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Summary. Results on the X-ray emission from flare stars observed with the
imaging proportional counter (IPC) on the Einstein Observatory are described.
The mean value of the quiescent state X-ray luminosity L, of the seven detected
flare stars is found to be ~2x 10" ergs~'. Analysis of the energy spectra of three
of the stars gives the value of the corona temperature as 3x10°K. Results on

gradual flux variations by a factor of ~2 in G735 and the occurrence of a short
duration (=400s) flare in G 729 are presented. A study of the distribution of the
ratio of the X-ray luminosity to the bolometric luminosity (L,/Ly,)) for all the
X-ray-observed flaring and non-flaring dwarf M stars shows that the L,/Lpo
distribution of the flare stars is remarkably similar to that of the regular period
RS CVn binaries but dissimilar to that of the non-flaring dwarf M stars. A strong
correlation is found between L, and Lg. for the flare stars and regular period
RS CVn binaries described by L,=107*7*°* Lg... The correlation between Ly
and the luminosities of chromospheric and transition region lines in flare stars is
also discussed. No compelling evidence is found for a dependence of go) (or
L,) on the rotation velocity or rotation period for the limited sample of flare stars
with available data. Finally similarities between the X-ray spectra ofthe flare stars
and those of the RS CVn binaries are discussed.

1 Introduction

Flare stars are a group of dwarf red stars, generally of spectral type M, which exhibit intense
flaring activity in the optical band. Flares in the radio, ultraviolet and X-ray bands have also been
detected from several flare stars in recent years. These stars are characterized by their strong
chromospheric activity as indicated by the presence of emission lines of hydrogen (H,) and Cau
in their optical spectra and emission lines ofMg, O1, Sin ete. in their ultraviolet spectra which
are present even during the quiescent state. High fluxes of high temperature transition region
lines such as Nv, Civ, Hetretc. have been detected with the /UE from several flare stars in their
quiescent state. Surface fluxes of these transition region lines are one to two orders ofmagnitude
higher than those of the quiet Sun which indicates their extremely active nature.
* Guest investigator with the Einstein Observatory. .
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About 80 flare stars, all lying within 25 pc of the Sun, have been detected so far. All these stars,

with the exception of two, namely G 229 and Ross 128 (G 447), are hydrogen emission line stars.

Except for four stars which are of spectral type K, the rest are dM stars. A large number of these

stars are in binaries, usually ofvisual or astrometric type, in which both components of the binary
are flare stars. Regular period photometric variations, usually referred to as ‘BY Draco

variability ’, have also been detected in a number of flare stars. This is attributed to the presence
of large-scale star spots on the photospheres of the stars and the rotation ofthe stars results in light
variations due to the change in the number of viewed spots. For a review of the optical
characteristics of the flare stars refer to Kunkel (1975). A detailed discussion of the various

physical parameters of the flare stars has been given by Pettersen (1980).
‘First detection of X-ray emission from the flare stars was reported by Heise er al. (1975) when

they observed an X-ray flare from YZ CMianda
coincident X-ray and optical flare from UV Ceti

with the ANS satellite. Observations with HEAO-/ revealed X-ray flaring in AT Mic (Kahn ef al.

1979) and a major X-ray flare event was detected by Haisch e¢ al. (1983) in the nearest flare star

Proxima Cen. Thus X-ray flaring seems to be a common feature of the flare stars. Reports of the

quiescent state X-ray emission from the flare stars, however, came from the Einstein stellar

survey (Vaiana et al. 1981). Several nearby flare stars were detected in this survey with their X-ray
luminosity L, in the range 10?7-10” ergs~'. Following this discovery we carried out a survey of

flare stars with the imaging proportional counter (IPC) on the Einstein Observatory (EO) under
the guest investigation programme ofNASA to study the quiescent state X-ray emission of flare

stars and to detect any correlation between their chromospheric, transition region and coronal

emissions. Preliminary results were reported at the JAU Colloquium No. 71 (Agrawal etal. 1983).
In this paper we report detailed results of the survey. We also present in list form a summary of the

X-ray properties ofall the detected flare stars as well as other dMe and dM stars. We compare the

X-ray characteristics of the flare stars with those of the non-flaring dMe and dM stars and point

out similarities in X-ray emission characteristics of the flare stars with those of the RS CVn
binaries. Next we discuss the correlation between L, and bolometric luminosity Lga as well as

between L, and luminosities in chromospheric and transition region lines. We also discuss the

dependence of L, on the rotation periods of the flare stars. Finally, we briefly discuss similarities

between the spectra of the flare stars and those of the RS CVn binaries.

2 Observations and results

The observation programme included 12 flare stars from the list of Kunkel (1975), which were not

included in any other surveys. Only seven of these stars could be observed, however, before EO
ceased operation. A summary of the optical parameters of these stars is given in Table 1. All are

single UV Ceti-type flare stars except for G 493.1 (FN Vir) which is a spectrosopic binary. Five of

Table 1. Summary of X-ray results on flare stars surveyed in this work.

Gliese Other Spectral my, Distance Effective IPC count Log L, Ly
no. name type (pc) exposure rate (ergs ') Log

Lego
time (s) (counts”!x 1077)

229 BD-21°1377 dM2.5 8.13 5.7 10500 1.07+0.22 26.9 —5.35

- PZ Mon dK2e 10.8 16 5343 2.1040.35 28.1 —3.60

398 L113-55 dM4e 12.61 13.7 1426 7.42+0.86 28.5 —3.13

493.1 FN Vir dMSe 13.34 141 1282 2.5440.69 27.9 —3.49

729 V1216 Ser dM4.5e 10.60 2.9 3676 22.8+0.90 27.7 —3.66

735 V1285 Aql dM3e 10.07 10.9 7518 26.7+0.60 28.9 —3.26

791.2 HU Del dM6e 13.06 9.4 5265 6.32+0.45 28.1 —3.22
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the seven surveyed stars are dMe stars, one star (G 229) is classified as a dM star and one star
(PZ Mon) is of spectral type dK2e. The IPC exposure times of these stars ranged from about 10°
to 10*s. X-ray emission was detected from all the seven stars. The exposure times and observed
IPC count rates are shown in Table 1. Two of the stars were relatively bright X-ray sources with
IPC count rates of ~0.2 countss7!.

2.1 X-RAY LUMINOSITIES

To convert the observed count rates to flux values we need to know the X-ray spectra ofthe stars.
Spectral analysis of the IPC pulse height data was carried out for three of the stars having more
than 250 source counts. This analysis, discussed in detail in the next section, yielded flux
conversion factors in the range (1.39-1.51)x107"erg per IPC count. In the Einstein stellar
survey of Vaiana et al. (1981) and the survey of nearby stars by Johnson (1981), a flux conversion
factor of 2x107''erg per IPC count, appropriate for thermal emission from a plasma at a
temperature of 107K, was used. We have therefore also chosen the same conversion factor to
facilitate comparison of our data with those for the other flare stars included in various other
surveys. Using distance values derived from parallax measurements given by Gliese (1969) we
computed L, values which are listed in Table 1. The star PZ Mon is not included in the Gliese
catalogue and we therefore used the distance value given by Gurzadyan (1980) for computing its
L,. A search for time variability showed no evidence of flaring activity during our observations in
any of the stars except G 729, in which a rather weak flare of ~400s duration was detected and
was excluded from the calculation of the average quiescent state counting rate of G 729. The
observed L, values therefore represent the quiescent state X-ray emission. Details of the X-ray
flare in G 729 and the slow intensity variation observed in G 735 will be presented in a later
section. The mean value of L, for our sample of seven flare stars is 2x 1028 ergs |.
Since L, depends on the assumed size and distance of the star, a more appropriate quantity to

measure the X-ray activity of a star is the ratio of its X-ray luminosity to its bolometric luminosity(L/L oi) which is independent of the size as well as the distance of the star. Using values of
absolute magnitude (M,) given by Kunkel (1975) and the following relation for bolometric
correction (BC)
BC=—0.397M,+2.386

due to Pettersen (1983) we compute BC and Mj, for all the stars. The Lo} Values were then
computed using the relation

Lpoi=3.02 10°x 10784 MPerg s—!

(Lang 1980).
Finally values of the ratio L,/Lg,, were calculated and these are shown in the last column of

Table 1. Notice that except for G 229, which is a dM star, L,/Lgo values for the other six stars lie
within a rather narrow range of a factor of 3.4 with a mean value of 4.6x 107+. It should be pointed
out that there is a spread in the L, values for these six stars by a factor of ~16. For G 229 the L,

Table 2. Summary of spectral parameters.

Star Best fit AT EM Reduced Flux conversion factor
(keV) (cm~?x 10°°) r (erg per IPC countx107!!)

G729 0.26 1.2 1,38 1.51
G735 0.28 1.7 2.1 1.47
G791.2 0.28 2.9 0.82 1.39
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value is an order ofmagnitude lower and the is two orders ofmagnitude lower than those
for the other stars. However, as discussed later, these values are comparable with those observed
for the non-flaring dM stars. It should be pointed out that the star G 229 exhibits rather weak
flaring activity compared with the other flare stars (Kunkel 1973). The X-ray observations
indicate that, at least in its quiescent state, G 229 resembles non-active dM stars rather than the
active dMe flare stars.

2.2 X-RAY SPECTRA

The number of source counts with useful pulse height data exceeded 900 and 1850 for G 729 and
735 respectively and were about 280 for G 791.2. The spectral fitting was therefore tried for these
three sources using the Raymond-Smith model (Raymond & Smith 1977, 1979, unpublished).
The IPC gain appropriate for the day of observation of the sources, represented by the BAL
parameter derived from inflight calibration, was used for spectral fitting for each source. Since
these stars lie within 12 pc, the absorption of X-rays in the interstellar medium is negligible for
them. Therefore log N;};=18.0 was used in the spectral fitting runs. This was independently
verified for each source by allowing NV, to vary in a run and it was found that in each case the best
fit was always obtained for the minimum value of Ny. The best-fit value of kT, the emission
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Figure I. (a) The observed count spectrum of the flare star G 729. The histogram shows the best-fit Raymond-Smith
spectrum with kT =0.26 keV. (b) The observed count spectrum for the flare star G 735. The best-fit Raymond-Smith
spectrum with kT =0.28 keV is indicated by the histogram.

measure (EM) and the derived flux conversion factor are listed in Table 2. The best-fit spectra for
G 729 and 735 are shown in Fig. 1(a) and (b), respectively. The & 7 values for the three sources are

about the same but the emission measures differ by an order of magnitude. However. note that

while acceptable spectral fits are obtained for G 791.2 and 729, the value of the reducedy” shown
in Table 2 is unacceptably high (corresponding to a probability of 0.02) for G 735. As seen in Fig.
1(b) this happens because the observed flux values above 1.5 keV lie systematically above the

best-fit spectrum. This trend is also visible in the spectrum of G 729 in Fig. 1(a). There is thus a

suggestion for the presence of a higher temperature component in the spectra of these two stars.

Unfortunately the standard IPC spectral fitting programme has no provision for fitting a

two-temperature Raymond—Smith model and therefore we cannot draw any inference about the

high temperature component at this time. It may be pointed out, however, that Swank & Johnson

(1982) required a two-temperature mode! to fit the spectrum of the flare starWolf 630AB (G 644

AB) observed with the solid state spectrometer on the EO. The dominant low temperature
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component had &kT=0.54keV and the temperature required for the hotter component was

kT20.7 keV. The luminosity and emission measureof the high temperature component was only
one-third of those for the low temperature component. The temperature of ~3x10°K for the

coronae of the three stars in our sample is in good agreement with the value of 3.5 10° K obtained

by Haisch & Linsky (1980) for the flare star Proxima Cen.

2.3 TIME VARIATIONS OF THE X-RAY INTENSITY

A search for the intensity variations in the count rate versus time plots for the observed stars led to
the detection of variability in two ofthe stars, namely G 729 and 735. A plot of the counts grouped
in 100s bins versus time is shown in Fig. 2 for G 729. There is clear indication of a small X-ray flare
occurring at about 6ks after the start of the observations. The time of commencement ofthe flare
is 5.063 hr UT on 1981 March 24. The proposition that the count rate increase was due to the
source was verified by checking the off-source background in the IPC image which was found to
be constant during the observation of G 729. The rise time of the flare was less than 100s and its

decay time was ~300s. The statistical significance of the excess counts detected during the flare is
4.77 above the average quiescent state count rate of the source. The L, value at the flare peak was
~5x 10°’ ergs”! and the total energy released in the 0. 1-4 keV band was ~ 10°" erg. Similar minor
X-ray flare events had been detected in the flare star YZ CMi by Kahler et a/. (1982) andin G 644
AB by Johnson (1981). The short duration of the flare suggests a similarity to impulsive solar

X-ray burst events. The rise and decay times of the observed X-ray flare are similar to those ofthe
optical flares seen in G 729 (Cristaldi & Rodono 1973). The detection of one flare event in about
Lhr of observing time is not inconsistent with the reported flare frequency of ~0.15—0.35 flares
per hour (Feix 1974; Jarrett & Grabner 1974).
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Figure 2. Plot of the [PC count rate versus time for the flare star G 729. The zero time corresponds to 3.396 hr UT on
1981 March 24. A weak X-ray flarc is clearly seen at T=6 ks. The quiescent state count rate is indicated by the broken
line in the figure.
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Figure 3. The X-ray light curve of the flare star G 735. Time T=0.0 corresponds to 6.188 hr UT on 1981 March 7.
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The X-ray light curve of the star G 735, with counts grouped in 500-s time bins. is shown in Fig.
3. Ascan be seen there is at first a gradual increase in the count rate from 0.19 to 0.29 counts s~! in
less than an hour, at which level the count rate stays for about 2 hr. This is followed by a slow
decline to a level of 0.16 counts s~! in about 1.7 hr. Thus there is a change in the count rate bya
factor of 1.8 in about Shr. A constant-intensity-source hypothesis gives an unacceptably high
reducedy’ of 3.24. Constancy of the background during our observation of G 735 was verified by
measurement of the background count rate in an off-source field in the IPC image. The reality of
the intensity variations ts therefore beyond doubt. This kind of slow variability could arise as a

result of a change in the number of viewed X-ray active regions with the rotation of the star. This
variablity may be the X-ray analogue of the BY Draco variability seen in the optical band in many
flare stars. Another possible explanation may be that the observed variations are intrinsic to the
active regions on the star. It may be mentioned that Linsky er al. (1982) detected variations in the
flux of the transition region lines by 30-70 per cent from the flare star AT Mic over a time-scale of

Table 3. Summary of data on X-ray-observed flare stars and non-flaring dwarf
M

stars.

Gliese Star Spectral om, M, BC Log L, Log Refer- Comment
No. name type (ergs”') (Lx/Lpou) ence (Vin kms’ ')*

for L,
(1) (2) (3) (4) (3) (6) (7) (8) (9) (10)

(a) Flaring dMe and dM stars

15SA DM+43.44 dM2.5 8.07 10.32 -1a 72 4.96 \
15B GQ And dM4.Se 11.04 13,29 —2.89

65A L726-8 dMS5.S5e 12.45 15.35 eH 27.5 3.59 3
65B UV Cet dM6e 12.95 15.85 -3.91
83.1 TZ Ari dM&e 12.27 13.92 -3.14 27.6 -3.57 4

166C 40 Eric sM4e 11.17 12.73 —2.67 28.3 —3.16 3

206 Ross 42 dM4e 11.47 10.73 —1.87 29.1 — 2.85 4

229 BD—21°1377 dM2.5 8.13 9.33 —1.32 26.9 —$.35 5 No H, emission

234A Ross 614A dM4.5e 11.07 13.08 ay %65 4.96 6
234B Ross 614B - 14.50 16.50 -4.17
268 Ross 896 dMSe 11.48 12.62 —2.61 27.5 —4.01 6

278C YY Gem dMle 9.07 8.23 —0.88 29.5 —3.01 2.7 SB2, V=38.5
285 YZCMi dM4.Se 11.23 12.34 —2.51 28.5 -3.01 8 V=555
388 AD Leo dM3.5e 9.43 11.00

— 1.98 29.0 —2.88 6

398 L1113-55 dM4c 12.61 11.9 —2.34 28.5 —3.13 5

406 CN Leo dM6.5e 13.53 16.68 ~4.24 27.0 -3.51 2

412B WX UMa dMS.5e 14,53 15.88 —3.92 27.5 —3.18 1

447 Ross 128 dM4.5 11.09 13.48 —2.97 26.6 —4.66 4 No Haemission

490A DM + 36.2322 dM1.5e 10.60 9.4 —1.35

490B G164-31 dM3.5¢ 13.16 11.9 ay 29.0 4.32 2 V=8.6

493.1 FN Vir dMSe 13.34 13.11 —2.82 27.9 —3.49 5 SB
551 Prox. Cen. dMSe 11.05 15.45 —3.75 27.2 —3.62 9

616.2 DM +55.1823 dM1.5¢ 9.96 8.4 —0.95 29.1 —3.39 6

644AB -V1054Oph dM3.5e 9.76 10.73 ~1.87 29.1 —2.85 I

719 BYDra dM0.e 8.30 7.3 -0.51 29.5 —3.25 6 SB2, V=8.9
729 V1216 Sgr dM4.5e 10.6 13.3 —2.89 27.7 —3.66 5

735 V1285 Aqi dM3e 10.07 9.9 -1.54 28.9 —3.2 5

752B V1298 Aql dMSe 17.38 18.57 —4,99 27.0 —3.04 2

791.2 HU Del dMé6e 13.06 13.2 —2.85 28.1 —3,22 5

803 AU Mic dM2.5e 8.61 8.76 —1.09 29.8 —2.60) 7 V=6.2

860B DOCep dM4. Se 11.30 13.3 ~2.89 27.4 —3.90 1

866 L789-6 dMS.S5e 12.18 14.60 —3.41 27.0 -4.0 4

896A DM+ 19.5116 dM4e 10.38 11.33 ey 28.8 3.13 2
896B EQ Peg dMSe 12.40 13.4 -2.93 , ,
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Table 3 -continued

Gliese Star Spectral omy M, BC Log L, Log Refer- Comment

No. name type (ergs ') (L,/Lpo) ence (Vin kms ')*
for Ly

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

(b) dKe flare stars

103 CCEn K7Ve 8.70 8.4 -0.84 29.4 —3.05 7 SB2, V=19.8
517 EQVir dKSe 9.34 8.3 —0.60 29.4 —3.00 2 V=7.9
- PZ Mon dK2e 10.8 9.78 0.35 28.1 —3.60 5

(c) Non-flaring dMe stars

213 Ross 47 dM4. le 11.60 12.73 —2.66 27.2 —4.31 1

783B — 36°13940 dM5e 11.50 12.7 2.66 < 27.7 <= —-4.8&0 1,4

905 HH And dMS5.5e 12.29 14.80 —3.49 26.3 —4.59 4

(d) Non-flaring dM stars

191 Kapteyn dMo 8.81 10.89 -194 = 265 <= —5.36 4

195A ADS 3841H dM2 10.2 9.6
~—
1.43

195B Yale 1193 dM5 13.7 13.1 a; 27.9 4.37 4

402 Wolf 358 dM5 11.66 12.42 —-2.55 <= 269 << —4.61 4

445 Yale 2722 dM4 10.92 12.38 -2.54 <= 24.7 ss —4.84 1

461 BD + 1°2684 dM2 10.2 9.1 —1.23 28.2 -4.13 4
- Ross 476 dM6 14.34 12.7 —2.66 28.0 —3.46 4

628 Wolf 1061 dM4.5 10.12 12.10 2.42 < 265 —5.15 4

643 Wolf 629 dM4 11.70 12.84 —2.71 <= 270 ~4.43 1

644C VB8 - 16.66 16.66 ~4,23 26.7 —3.81 1

687 BD +68°946 dM4 9.15 10.79 —1.90 26.9 —5.02 6
695BC ADS10786BC dM3.5 10.33B 10.30B

“yee 76 -457 2
695BC ADS10786BC - 10.79C 11.29C —2.08

. ~

699 Bardnard’s star sdM4.5 9.54 13.25 —2.87 26.1 —5,23 2
825 HD202560 dM1 6.67 8.75 -1.09 27.3 —5.12 6
832 HD204961 dM! 8.67 10.33 —1.72 26.8 —5,26 6

* Rotational velocity (V) data from Pettersen (1983).
References: 1, Johnson (1981): 2, Vaiana etal. (1981),3,Cash, Charles & Johnson (1980); 4, Johnson (1983); 5, present work;
6. Golub (1983): 7. Caillault (1982); 8. Kahler e¢ af. (1982): 9, Haisch & Linsky (1980).

a few hours and suggested that they are caused by changes in the active regions rather than the
rotation of the star. There is perhaps a common origin for the slow variability in the X-ray and
ultraviolet lines in the flare stars.

3 Discussion

3.1 DISTRIBUTION OF L,/Lgy FOR THE FLARING AND NON-FLARING DWARF M STARS AND
CORRELATION BETWEEN L, AND Lpoy

Besides the seven flare stars discussed in this paper, several other flaring and non-flaring dwarfM
stars have been observed as part of a survey of nearby dwarf stars by Johnson (1981) and in the
Einstein stellar survey of Vaiana er al. (1981). A few other individual flare stars like YZ CMi,
Proxima Cen etc. have been observed by other investigators in order to study their X-ray flaring
activity (Kahler ef al. 1982; Haisch et al. 1983). Note that all the flare stars observed with the
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Einstein were detected in X-rays. It may also be pointed out that these flare stars do not represent
either an X-ray flux limited or magnitude limited sample.

In order to study the properties of all the X-ray detected flare stars and other dwarf M stars
from the viewpoint of searching for a correlation between their optical, ultraviolet and X-rayemission parameters. we have made a compilation of their X-ray and optical characteristics in
Table 3. The spectral type of the stars, their visual magnitude m,, the parallax values andM, were
taken from Gliese (1969). The bolometric correction BC and values of Lego Were calculated in the
same manner as described in Section 2.1. The sources from which values of L, were taken are
indicated in column 9 of Table 3. Whenever necessary the L, values were recalculated using the
conversion factor of 2x 107'! erg per IPC count.
Table 3 includes 29 dwarf M flare stars (27 dMe stars+two dM stars) of which 10 flare stars

constitute five visual binaries, both members of which are flare stars (Kunkel 1975). There are
also three dKe flare stars in the list. Additionally three dMe and 15 dM (two in a visual binary)
stars, which are not known to be flare stars and which were observed in the various surveys cited
above, are also included in Table 3. Of these three dMe and nine dM stars were detected in X-rays
and for the rest upper limits have been given. Since individual members of the binaries were not
resolved in X-ray observations, the observed L, values represent total emission from the star

| 10 10 10 io7®
Lx/ LBol

Figure 4. Distribution of the ratio of the X-ray luminosity to the bolometric luminosity (a) for the flare
stars, (b) for the non-flaring dM and dMe stars and (c) for the regular period RS CVn binaries. Arrows in (b) indicate
upper limits for non-detected dM and dMe stars.
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Figure 5. Plot of X-ray luminosity L, versus bolometric luminosity L go, for the flare stars and the regular periodRS CVn binaries. The straight line corresponds to the best-fit relation L,= 107? 3*42 7...

pairs. Therefore, in calculating the L/L go) ratio for such binaries, we used summed L go for both
members of the binary.
To investigate the existence of any systematic differences in the distribution of the ratio

L,/ Lo between the flare stars and the non-flaring dwarf M stars, we made plots of the L,/Lpo
distribution for these two categories of stars. These are shown in Fig. 4(a) and (b). To compare
the distribution of L.,/ Lg.) for the flare stars with that for the RS CVn binaries, which also exhibit
very high chromospheric, transition region and coronal activities, we show the L/LBol
distribution for the 30 regular period RS CVn binaries in Fig. 4(c). Values of L,/Lpo, for the
RS CVn stars were taken from Walter & Bowyer (1981). It will be noticed from Fig. 4 that the
L,/Lgo) distribution for the flare stars ismarkedly different from that for the non-flaring dwarfM
stars but strikingly similar to that for the RS CVn binaries. A Mann-WhitneyU test (Siegel 1956)
was carried out to determine the probability that the distribution of L,./ Ego is similar for the flare
stars and the RS CVn binaries. The computed value of the probability is 0.04 which is higher than
the significance level of 0.01 usually used for large samples (in our case about 30 in each
population of stars) and clearly demonstrate that both the star groups have similar L,/Lgo)
distributions. However, the corresponding value of the probability for the flare stars and the
non-flaring dM and dMe stars is found to be 0.00003 which implies that these two populations of
stars are quite dissimilar in their L,/L5,) distributions.
Notice that the two flare stars of spectral type dM have a value ofL/L po, two to three orders of

magnitude lower than that for the other flare stars. Their L,/ Lo Value is comparable, however,
with that of the non-flaring dwarfM stars. The mean value ofL/L.) for the flare stars is 6x 1074
which agrees with the computed mean L/L go) value of 10.8% 107“ for the regular period RS CVn
binaries to within a factor of 2. However, the mean L,/ Lge for the 12 X-ray-detected dM and
dMe non-flaring stars is 9.6 x 1075, and ifwe also include the upper limits then it further reduces to
<7x107°. The average L,/Lpo) for the non-flaring dwarf M stars is thus an order ofmagnitudelower than that for the flaring stars.

t
qT

T T T T

© RS Cyn Binaries
X Flore Stars (dMe + dke)
® Flare Stors (dM)32

30

gr
29

x
x



234 P. C. Agrawal, A. R. Raoand B. V. Sreekantan

In order to explore any correlation between L, and Luo we made a plot of log L, versus
log Lao for the flare stars and the regular period RS CVn binaries which is shown in Fig. 5. Itisobvious from Fig. 5 that L, tracks Ly.) rather well over about five orders of magnitude for these
active stars. There is an indication of a tight correlation between Ly, and Lg) as indicated by the
correlation coefficient value of 0.94. We find that the dependence of L, on Lg.) is well described
by the relation L,=107?" Ly... which is shown as a straight-line fit to the data points in Fig. 5.A similar plot made for the non-flaring dwarf M stars is shown in Fig. 6. There is a large scatter of
the points and no indication of any correlation between L, and Ly.) for these stars. The data
points fall below the best-fit straight line for the active stars.
Pallavicini e¢ al. (1981) also investigated any possible correlation between L, and Lego for the

various types of coronal X-ray sources. While they found a rather good correlation for the
early-type stars, they failed to find any such correlation for the late-type stars (F7 and later), Itshould be pointed out, however. that their sample of late-type stars was rather heterogeneous,
including stars of spectral type F7 to M5 and of luminosity class [I-V. The correlation that we find
is applicable only for the active stars possessing enhanced chromospheric and coronal activities,
The observed correlation between L, and Exo implies that the flare stars are as active as the
RS CVn stars and the nature oftheir activity is probably the same. This is not surprising since both
categories of stars show coverage of extensive areas of their photospheres with star spots as
indicated by the ‘photometric light wave’ in the RS CVn stars and the BY Draco variability in the
flare stars. However, the underlying cause for the correlation between L, and Lego and its
physical significance are not clear at this time.

3.2 CORRELATION BETWEEN Ly AND LUMINOSITIES OF CHROMOSPHERIC AND TRANSITION
REGION LINES

Linsky e? al. (1982) have reported measurements ofthe fluxes of the chromospheric and transition
region lines from several dMe stars and two dM stars. We converted these flux measurements to
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Figure 6. Scatter diagram of X-ray luminosity L, versus bolometric luminosity Lg.) for the non-flaring dM and dMe
stars. The straight line shows the relation between L, and Loi for the flare stars and the regular period RS CVn!
binaries.
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Figure 7, Plot of X-ray luminosity L, versus luminosities in the chromospheric and transition region lines (Liine) for
the six flare stars with available data. The continuous and broken lines correspond to the relation L,= 10% Line where
the value of

@ ranges between 1 and 2 for the different lines.

line luminosities for six of the stars for which L, values are available. A plot of L, versus the
luminosities of the Nv, Crv, Hen and Mg lines is shown in Fig. 7 for the six stars. A clear
correlation between L, and the luminosities of the individual lines is apparent from Fig. 7 for all
the lines. We find that the correlation is well represented by a relation of the form Ly=10° Line
where @ ranges from

|
to 2 for the different lines and its values are indicated in the figure along

with the best-fit lines. The values of the correlation coefficients for the Mgu. Hen, CrvandNv
lines are found to be 0.99, 0.99, 0.97 and 0.97, respectively, which imply a rather tight correlation
between L, and the luminosities of these lines. Notice that there exists a correlation not only
between L, and the transition region line luminosities but also between L, and L for the
chromospheric Mgt line. This suggests that in the flare stars the chromospheres, transition
regions and coronae are physically related and that there is probably a common heating
mechanism for them. It may be mentioned that the correlation between MgiI emission and soft
X-ray emission was also pointed out by Ayres, Marstad & Linsky (1981) for F-K dwarfs and
giants. They, however, represented this correlation by a power law, e.g. Fy/ Foi * (Feen/ Foi)’.Further they found that Foyw/Froi% (Fegu/Fpoi)' which taken together with the relationship
between F, and Fgu implies that Fy/ Fao*(Few/Fpoi)”. Expressing these relations in terms of
luminosities we can write LyLio ® Lingy and LL go % Léw. Since L,* Ly for the active stars,
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Figure 8. Plots of X-ray luminosity L, (left scale) versus rotational velocity V and L,/Lgoi (right scale) versus
rotation period P for the seven flare stars with available data. The straight line shows the relation L,=10°7 (V sini?’
found by Pallavicini et a/. (1981) for the late-type (F7-MS) stars.

the above relations imply that L, = Emgn and L,xLc,. i.e. the same kind of linear relationship
that we found for the flare stars and the RS CVn binaries.

3.3 CORRELATION BETWEEN L, AND ROTATION PERIOD OR ROTATION VELOCITY

Pallavicini et a/. (1981) found a correlation between L, and the rotation velocity (V sin?) for the
late-type (spectral-type F7-M5) stars which is described by the relation L,=10°’ (V sin i)*. For
the RS CVn binaries Walter & Bowyer (1981) have claimed that L,/Lp,.* P~'* where P is the
rotation period of the active star and is assumed to be the same as the binary period. We have
shown previously that the L,/Lj.) ratio for the flare stars is in close agreement with that for the
regular period RS CVn binaries and both kinds of stars have coronae with a similar degree of
activity. We therefore examined the flare star data to detect the existence of any similar
correlation between L, and Por L, and the equatorial rotation velocity V. Unfortunately Pand V
data are available for only seven of the X-ray-observed flare stars. We have taken P and V values
from the work of Pettersen (1983). These values are derived from photometric observations in
which modulation of the star light arising from rotation of star spots present on the star's
photosphere is monitored. In Fig. 8 we have plotted log L, (left scale) versus log V and

log Lx/L poi (right scale) versus log P for the seven stars. The relation of Pallavicini er af. (1981) is
shown by a straight line in Fig. 8. We find no evidence of any correlation between L, and Vor L,
and P for the seven stars. We may mention that the validity of the relation L,/Lyo.* P)7 has
been questioned by Rengarajan & Verma (1983) who point out that in the RS CVn sample of
Walter & Bowyer (1981) there exists a relationship between Lp,; and P given by Lpq, x Po

while L, shows no dependence on P. They therefore conclude that the relation between L,/Lpot
and P results simply from the dependence of Lg, on P. From our analysis of the flare stars we
conclude that there is no compelling evidence for a relationship between L,/Lp., and P or
L, and V at least for the limited sample of flare stars.
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3.4 COMPARISON OF THE X-RAY SPECTRA OF THE FLARE STARS WITH THOSE OF THE RS CVn
BINARIES

In Section 3.1 we have established that the distribution of go for the flare stars is similar to
that of the regular period RS CVn binaries. Here we shall try to bring out similarities between the
X-ray emission spectra of these two classes of X-ray active stars.

X-ray spectral observations of a few RS CVn binaries like UX Ari, Capella etc. have been
carried out with HEAO-/ and the [PC on the EO (Walter, Charles & Bowyer 1978; Cash et al.
1978) but the most comprehensive study has been done by Swank er al. (1981) using the SSSon the
EO. They observed eight RS CVn systems and reported X-ray spectra which could be fitted by a

two-temperature Raymond—Smith model: a low temperature emission region in the source at
T=(4-8)x 10° K and a high temperature region at T=(20-100)x 10°K. As yet no such detailed
study has been carried out for the flare stars. Harris & Johnson (1984) derived a temperature of
0.3 keV for G 669 by fitting the IPC spectral data and Haisch et af. (1983) reported a temperature
of 4x 10° K for Proxima Cen using the same instrument. Swank & Johnson (1982) observed Wolf
630AB with the SSS and derived a low temperature component of kT=0.54 keV. As discussed
earlier, we obtained a best-fit temperature for the flare stars G 729. 735 and 791.2 in the range
(3-4)x LO°K. Hence we conclude that the available low resolution X-ray spectral observations of
the flare stars indicate coronal temperatures in the range (3-6)x10°K, quite similar to the
temperature of the low component emission region detected in the RS CVn binaries.

It is interesting to explore whether the phenomenon of the hard component emission region
detected in the RS CVn binaries is evident in the case of the flare stars also. As discussed earlier
the present work suggests the presence ofa harder component in the spectra ofthe two flare stars
for which spectral information is given, but this evidence is not conclusive. The SSS observations
ofWolf 630AB do suggest the presence ofaharder component of kT20.7 keV. More compelling
evidence for the presence ofaharder component in the spectra of the flare stars has been obtained
with the HEAO-1. Tsikoudi (1982) searched 70 known flare stars for X-ray emission above 2 keV
using the medium energy detector (MED) on board HEAO-1/. Positive detections were reported
from 10 of

the
flare stars. It should be noted that the error boxes derived by MED contained other

objects apart from the flare stars and hence individual identifications may be suspect. but the
positive results obtained from 19 per cent of the searched stars is statistically highly significant.
Eight of these 10 stars for which X-ray emission is detected by the MED have also been observed
with the IPC (see Table 3). We have calculated the hardness ratio defined as the ratio of the
2-10keV X-ray flux (MED observations) to the 0.1-4keV X-ray flux (IPC observations) for
these eight flare stars. The stars G 229 and PZ Mon have unreasonably high values for the
hardness ratio (72 and 35 respectively) and we suggest that identification of these objects with the
X-ray sources may be coincidental. In fact the error box for G 229 contains three spiral galaxies
and that of PZ Mon contains several 13-15 mag variable stars in the constellation ofMonoceros.
For the remaining six flare stars the hardness ratio is in the range 0.3-10.0. If the X-ray flux
observed above 2 keV is the high energy tail of the 8x 10°K plasma, the hardness ratio should be
<(.2 (Haisch & Simon 1982). Therefore detection of hard X-rays from the flare stars is suggestive
of a hard component in their spectra with a plasma temperature greater than 10’ K, quite similar
to the harder component seen in the RS CVn binaries.
All the six flare stars detected by MED for which the hardness ratio is between 0.3 and 10.0 are

members of binary systems and four of them are spectroscopic binaries. This should be compared
with the 50 per cent binary incidence and 20 per cent spectroscopic binary incidence among the
whole sample of flare stars. It should be noted that the regular period RS CVn systems are close
binaries with the binary separation being a few times the stellar radii. and the L/L Boi distribution
of the regular period RS CVn binaries is different from that of the long period binaries, whereas
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the flaring and L/L y,) behaviour of the flare stars in close binaries and of single flare stars areindistinguishable. More detailed observations with better spectral resolution are required toinvestigate the two-component emission behaviour of the flare stars and also to distinguish thebehaviour of the binary and single flare stars.

4 Conclusions

(1) Seven flare stars were observed with the IPC on the EO and all were detected as X-raysources with a mean L, value of 2x10" ergs~'. The dM flare star G 229, which exhibits theweakest flaring activity, is found to have the lowest L, value of 8x 10° ergs 7!, Except for G 229,the L,/Ly., values for the six stars lie within a factor of 4 with a mean of 4.6x 1077.
(2) Analysis of the IPC pulse height data for three of the stars, namely G 729, 735 and 791.2,yields a value of ~310°K for the corona temperature for these stars.
(3) A weak X-ray flare which lasted for =400s with a peak value of L,=5x 10°’ ergs”! wasdetected in G 729. The total energy released in the 0.1-4keV band in this flare was ~ 10°" erg.Gradual intensity variations by a factor of 1.8 over a period of about 5 hr were detected in G 735.
(4) A study of the distribution of L,/Lgo) for all the X-ray-observed flare stars and non-flaringdM stars shows that the distribution of go, for the flare stars is remarkably similar to that ofthe regular period RS CVn binaries, but quite dissimilar to that of the non-flaring dM and dMestars. The mean value of the ratio L,/Lg for the flare stars is found to be 6x 107+ which is

comparable with the value of 10.8 10~* for the regular period RS CVn binaries but is an order of
magnitude higher than the value of 107° deduced for the non-flaring dM and dMe stars.

(5) A strong correlation is found between L, and Lg,) for the flare stars and the regular periodRS CVn binaries described by the relation L,=1077-77*"" Lg). The physical significance of this
is not clear at present, however.
(6) A correlation is also detected between L, and the luminosities of chromospheric andtransition region lines for the flare stars. The correlation is well represented by the relation

L,=10%Liine Where the value of a@ lies between 1 and 2 for the different lines.
(7) No correlation is detected between L, and the equatorial rotation velocity V or betweenL,/L go, and the rotation period P for a limited sample of flare stars with available data.
(8) Similarities are found in the X-ray spectra ofthe flare stars and the RS Cvn binaries. There

is a suggestion of the existence of a hard component of T>10’ K in the flare star spectra similar to
that observed in several RS CVn binaries.
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Abstract

Direct measurements of energy spectra of primary cosmic rays are com-

pared with indirect determination of the all particle energy spectrum from

study of air showers and other measurements to infer changes in the el-

emental mix near the “bend” at about 10'SeV. We find that there is no

evidence for the dominance of protons or the presence of a new proton

component at 10!5 eV . There is some evidence that cosmic ray spectra of

elements with Z>2 may be harder above 5x 10'* eV than at lower energies.

A possible new balloon experiment to determine the flux of silicon and iron

group nuclei at energies greater than 10'* eV with well defined acceptance

and charge determining capability is discussed.



I. Introduction .

Properties of primary cosmic rays in the energy region 10"! to 10!¢

eV are of considerable importance for testing different models of origin,
propagation and acceleration of cosmic rays. Current popular models in-

volving shock acceleration mechanisms predict a universal spectral slope
and a rigidity dependent steepening above 10'* eV (Cesarsky and Lagage
1981, Axford 1981). One expects a change in the mix of primary elemental
species above such energies. The average mass of cosmic rays is expected
to change in the two decades near the observed “bend” at ~ 108 eV. In

this paper we make a careful study of the available data and attempt to

determine the implied changes in the composition . Several ‘direct’ and
‘indirect’ experiments provide the data for this study.

By direct experiments we mean those in which individual primaries are

recorded, their charge and energy determined using instruments with well

defined apesture flown at balloon or satellite altitudes. In these experi-
ments, in addition to identifying the incident primary particle and deter-

mining its energy, the corrections for the loss or gain of particles due to

collisions with air nuclei are reasonably well determined (Grigorov et al

1971, Ryan et al 1972, Juliusson 1974, Simon et al 1980, Mandritskaya et

al 1985 and Burnett et al 1983 and 1985}.
:

Indirect experiments are those where the energy and the nature of the

incoming particle can only be inferred by detailed simulations of the ob-

servations of cascade progeny. The mass resolution of these experiments is

poor and only general trends can be extracted from the analysis of these in-

direct air shower measurements (Khristiansen et al 1983, Efimov et al 1983,
La Pointe et al 1968. Bradt et al 1965, Hara et al 1981, Acharya et al 1983 ).

II. The All Particle Spectrum

The integral spectrum from direct measurements of Grigorov et al (1971)
and Burnett et al (1983 and 1985) along with the experimental points of
Khristiansen et al (1983) derived from extensive air shower size spectrum
measurements made with the Moscow State University array at sea level,
are shown in figure 1. The figure does not include the points based on

the analysis of cascade profile development in the atmosphere (Bradt et

al 1965) and those derived from Cerenkov density spectrum measurements

(Efirmov et al 1983). We shall discuss later our reasons for not including
these data. The size spectra of other groups, Hara et al (1981) and Acharya
ct al (1983) , essentially agree with those of Moscow State University, hence
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the energy spectra derived from them are not plotted in the figure.

It is clear from figure 1 that there is good agreement between the results
of Grigorov et al (1971) and Burnett et al (1983 and 1085) in the overlapping
regions. The all particle spectrum over the entire energy range, 10!'-10!5.
eV, can be well represented by a single power law (the full line in figure 1)
corresponding to an exponent (-1.63 + .02) (Gaisser and Yodh 1980). I
can also be seen from figure | that air shower results agree with the all par-
ticle spectrum from direct measurements in the overlapping region. While
there is clear indication of a steepening of the all particle spectrum around
a few times 10'5 eV, there is no evidence for any other features - either a
flattening of the spectrum at 10'* eV or a hump just before the steepening.
These features seem to creep into the spectral distribution when they are
plotted by multiplying the intensities by factors like E'* to cover a wide
energy range in a single plot and to magnify departures from a single power
law. Since the original data is generally not available in tabular form, it
becomes necessary to read both the intensity values and the corresponding
energy values from the published log-log plots. To illustrate the type and
magnitude of errors that arise by this procedure, we have plotted in figure :

2 the data of figure 1 as read by two different observers, multiplying the
intensity values by the factor E'*. We also show in the figure the beat
fit line to the spectrum given in figure 1, suitably transformed. We have.
not plotted points from the JACEE all particle spectrum from figure ], in .

figure 2 because the JACEE experiment papers do not specify the energy
uncertainties in their individual data points and therefore it is impossible to .

correctly assign significance to the scatter that will be introduced in firgure
2 if these points were included.

It is seen that the same data points which were close to the best fit line
in figure 1 now show a considerable scatter. The point to be emphasised
is that these deviations are not due to the statistical errors in the original
data, which were really small, but rather due to errors that have been in-
troduced in reading the intensity and energy values from the integral plots.
It is difficult to estimate the magnitude of these reading errors. The de-
viations become even more pronounced if plota of differential spectra are
made from graphs of integral spectra, and can often lead to misleading
judgements.

The apparent enhancement in the primary flux around a few times 10°
GeV discussed by various authors ( Wdowczyk and Wolfendale (1983), Fich-

tel and Linsley (1986)) is based upon interpretation of graphs of differential -

primary spectra multiplied by E?* (or integral spectra multiplied by E**)
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which are derived from air shower observations and compared with those
from direct measurements. We feel that these plots do not correctly display
the errors or spread of the points derived from air shower data and that the
errors are grossly underestimated or ignored. This point is easily argued
by the following discussion. Air shower experiments in the energy range
extending from 10° GeV to 10’ GeV measure either shower size or Cerenkov
photons. The observed quantity has to be converted to primary energy us-

ing simulations. Typical fluctuations of shower size from primaries of fixed
energy are large. For instance, for showers generated by proton primaries of
500 TeV the fluctations in the mean shower size even at shower maximum
are ~ 18 percent and at greater depths beyond the maximum are as large
as 50 percent (Wrotniak and Yodh 1985). Let us assume that shower size
to energy conversion has f percent fluctuations. In deriving the primary
energy spectrum the statistical errors on the number of events must be
convoluted with these fluctuations. Roughly speaking, this wil! introduce
a spread in the primary intensity of f multiplied by the value of the slope
of the primary spectrum. The primary energy estimate will also have an f
percent spread. This is again magnified when one takes E?* times the flux.
For a f of 20 percent, a particular point on the E?5 dJ/dE graph should
have an intensity spread of 2.5 to 0.25 times the nominal value calculated
at the mean energy value. In addition, there exist sytematic diferences
between results of simulations used by different experimenters which may
be larger than this. One must also note that the spread due to the fact
that the primary composition is mixed has to be considered. One must
conclude, therefore, that the presence or the absence of a hump cannot be
substantiated by the data. The only fact that is free of this problem to a

great extent is the change of slope of the all particle spectrum beyond 107

GeV - the presence of a bend.

Ill. Air Shower Methods; A Critical Examination

All methods of obtaining the spectrum and composition from extensive
air showers are ipdirect. Among these the method based on measurement
of size spectrum (of electrons, muons or Cerenkov radiation) is perhaps
the most reliable one. In this technique the lateral density distribution
of one or more of these components is measured in individual showers by
an array of large area detectors at the observation level. Integrating the
lateral distribution over the shower plane, the total number of electrons,
muons or Cerenkov photons is determined and the total energy of the pri-
mary particle is estimated with the aid of detailed Monte Carlo simulations.
The simulations show that even under varying assumptions for interaction
characteristics, a given observed shower size can be related to the primary
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energy within a factor of ~ 2, provided the difference in the ateepness of
the lateral distribution for different primary nuciei is taken into account..

A second method used by the Chacaltaya (Bradt et al 1965), Akeno
(Hara et al 1981) and Tien Shan (Danilova et al 1977) groups is to relate
the estimated shower size at shower maximum to the primary energy. If
the shower maximum and the corresponding size are determined in indi-
vidual showers as in the case of the Fly’s Eye experiment (Baltrusaitia et
al 1984), this would indeed be a reliable method. The threshold for the
Fly’s Eye experiment at present is rather high, ~ 10'7 eV. At smaller sizes
one uses the “constant intensity cut method ”, in which sizes of different
showers giving the same counting rate at different zenith angles are firat
determined and then from a plot of shower size versus the slant atmospheric
depth, the height of shower maximum in the vertical direction and the cor-
responding shower size is deduced. The shower size at maximum is then
related to the primary energy. The existing discrepancies and uncertainties
involved in this method have been discussed in detail by Linsley (Linsley -

1983). Furthermore, it should be noted, the measured parameters of an
individual shower cannot be related to the primary energy, ip contrast to
the size spectrum method. In addition, the fluctuations in the location ofshower maximum and size at maximum for diflerent atomic species of the
same total energy are different, this leads to underestimation of the avtora
in conversion of size at maximum to energy.

An even more indirect method - the Cerenkov density spectrummethod- has been use by Efimov et al (1983). In this experiment the Cerenkov
density spectrum is measured for photon density range from 17 tq 1480
photons/cm?. A measured Cerenkov density spectrum at the observational
level does not correspond to a particular primary energy. What has been
done by Efimov et al (1983) is to establish through simulations a correspon-
dence between a measured Cerenkov density interval and a primary energy
interval. They assumed power law spectra with varying exponents and cut
off energies to optimize the agreement with the observed density spectrum.
The general trend of primary spectra can be established from such exper-iments. Reliance, however, should not be placed on the very small errors
shown for individual data points. The intensity for primary all particle flux
given by Efimov et al (1983) agrees very well with the value measured by
Grigorov et al (1971). It is, however, not clear from the paper of Efimov
et al(1983) whether they normalized the intensity with that of Grigorov et
al(1971). Even if one does not attach special significance to the individual
data points of Efimov et al (1983) it is clear that their results on the change
of spectral index should be taken seriously; the primary integral spectrum
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being a power law with an exponent (-1.63+.03) at energies below 2x 10'®

eV, steepening to an exponent of (-2.3+.04) at energies greater than 5x 10"*
eV.

We now make a general comment regarding deriving the all particle
spectrum from air shower measurements. For clarity of discussion let us
assume that the primary cosmic ray beam has only one species, say protons.
Let us discuss experiments which measure number spectra or Cerenkov pho-
ton spectra. Number spectra show a bend at some shower size N, which
depends on altitude (see Hillas 1984 and Khristiansen et al 1980). For
N < N, number spectrum is described by the power law N~?5, steepening
to N~>! for N > N,. The relationship between shower size and the av-
erage primary energy responsible for these showers may be approximated
by Ey = B x N® where a > 1 for experiments done at depths beyond the
shower maximum (see for example J.F.de Beer et al 1968). The spectral
index for the number spectrum that would result from a primary spectrum
dJ/dE ~ E~7 ean be shown to be N~* where 8 = (y+a-1)/a. Typically,
one finds that for a primary spectral index + = 2.7 one gets @ = 2.48 and
for 7 = 2.5 one gets 3 = 2.3 ,respectively, if a = 1.15. The observed slope
of the number spectrum of 3 > 2.5 would rule out a primary spectrum
with a slope of 2.5. To illustrate this quantitatively, we have simulated
the number spectrum at seal] level using a large sample of Monte Carlo
showers using a particular non-scaling model which fits ISR and SPS pbar-
p data (the model M-FOO of Wrotniak and Yodh 1985 ) for two different
compositions ; a proton dominant model proposed by Linsley at Bangalore
(Linsley 1983) and a common rigidity cut off model proposed by the Mary-
land group (Mincer et al 1985 ). The results are shown in figure 3 where
data are compared with simulations. Difficulties with the proton dominant
model are clearly seen. The conclusion is that one cannot have a very flat
spectral index for protons between 10° to 10’ GeV.

IV. Measurements of Individual Components

(a) Protons:

We have shown in figure 1 direct measurements of the proton and alpha
spectra (Simon et al 1980, Ryan et al 1972 and Burnett et al 1983 and
1985). The JACEE experiment (Burnett et al 1983 and 1985) shows no
abrupt change of slope for protons in the energy domain 5x10"? to 10"
eV. In this respect it disagrees with the results of Grigorov et al (1971)
which indicated a steepening of the proton spectrum at 10'? eV and of
Mandritskaya et al (1985) which shows steepening around 10!5 eV. The
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absolute fluxes of all three experiments are in essential agreement around
10! eV, and agree with the extrapolation from the measurements of Ryan
et al (1972).

The sea level muon spectrum deduced from intensity as a function of
depth and angular distribution of penetrating particles in deep underground
experiments (Klemke et al 1981) and from muon spectrograph measure-
ments (Kitamura et al 1981) have been interpreted to rule out steepening
of the proton spectrum at as low an energy as 10'? or 10'* eV.

The large emulsion chamber experiments at Chacaltaya (Lattes et al
1980), Mt. Fuji (Amenomori et al 1982,1985a,1985b;Akashi et ai 1081),
Pamir (Borisov et al 1985) and Kanbala (Ren et al 1985) have been ana-
lyzed to show that if the JACEE proton spectrum continues without change
of slope beyond 10'* eV, the flux of high energy gamma ray and hadron
families should have been higher by a factor of ~ 3 , even under the as-
sumption that these family events arise only from the collisions of protons
(Akashi et al 1981). This conclusion is unchanged even if one assumes
strong scale violations in the fragmentation region. Recently, Gaisser and
Stanev (1982) have demonstrated that these family events could arise in
the collisions of heavy primaries in the atmosphere also. This would require
the proton flux to be lower at energies greater than 10"* eV, in other words,
a steepening rather than a flattening of the proton spectrum.

The necessity for steepening of the proton spectrum around 10'* eV is
also evident from the delayed hadron experiments of the Maryland group
(Goodman et al 1982). Their detailed simulations show that the trigger
rate in their experiment would be higher than the observed rate by a factor
greater than 3 if the proton spectrum continued without change of slope
upto 10'§ eV. The spectra of uncorrelated hadrons and gamma rays at
mountain altitudes also require the same conclusion ( Akashi et al 1981).
A proton dominant model would also have difficulty in interpreting the
data on lateral distribution of hadrons in showers of size 105 at sea level
(Kellerman and Hillas 1981) which are generated by primaries of about 10°*
eV. .

(b) Alpha Particles:

The a-particle spectrum, shown in figure 1, can be represented by a

power law with an exponent (-1.83+.2) We note that the a-particle flux is
lower compared to the proton flux by a factor of four around 10'* eV per
nucleus.
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These three results : (1) the steepening of the all particle Bpectrum
beyond a few times 10'* eV, (2) the steepening of the proton spectrum
around 10" eV, and (3) the fact that the a-particle flux is lower than the
proton flux around 10'* eV per nucleus, point to the need for an increasing
fraction of heavier nuclei ( Z>2 ) to make up the all particle flux beyond10'*eV.

(c) Nuclei with Z>2:

The JACEE experiments have now reported flux values for the heavier
components of cosmic rays beyond 10 TeV/nucleon for the carbon/oxygen
(CNO) and neon/silicon (MH) species and upto 2 TeV /nucleon for elements
with Z >17. In figure 5 we have plotted these latest results converting en-
ergy per nucleon into total energy ( energy per nucleus ) assuming mean
atomic mass values of 15, 26 and 56 for the three groups respectively. In
the same figure, for purposes of comparision, we have reproduced the all
Particle spectrum from figure 1.

It is seen from figure 5 that all the heavier components retain their
power law behaviour, consistent with low energy trends reported in the
Measurements of Simon et al (1980) and Juliusson (1974). At energies be-
yond 10" eV per nucleus there is a tendency for the total flux of heavier
components to approach the all particle flux.

At this point, we discuss, again, indirect. air shower methods used to
investigate the composition of primary cosmic rays at energies where direct
measurements do not exist. The variation with shower size of some of the
secondary components in the shower(muons and hadrons), their fluctua-
tions and the fluctuations in the heights of cascade maximum are other
indirect methods that have been used for obtaining information on the
primary composition. While these methods could be quite effective in prin-
ciple, and are the only ones available at energies beyond the reach of direct
experiments, it has been emphasised that these are sensitive to character-istics of high energy collisions (cross sections, multiplicities, composition of
secondaries etc.) and to differences between proton-proton, proton-nucleus
and nucleus- nucteus collisions.

Several studies have inferred a proton dominant or a” normal ” compo-
sition at the bend from analysis of air shower data on muon and electrons
and their fluctuations ( Kirov et al 1980, Wolfendale and Wdowczyk 1983
and Fichtel and Linsley 1986). A detailed study of some of the data used by
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these authors was also carried out by Yodh et al (Yodh et al 1984) who did
full Monte Carlo simulations of the experiments to show that when show-
ers are grouped according to fixed shower size the sensitivity of the number
of muons and their Ructuations to primary composition is significantly re-
duced. In fact, it was found in this study that the data on muons and their
fluctations for showers of a given size cannot discriminate between models
which assume energy independent low energy compostion and those which
have enhancement of nuclei with Z > 4 near 10° GeV due to a rigidity de-
pendent cut off. These effects arise even in showers of well determined size,
because of fluctuations in the pointa of interactions which in turn depend
on the atomic mass of the primaries. These fluctuations when convoluted
with the steep primary energy spectrum lead to the feature that protonsdominate showers selected or grouped according to their size reducing the
sensitivity to the primary composition unless the primaries have only one
component.

:

It is therefore very essential that the range of direct experiments be
extended to as high an energy as possible with balloon and satellite borne
instruments. : ‘ ,

,

V. Summary of Observations

The experimental results that have a bearing on the spectrum and com-
postion of primary cosmic rays in the energy range 10"! ta 10'* eV may be
summarised as follows :

(1) All particle spectrum is best represented by a power law in energy
with an exponent (-1.63=0.02) upto 10 eV. There is no indication of a
flattening of the spectrum around 10" eV nor of a hump araund 10" eV.

(2) All particle spectrum steepens around an energy af a few times 10"!
eV.

(3) Proton spectrum in the energy range 10" to 10'*eV is a power law
with an exponent (-1.78+0.13).

(4) It is necessary that the proton spectrum steepens around a few times
10" eV, at least a decade earlier than the all particle spectrum in order
to account for the results on gamma families, muons, and hadrons in ait
showers.

(5) Alpha particle spectrum in the range upto 10 eV can be repre-
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sented by a power law with an exponent (-1.83+0.2). The flux of alphas
around 10% eV is smaller than that of protons.

(6) Cosmic rays with Z>2 appear to become fractionally more impor-
tant in the primary spectrum in the two decades of energy beyond the
steepening of the proton spectrum around 10! eV.

(7) If a second proton component (Fichtel and Linsley 1986) is invoked
to explain the features of very high energy showers, it could come in and
become prominant only beyond 10'* eV.

VI. Discussion

In, the light of these findings it is clear that it is very important to
extend the range of direct experiments to as high an energy as possible,
especially to establish the importance of heavy components relative to the

lighter ones in the energy region beyond 10eV. Of course, a long exposure
of a fine grained calorimeter on space platform with an acceptance of 30
m?sr would be one of the best ways to investigate the region around 10"
eV. A step in this direction has been recently taken by the Chicago group
( Muller D., 1982), who flew a Cerenkov - Transition radiation detector of
large area in the Space Shuttle to investigate the spectra of primary cosmic
rays with Z >» 2 uptoa few TeV per amu. We await their results with great
interest.

The balloon experiment of Sood and Panettievi (1981 and 1983) based
on Cerenkov threshold technique was also a step in this direction. This
experiment was based on a very elegant method, first proposed by Gough
(1976), which uses the fact thal the threshold for emission of Cerenkov
radiation can be very high in the upper layers of the atmosphere due to
the very low refractive index of air (for example ,the energy threshold is

given by the Lorentz factor +=3000 at 3 gm cm* ). The Z? dependence
of Cerenkov radiation makes it feasible to detect Cerenkov light emitted
by heavy nuclei like iron and discriminate comfortably against protons and
low Z nuclei. In Sood’s experiment two parabolic mirrors, each of area 1

m? , were mounted adjacent to each other with photomultipliers placed at
their focii operated in coincidence. The apparatus was flown on a balloon
at an altitude of 34 kms on a mooniless night in December 1981. The field of
view of each mirror was 7.5° corresponding to a solid angle of 0.054 stera-
dian. The light detection level gave an estimated energy threshold for iron
nuclei of 3x10" eV per nucleus. At the float altitude 16 concidences were
recorded in six and a half hours. Four events were identified by Sood as
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possible candidates for iron nuclei. Assuming a light pool area of 1050 m?
he estimated a geometric fator of 56.7 m?,sr for his system. An integral flux
of iron nuclei of 3x 10-'° em-?sr-'s-! was obtained. This flux was an order
of magnitude lower than the expectations based upon linear extraploations
from lower energies that we discussed in the previous sections.

On the basis of detailed Monte Carlo simulations, however, Yodh et
al (1985) have found that under the conditions of Sood’s experiment the
effective Cerenkov light pool, which is energy dependent, is much smaller
than the 1050 m?, varying from 200 m? to 50 m? as the photon threshold
is varied from 1000 photons/ m? to 2000 photons/m?. The effective geo-
metric factor for the highest pulse height events was calculated to be only
2.7 m? sr ; a factor 20 smaller than the factor used by Sood to calculate
the flux. They also find that twelve of the sixteen events recorded by Sood
could be candidates for heavy primaries and the flux observed could be
much larger than that estimated by Sood.

Apart from the fact that the simulations of Yodh et al(1985) lead to a
higher flux of iron nuclei than estimated by Sood, they open up the pos-
sibility of designing a more direct experiment using the same Cerenkov
technique. Two major modifications to the Sood experiment are suggested.
The first is to use a cylindrical plastic tube coated with wavelength shifter
to detect Cerenkov photons along the mirror axis. The length of tube is
such that the solid angle acceptance can be increased over that of Sood by
a factor of ten. The second is to associate a double layered proportional
counter assembly of reasonable dimensions for balloon payload - 30m?- with
the Cerenkov set up. With this arrrangement one can ensure that the ma-
jority of nuclei that give rise to detected Cerenkov radiation will traverse
the counter assembly. This will make it possible to identify the charge
of the nuclei through a measurement of their ionization loss, and also a
precise definition of the effective area and geometric factor. It will also
make it possible to detect lower Z primaries of high energy. Simultaneous
detection of silicon and iron groups would greatly improve the quality of
the experiment. Furtheremore, by using ultraviolet light sensitive detec-
tion technique the signal to noise ratio (from the background of night sky
photons) can be improved. This improvement arises from the fact that the
intensity of Cerenkov emission is more in the ultraviolet than in the optical
while the starlight background is considerably lower in the ultraviolet than
in the optical. The detection of ultraviolet light can be achieved by using
wave shifter techniques. An experiment is under design based upon these
considerations and will be reported elsewhere
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A schematic diagram of such a modified instrument is shown in figure
5 . The combination of the increased solid angle and concidence with the

proportional counter layers will increase the data collection in typical flights
by at least a factor of twenty over that achieved by Sood. For the fluxes

shown in figure 4 one could obtain 90 events of iron group with E > 5x 1015

eV per nucleus and over 300 events of the silicon group with E> 2.8 x 10'S

eV per nucleus in a single six hour balloon flight.
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Figure Captions

Figure 1. The integra! all particle spectrum obtained from the observa- 10
tions of Grigorov et al (1971) and Burnett et al (1983) as well as the air
shower results of Khristiansen et al (1983) are shown. The spectrum is well
described by a single power law upto about 10'® eV after which the spec-
trum steepens. Also shown for comparision are the integral energy spectra
for protons and helium nuclei. 3S

Figure 2. This figure displays the spectra shown in figure 1 transformed
by multiplying the integral intensity by E'* . This procedure is usual in
the EAS studies to represent data over a wide range of energies so as to
emphasize their deviations from a single power law. However, as discussed
in the text errors creep into these plots when they are constructed by try-
ing to read miniscule log-log plots. The JACEE data points have not been
plotted for reasons described in the text.
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Figure3: This figure compares the number spectrum measured at sea
level with that predicted for a proton dominant primary composition (Lins-
ley 1983), and for a spectrum used by the Maryland group (Mincer et al
1985). The differential number spectrum multiplied by N?* is shown. The
figure shows that a flat proton spectrum leads to disagreement with the
observation.
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Figure 4. A compilation of the energy spectra of different nuclear groups
in primary cosmic rays compared with the all particle spectrum. Note the
tendency for the flux of heavier nuclei to approach the all particle spectrum
beyond 10"* eV.

75
Figure 5. A schematic diagram of the proposed detector for studying 10- 8the flux of primary cosmic rays of high energy (Lorentz factor greater than 0

1000) with Z greater than 12.
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