk a kapott fluktuicid
lehetséges okait: a berendezés instabilitidsat, az adatfeldolgozasnal alkal-
mazott nédszereket, meteorolégiai hatdsokat valamint a csillagk8zi elektro-
migneses térben t8rténd szérodast.



1. INTRODUCTION

The Extensive Air Shtiower experiment on Musala Peak
has given evidence for a non-solar diurnal anisotropy
/Gombosi, et al., 1975a/. The experiment has been run for
several years with few major data gaps, and care has heen
taken in interpretation of the data to eliminate spurious
temporal drifts. To verify the techniques used to eliminate
spurious trends, we have performed a power spectral analysis
of the flux observed at Musala. The statistically-significant
fluctuaticns found and reported here are not due to lcng-term
trends or detector drifts, to meteorological corrections, or
to near-earth solar-system effects. They may originate in
space far from earth. Several possible sources for the fluc-
tuations are briefly discussed, although their large size
/~0.5%/ and their _eculiar power spectral shape (f-l) severely
limit the possible production mechanisms.

2. THE OBSERVED POWER SPECTRUM

Four years of counting-rate data from the Musala
experiment, composed of 3-hour average fluxes, were divided
into 4 temporal periods. We calculated a power spectrum for
each epoch, using the nested variance method /Owens, 1977a/.
The four similar spectra were weighted by their 68 % ("10")
confidence intervals and combined to give the "raw spectrum”
in Figure 1. This is the spectrum of the relative flux,

n. = {J*-<J>}/<I> = AI®/<T>, /1]
where J* is the observed flux and <J> is its long-term aver-

age, both corrected for meteorological effects /Gombosi, et
al., 1975a/.




Random fluctuations due to counting statistics give

a flat ncise power spectrum of
P(f) = 2/<J> 12/

/Cwens and Jokipii, 1972/, where <J> = 2.5[/sec. As shown in

Figure 1, this Poisson noise spectrum is important only for

frequencies greater than %10—5 Hz.
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Fig. 1 Power spectra of the Musala fluctuattons. Filled circles
are the raw spectrum of n,.Poisgon noige level ("p”)and con-
tribution of counter-tube jumps ("j") are shown. Heavy bars
give "observed spectrum” raw spectrum minus p and J 8spectra
with Jo_qonfidence intervals. Solid curve is predicted result
for a f spectrum with linear trende subtracted, displaced
verticaily for clarity. Aliasing frequency te f,.

The data used in these calculations had been correct-
ed for drifting counter response by subtraction of a fitted




lire for each of the 5 counter-tube assemblies used. The count-
ing-rate difference upnn changing tubes was 2.5 %, and the de-
-trended data used here had residual "jumps"” of 0.6 % at the
joints. Each of the 4 spectra had exactly one jump due to the
residual tube-changing effect. For a single jump of size

d = 0.6 %, the power spectrum is
2 2 ‘
P(f) = T d° {l-cos(x)}/x%, 13/

where x = n£fT and Té4000x3hr24x107 sec is the length of the
data record. The spectrum of these jumps, averaged over the
frequency intervals used in the power spectrum, is shown in
Figure 1. It dominates the power only for very low frequencies.
A similar conclusion is reached if one supposes that the
temporal drift of the tubes has guadratic or higher-order

trends.

The "observed spectrum" in Fiqure 1 is for the re-
sidual fluctuations with the contributions of Poisson counting
statistics and tube-changing effects subtracted. Low-frequency
components with £v1/T in this spectrum are reduced from the
true level due to the linear trend suhtraction employed in
correcting for counter-tube replacement, as discussed by Owens
f1977b/. Assuming that the true spectrum is a power law,
P(f)af—l, we show in Fiqure 1 /so0lid curve/ the power spectrum
of the de-trended data. The curve fits the spectrum quite well.

We conclude that the true power spectrum of the Musala
fluctuations - corrected for Poisson counting statistics,
long-term counter drifts, and linear trend subtraction -~ is

P(f) = A/f 14/

with A=4x10“6 Hz-l. This spectrum 1s observed over the entire
frequency range analyzed, from 1/T to fc, or for frequencies
2x10~8 Hzgf45x10™ > Hz. These fluctuations have an rms size

~0.5 %, similar to the Poisson noise /0.6 %/ in the origina.
data, We ncte that the Musala fluctuations, with a 1/f gpectrum,

——n




cannot be produced either by noise [@hich has a flat spectrumﬂ

or by long-term trends Ewhich have spectra proportional to
2
1/£4].

3. METEOROLOGICAL AND SOLAR-SYSTEM EFFECTS

In the Musala experiment, the air-shower flux was
assumed to be of the form

diurnal anisotropy

AJ [<J> = BAP + CAT + terms

I5/
where the coefficients B and C giving the dependence of the
flux on pressure [P/ and temperature /T/ were determined by
least-squares regression [Gombosi, et al., 1975a, 1975b/. The
data n_ used in the power-spectral analysis were pressure -
and temperature-corrected,

n, = AJ®{<I> = AJ[<I> - BAP - C AT. 16/

We next show %that fluctuations in n,. are not due to insuffici-

encies in the neteorological corrections.

The power spectra of observed pressure and tempera-
ture /at the P~120 mbar level/ for the Musala experiment are
shown in Figure 2. Both spectra are fairly flat up to a char-
acteristic frequency 5510'6 Hz [corresponding to variations
with a period 12 days] and have a shape of P(f)af % for higher
frequencies. These spectra are quite different from the ob-
served Mussla spectrum with a shape of 1/f.

We have performed a cross-spectral analysis on daily
averages of Musala and the meteorological data, using the FFT
method of Bendat and Piersol [1971/. For the cross power spec-

trum ny of x and y, the coherence y is defined by the rela-
tion

2
v = Py (E) /(P (£) B (£)). 17/
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Figure 2 Power spectra of
meteorological daga. FPilled
circies and squares give
specira of pressure (in mbar)
and temperabureofof the P-120
mbar level, in "K). Some 10
confidence intervals are shown;
they are amaller for higher
frequencies.
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Figure 3 Coherence between
Musala and Pressure and Deep
River. v(f) ie shown for cross-
-powver gpectra of Musala and
pressure (golid eireles) and
Musala and Deep River Neutron
Monitor (open cireles), each
with v=50 degrees of freedom.
Dashed line at y=0.2 gives
bias level to Le expected
from uncorrelated data.

For an es“imate based on v degrees of freedom, there is an

inherent bias in the coherence estimates, so that two per-

fectly uncorrelated records have a coherence of

C.5

Ypias = [2/v] /8/

Our analysis shows no significant coherence between Musala

and P or T for any frequency range, above the bias level of
yzzo.l. This Iis illustrated for the cross-spectrum of Musala

and P in Figure 3, where the average coherence is equal to
the bias value. Thus the meteorological data "explain" less
than 10 % of the variance in the: observed fluctuations for

Musala shown in Figure 1,

Next we considered snlar effects and whether they
could cause the observed Musala fluctuations, We used the flux
of the Deep River Neutron Monitor /Steljes, 1971/ to investi-
gate correlations between the solar-influenced lower-energy




cosmic ravs and Musala, and we investigated correlations be-
tweon ~he Musala flux and the interplanetary magnetic field
sector structure [Svalgaard, 1972/. The cross spectra be-
tween Musala and Deep River [see Figure 3/ and between Musala
and the magnetic sector structure showed no coherence above
the bias level, with an upper limit of yzﬂo.l. The shapes of
the Deep "iver and magnetic sector power spectra were also
very different from Musala. Deep Rivzr has a spectrum pro-
portional to f‘2 for frequencies 10—7'Hszle-5 Hz, with a
small shoulder at -'leo—7 Hz. The magnetic sector structure
has a spectrum with a maximum near 10—6 Hz and falls off

for both highrr and lower frequencies. Therefore, the primary
energy of the Musala cosmic rays is sufficiently high that
nearby solar-system e€ffects contribute negligibly to the

fluctuations.

4. DISCUSSION

We have shown that the lO14 eV cosmic-ray flux, as
observed by the Musala experiment, has unexplained broad-band
anerindic fluctuations with an amplitude 0.5 %, a spectrum
of 1/f, and tim. scales from days through a year. These fluc-
tuatinons are not o meteorological origin and are not cor-
related with near-earth sclar-system parameters. They are
not due to long-term instrumental drifts or our data analysis
techniques. Although extreme care has been taken to insure
stable operation of the detector system, and linear trends
have been taken into account, it is still possible that very
small  amplitude, long-term aperiodic variations in the
sensitivity of the GM tubes are responsihle for the observed
variations. Similar analyses using data from other detectors
could test this possibility. If the fluctuations are not
instrumental, the rema:ning sources probably must be either

interstellar or interplanetary ~osmic-ray scintillations.

Interstella~ scattering by random magnetic fields

probably cannot account for the observed effect. Frcm
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Liouville’s theorem /e.g. Owens and Jokipii, 1972/ one can

derive

2J*/-J> > (“B/B)§ F 19/

where AB/B is the relative field fluctuation, § is the cosmic~

ray anisotropy, and F<l is a frequency~dependent factor. For
interstellar fluctuations whose wavelength (A) is much
smaller than the cyclotron radius (rc) of the particles, as
is the ca<= heie, F%A/rcu<l since the particles effectively
“average" the field fluctuations over a gyroperiod. For the
{Gombosi, et al., 1975a, 1975b/,
even for AB/B~-1l this nrocess fails by several orders of

2
)

observed anisotropy 5~10"

magnitude to exnlain the Musala fluctuationrs,

A possible source is the "scintillations”™ of the
high-energy cosmic rays in the electric fields that they see
in the solar wind as they approach earth. The frozen-in mag-
netic field is convected ocutward by the solar wind with
velocity V, giving rise to an electric field AE~AB V/c¢. For
particles with charge g=Ze, the energy change AT~q AEL,
where L is the size of the solar modulation region. Then we
have

AJ*[<J> = AT/T * (TzeV/eT) (6B L), /10/

where J(T)“T-F. Because of the magnetic sector structure,
the fluctuations AB~<B>. Since the magnetic field changes
throughout the solar system, the term (AB L) in equation [10/
should be interpreted as a path integral,

|-B> dx /11/

averaged over typical access paths in the solar system. The
value AJ*/<J>~0.5 % can be obtained if we take (4B L) 270
/{gammas/ ja.u./ and %=25., This model may be implausible be-
cause it requires AB L about a factor of 10 larger than es-
timated :n equation /11/ and because it assumes that most

of the ~1O14 eV primary cosmic rays are heavy nuclei. But it




gives the magnitude and the approximate time scales of the

observed fluctuations.

Clearly, the large amplitude of the Musala fluctua-
tions poses a difficult problem in *inding a plausible source,
as does the unusual 1/f spectrum. Additional power-spectral
analyses from E.A.S. and deep underground muon experiments
would be very helpful in developing models for these fluctua-

tions and in testing them.
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