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Abstract:

Photometric and spectroscopic characterization of the V Sge star V617 Sgr (WR 109) is presented. The
orbital period, 0.207 day, is the shortest of its class. The optical light curve presents a double wave with
minima and maxima of uneven brightness. Strong emission lines of highly 1onized species such as Hell,
NV and OVI dominate the optical spectrum. High and low photometric states have been observed and
the primary eclipse becomes shallower at eruptions. H alpha emission becomes stronger and broader at
high state when compared to low state. The striking similarities to V Sge are discussed. The
photometric and spectroscopic observations suggest that a high and asymmetric rim exists associated
with the accretion disk. This star is interpreted as a X-ray quiet galactic counterpart of the supersoft
X-ray binaries seen in the Magellanic Clouds.
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Abstract. Photometric and spectroscopic characterization of
the V Sge star V617 Sgr (WR 109} is presented. The orbital
period, 0.207 day, is the shortest of its class. The opticat light
curve presents a double wave with minima and maxima of un-
even brightness. Strong emission lines of highly ionized species
such as Hell, NV and OV1 dominate the optical spectrum. High
and low photemetric states have been chserved and the primary
eclipse becomes shallower at eruptions. Hex emission becomes
stronger and broader at high state when compared to low state.
The striking similacities to ¥V Sge are discussed, The photo-
metric and spectroscopic observations suggest that a high and
asymmetric rim exists associated with the accretion disk. This
star is interpreted as a X-ray quiet galactic counterpart of the
supersoft X-ray binaries seen in the Magellanic Clouds.

Key words: stars: novae, cataclysmic variables - stars: individ-
wal: V617 Sgr —stars: binaries: eclipsing — stars: Wolf-Rayet -
X-rays: stars

1. Intreduction

In the course of a photometric and spectroscopic survey of
southern and equatorial irregular variables (Steiner et al, 1988;
Cieslinski et al, 1997; Cieslinski et al. 1998) we have observed
V617 Sgr, a star classified as an irregular variable of type I in
the General Catalogue of Variable Stars (Kholopov et al. 1987).
It became evident that this star had been misclassified, having a
spectrum very similar to V Sge and an orbital period of about 5
hours (Steiner et al. 1988). Later we found that this object was
also classified as a Wolf-Rayet star - WR 109 in the catalog
of van der Hucht et al. (1981). Van der Hucht et al, (1988) and
Conti & Vacca (1990) classified the object as WN3, The later
authors suggested a distance of 32.5 kpc under the hypothesis
that it is a normal WR star. Such classification was challenged by

Send offprint requests ro: 1.E. Steiner (sleiner @lna.br)

* Based on observations made a1 Laboratéric Nacional de As-
trofisicafCNPq, Brazil, and Cerro Tololo Interatnerican Observatory—
CTIO, Chile.

Lundstrom & Stenholm (1984, 1989) on the basis of the smail
observed extinction. Recently, Steiner & Diaz {1998) included
this star in 4 group of 4 objects called the V Saginae stars and
suggested that this class might be the galactic counterpart of
the Compact Binary Supersoft Sources seen in the Magellanic
Clouds {Kahabka & van den Heuvel 1997).

In the present paper we report on the photometric and spec-
troscopic characterization of V617 Sgr and discuss its implica-
tions and similarities with other stars. A detailed spectroscopic
study using Doppler Tomography was presented in a separate
paper (Cieslinski el al. 1999 - CDS}.

2. Observations and data reduction
2.1, Photometry

V617 Sgrwas monitored on various occasions at the Laboratdrio
Nacional de Astrofisica - CNPg/LNA in southeast Brazil. Pho-
toelectric measurements were made with an offset-guided pho-
tometer {FOTEX) and with the FOTRAP photometer (Jablonski
et al. 1994} on the 1.6-m and 0.6-m tetescopes. CCD photome-
try was obtained at the 0.6-m telescopes vsing two LNA's CCD
and the CCD photometer. Both confignrations use Wright In-
struments Ltd cameras. The CCD's used were a GEC P8603
front-illuminated chip (CCD 009) and a SITeSICO3AB back-
illuminated chip (CCD 101}, while the CCD photometer is
equipped with a EEV CCD-(12-06-1-206 back-illuminated chip
specialy prepared for high time resolution observations. The
journal of observations is shown in Table 1.

Absolute photoelectric photometry was obtained on 8§ oc-
casions psing UBV filters. These measurements are shown in
Table 2. Typical errors in these measurcments are 0.02 magni-
tudes in V, 0.03 in B~V and 0.08 in U—B. The median val-
ues are ¥=14.72, B—V=—0.05 and U-B=—0.79, For nights in
which no absolute photometric catibration was available. the
UBV magnitudes were obtained differentially by measuring a
nearby (94" Bastand 1217 South) comparison star of magnitude
V=12.22 and colors B—V=0.64 and U~B=0.16.



1022

L.E. Steiner et al.; The photometric and spectroscopic characierization of the V Sagittae star V617 Sagittarii

Table 1. Journal of time series photometry of V617 Sgr

Table 2. UBV photometry of V617 Sgr

Date Start HID  At(s) Filter® Length Instrument ID v U-B B-V

(2440000+) (hrs) _(detector) 24466506023 482 —0.82  0.16
1987 Mar 23 6877.830362 10 C 090 FOTEX 2446877.8020  15.15 -0.87 -0.01
1987 Mar 24 6878.71891 |0 C 1.51 FOTEX 24469477296 1468 -0.72 005
1987 Jun D1 6%947.74183 10 C 270 FOTEX 24469527061 1473 =079 -0.01
1987 Jun 06 695271270 10 C 344  FOTEX 2446966.5388 1462 -076 003
1987 Jun 26 6972.53457 313 UBY 111 FOTEX 2446966.5445 1464 084 007
1987 Jun 26 6972.64055 313 UBV L4l FOTEX 2446966.5514 1459 -080 004
1987 Jun 27 697345730 163 UBV 897 FOTEX 2446966.5648 1468 -08% -0.10
1987 Jun 28 6971442717 163 UBYV 216 FOTEX 2446966.5697 1464 082 007
1987 Jun 30 6976.49277 1 C 066 FOTEX 2446966.5747 1472 ~092 0.1
1987 Jun 30  6976.59881 173 UB\VY 312 FOTEX 2446966.5790 14469 078 -008
1987 ul 01 6977.53715 1 C 064 FOTEX 2446966.5835 1466 072 -004
1989 May 11 7657.75741 180 C 236 CCDO09 2446966 5944 1478 078 -0.06
1989 May 12 7658.72302 (80 C 305 CCDoo9 24469666280 1476 074 004
1989 Jul Q7 7721.51408 300 C 696 CCDO9 2446966.6428 1468 -072 003
1989 Jul 18 77255139 240 C 6.82 CCDOO2 2446966.6479 1476 -0373 =001
1990 May 25 B036.78747 180 R 177 CCD 009 244696606755 1458 -08F -0.08
1990 Jun 27  B069.64362 (80 C 450 CCD 009 24469666896 1477 =089 -007
1997 Jun 03 10602.55213 1 C 316 CCD 391 24469667081 1473 =071 ~046
1997 Aug 10 1067149039 {0 R 6.21  CCD 301 24469667140 1472 =074 0.0
1998 Jul 16 11011.53858 10 R 6.76 CCD 301 2446966.7276 1469 =073 -004
1998 Jul 17 11012.5%656 10 R 389 CCD3g 24469667318 1476 =075 -0.09
1998 Jul 18 11013.57336 10 R 469 CCD30 24469764636 1489 076 005
1998 Aug 14 1104047981 40 v 360 CCD101 2446976.5220 1473 081 =007
1998 Aug 15 11041.47752 40 v 497 CCD10I 2446977 5302 461 -0.81 -004
1999 Apr22 11290.77878 30 v 172 CCD i 24470044744 - 1478 —0.83 -0.12
1999 Apr 24 1129263687 20 v 283 CCD 301 24473614501 1447 -0.83 -003
& C = integral light, R = Cousin filker, UBV = Johnson filters | 50

. AL B L L L e
2.2. Spectroscopy 1.00 - ":j 2 ]
L feul o J

Spectroscopic observations of V617 Sgr were carried out in o - %g &% % g a .
1986 June/luly with the 2D Frutti photon-counting detector [ 3 g EE 2 E é ]
on the Cassegrair. Spectrograph at the 1 meter telescope of 0.50 —Ww z 3y % G > i
Cerro Tololo Interamerican Cbservatory (CTIO). The obser- i Vo rgy ] \m\ ]
vations covered the wavelength range of 39006800 A with 5 A f ]
resolution. Spectrophotometric standard stars were observed, 0.00 ettt b b e
providing an accuracy of about 30% in absolute fluxes. The av- 3800 4300 4800 5300 5800 6300 680
erage spectrum is shown in Fig. 1 while the equivalent widths Wavelength (4)

and fluxes of the most conspicuous emission lines are listed in
Table 4.

V617 Sgr was also observed with the 1.6-m telescope at
Laboratdrio Nacional de Astrofisica. On June 30, 1989 (UT} it
was observed with a Coudé spectrograph + GEC CCD and a 600
lines/mm grating. A otal of 13 spectra with integration times
of 10 and 15 minutes were coliected. The spectral resolution
was 1 A. On Apr 15, 1997 (UT) we observed V617 Sgr at
Hev using the Cassegrain spectrograph, 2 front-illuminated and
UV-coated GEC P88230 CCD (770 1152 pixels) as detector
and a 1200 lines/mm graiing. The spectral resolution provided
by this instrumental configuration is 2 A. A near infrared 10 A
resolution spectrum was also obtained on Feb 22, 1996 (UT),
with a 300 lines/mm grating, the CCD SITe and an order sorting
OG3550 filter. This filter has a transmission of less than 0.05%

Fig. 1. The CTIO average spectrum of Y617 Sgr. The FWHM resoly-
tionis 5 A and flux is in units of 107 ergem™2 71 A7

at 5300 A. Another spectrum in the Ho region was obtained on
Aug 13, 1998 (UT) with Cassegrain spectrograph. In this case
we used a 600 lines/mm grating and the detector CCD SITe,
which provided a resolution of 5 A. The Ha line properties are
sumimarized in Table 5,

3. Data analysis
3.1, The light curve

The dominant characteristic of the light curve is a sirong
modulation with two minima of distinct depth per cycle. The
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Table 3. Times of minima

Day Filter  Am E Instrument
(detector)
2446878.773(x£ ) C 0.5: ( FOTEX
2446947.758(X 1) c 075 333 FOTEX
244695273 )1(%4) C 033 357 FOTEX
2446973.655(1) B 0.65 458 FOTEX
2446974 483(£ 1) B 0.4: 462 FOTEX
2447658.754(23) C 042 37685  CCDOO%
2447721.733(15) C 010 4089  CCD 009
2447725.670(£2) C 030 4088 CCDQO%
2448036.829(x1) R 0.63 3590 CCDOO9
2448069.768(x4) C 046 5749  CCDOO%
2450246,685(+6) Spec®* 10: 16257 CCD (01
2450602,595(+4) cC 043 17975 CCD 301
2450671.582(£2) R 039 1838 CCD 3¢
245101 1.754{=x1) R 025 19950 CCD 301
2451013.615(%1) R .50 19939 CCD
2451040.541(x 1) v 036 20089 CCD 101
2451041.577(£ 1} v 028 20094 CCD 104
2451290.806{(+3) v 045 21297 CCD10]
2451292 669(12) v 0.65: 21306 CCD 301

** Time of minimum obtained from synthetic photometry of spectra

‘Fable 4, Equivalent widths and fluxes of emission lines

Line WilA) Fa(x10Mergem?s™)
Hy L5 59
Hell 24540 21 84
Hell Jd686 70 285
Hp 27 11.2
NY 24933 6 23
OVI 25282 4 1.7
Hell 25412 9 36
0OV A3590 4 1.7
CVI A5805 6 23
Ho 0 224

ephemeris for the primary (deepest - see Table 3) minimum is
Tein (HID) = 2446878.772(%1) -+ 0.2071667(£3) x E (1)

Fig. 2 shows a light curve from a single night while Fig. 3
shows the superimposed light curves of distinct nights normal-
ized te the average of each night. We will call the deepest mini-
mum as the primary eclipse and the secondary minimum as the
secondary eclipse. By definition of the Eg. (1) the center of the
primary eclipse occurs at ¢=0, This eclipse has a V shape and
the minimum light can be determined with an accuracy of 42
minutes, The secondary eclipse is not centered at phase 0.5 but
at ¢~0.57. In Fig. 2 it has a flat bottom shape that last for abous
A¢=0.15. On the average, the primary eclipse is about (.17
magnitudes deeper than the secondary one. The primary max-
imurm is centered av ¢==().28 while the secondary maximum,
at ¢~0.75, The primary maximum is about 0.1 magnitudes
brighter than the secondary one. An interesting characteristic
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Table 5. Ha properties

Date W(Hay FWHM  FWZI Qrigin

(A ms™') (kms™h)

1986 JunefIuly 70 1030 3700 CTIO*

1989 Jun 30 288 2900 5400  LNA/Couds®
1996 Feb 22 23 1300 3500 LNA/NIRY
1997 Apr 15 148 1600 6600 LNA®

1998 Aug 13 155 1065 4830 LNAY

* Average spectra

® Cossegrain, 300 lines/mm grating
¢ Cassegrain, 1200 jincs/mm grating
! Cassegrain, 600 linesfmm grating

1800 L e AR AL AR e na s ae s L
[ B ]
g 1300 - M M )
= Wi .

oo e
L |

300

=
=
=]

Flux ratio

.50

0.00

250
Time (min)

Fig. 2. Light curve of one night showing the eclipse 458.

of the light curve is that both primary minimum and maximum
show larger scatter of depth and height than secondary ones.

The fact that the secondary eclipse is not centered al phase
0.5 in binary systems is usually considered evidence of an ec-
centric orbit. For the present star, this is not likely to be the case.
As shown from the spectroscopic evidence (CDXS), the region of
the hot spot has strong emission of Hell and seif absorption in
Hg. This suggests the existence of a high asymmetric rim over
the disk, similar to the proposed ones for the CBSS (Meyer-
Hofmeister et al. 1997). Such a rim + hot spot are likely to be
the occultation source for the secondary eclipse. The {(optically
thick) rim llumination by the central source may also produce a
source of optical continuum light brighter at phase 0,25 than at
phase 0.75 (see Fig. 6). Evidence for this is also seen in the spec-
troscopic analysis (CDS), A qualitative inspection of the light
curve of V617 Sgr shows a surprising similarity to CAL 87
(Meyer-Hofmeister et al. 1997), V Sge (Patterson et al. 1998)
and QR And (Meyer-Hofimeister et al. 1998).
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Letter to the Editor

ASTRONOMY
AND
ASTROPHYSICS

A broadband theory of Langmuir-whistler events in the solar wind
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Abstract, Recent interplanetary observations presented evi-
dence of simultaneous excitation of high-frequency Langmuir
waves and low-frequency electromagnetic whistler waves in
the magnetic holes of the solar wind. In this letter, we formu-
late abroadband theory of the interplanetary Langmuir-whistler
events, We show that whistler waves can grow exponentially as
a result of nonlinear interactions of Langmuir waves and left-
hand circularly polarized radio waves. In particular, the growth
of whistler waves favors propagation paraliel to the Langmuir
waves,

Key words: plasmas — Sun: solar wind ~ turbulence

1. Introduction

Ulysses observation of high-frequency electrostatic Langmuir
waves in close temporal correlation with Jow-frequency elec-
tromagnetic whistler waves suggests that nonlinear coupling
between these two types of plasma waves may occur in the
solar wind (Kellogg et al. 1992; Lin et al. 1993; Stone el
al. 1995). These interplanetary Langmuir-whistler events were
seen within the local depressions of solax wind magnetic field
known as magnetic holes, A theoretical model was proposed
by Chian & Abalde (1999} to describe the nonlinear inter-
action between Langmuir waves and whistler waves in the
solar wind. In their model the pump is the Langmuir wave,
whereas whistler waves and circularly polarized radio waves
are produced through three-wave interactions. Their model was
based on the fixed-phase formalism, which is applicable only
to narrowband waves with the associated bandwidth less than
the growth rate. Fixed-phase analysis of nonlinear Langmuir-
whistler mode coupling has also been considered by Hasegawa
{1974) and Novikov et al. (1976). In addition, parametric in-
teractions of Langmuir waves and circularly polarized electro-
magnetic waves have been studied by Stenflo (1970), Larsson

Send offprint requests to: €. Luo {luo @physics.usyd.edu au)
* Present address: SRCFTA, School of Physics, University of Syd-
ney, NSW 2006, Australia.

& Stenflo (1973), Shukla & Sharma (1982), Chian, Lopes &
Alves (1994), Stenflo & Shukla (1995) and Chian et al. (1997),
In the solar wind, nonlinear wave-wave interactions ofien oc-
cur in the broadband regime whereby the bandwidth of growing
waves is greater than the growth rate. The aim of this paper is
to perform a random-phase analysis of nonlinear coupling of
Langmuir waves with whistler waves in order (o extend the va-
lidity of the interplanetary Langmuir-whistler model of Chian
and Abalde (1999) lo the regime of broadband waves.

2. Theory

We consider three-wave interactions among Langmuir wave
(L), right- and left-hand circularly polatized radio waves (r. 1},
and electromagnetic whistler wave (W) in the weak turbulence
approximation, in which the growth rate of any wave s much
less than the reciprocal of the lowest frequency of the three
waves. We discuss specifically the following two three-wave
processes: L 2 1+ W, and L + W 2 r, with the frequencies
and wave numbers satisfying the conditions, w = w) + wy,
k = k; + ko ({-waves); wy = w +we, ky = k + kg (r-waves),
where (k,w), (K1,w1), (kg,ws) are the wave vectors and fre-
quenciesof the L, + (or {) and W/ waves. Examples of three-wave
interactions (forward-scattering) are shown in Fig. 1.

In the random-phase approximation, waves are regarded as
a collection of quanta with occupation number represented by
N(k), and wave-wave interaction is then described by a set
of kinetic equations for N (k) for various waves involved [for
a detailed discussion see Davidson (1972), Tsytovich (1972)
and Melrose (1986a,b}]. To estimate the growth rate of whistler
waves, it is convenient to consider the kinetic equations in the
form similar to radiative transfer equations {Luo & Melrose
1995, 1997; Luo & Chian 1997),

dNw{k
__%zl = T4 Ny (ka) + G (ka), )
where + correspond respectively to r- and {-polarization, and
3
(£ &k :
FW) = — W ’lI-'Lu): [:tN:I: (kl) F NL(k)l' {2)



(a)

Q, U2 o »

) b)

. Be etz O

Fig. 1a and b. Three-wave conditions. a: @ = wy + w2, k = k1 + k2
withw = w1 2w = /2, kb > bhi.bw =w+tuwn
hh=k+hwithoxw Pw ~=0/2 0=k >k

is the nonlinear absorption coefficients, and

@k
T u$E) Ny (K)Nx (ko).

W) = (3)
describes emission of whistler waves as aresultof induced decay
of L into { (or r into L), where k) = k + ko, u(fff, is the three-
wave probability. The absorption coefficient (2) can be negative,
comesponding to wave growth. So, Fﬁ) is sometimes referred
1o as the damping (growth) rate.

We assume that Langmuir waves, which act as the pump,
are produced mainly through a beam-plasma instability, which
can be the case in the solar wind, and that Nz > N,. Then,
we have nonlinear growth of whistler waves, l"f,.:) < 0 as
a result of the pump depletion through three-wave interaction
L 2 I + W. Similarly, we have nonlinear damping, I‘L}H >0,
through L + W 2 r. The two processes compete with each
other.

The essential part of the calculation of F(ﬁf) is the derivation
of the three-wave probability, Here we write down the probabil-
ity for parallel propagation and forward-scattering (kg; > 0},

2 2 2
(£) _ . 2p (T o) @1p. / Ny T
uiw = Tec fw (Zmecz) w (wg -0 w1 TF .Qe)
6w — wn % wa), @)
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where wp. is the plasma frequency, §2, is the cyclotron fre-
guency, Rw is the ratio of electric 1o magnetic energy denisty
in the whistler waves, r. = e*/4negm.c® is the classical
radins of electron, n4 and nyy are the refraction indices. A
similar form can be derived for back-scattering (k2 < )
by replacing ny — —nw. We assaume Ng(k) is peaked
at ky with a spread, Ak < ko, where ky satisfies £(ko) =
wlko) — wi{ko} + wa(ke) = 0. Because Ffjf) o 1/]€], the
growth rate must peak at J§'| = 0.

Forng, > 383, ny = 2x W0 (T /4 x 104 K), we have
[¢'] 2 cny. Assuming n?, /(w1 F Qe)? > nd/(ws — Q)?
{when either wq € §2, or ny < 1) and using (4), we obtain

3 - WL Lty W
I‘(i} 2 120,02 —11-=1,
w T Anpng w? Q.

where Wy, = (Ak/2m)hw NL(k)/m.c? is the the energy den-
sity in Langmuir waves, Ang = Ake/w, we neglect the differ-

ence berween "‘{L+'V3’ and 1;,5;2, which is of the order magnitode

Q. /w. In general, I"(J) # —I‘E;), i.e. in some parameter re-
gions, one dominates the other.

One can calcutate the growth rate for circularly polarized
radio waves by writing the relevant kinetic equations into the
form similar to Eq.(1), ie. Ny — Ni, TG o Ty (the ab-
sorption coefficients for -, [-waves), S,Ef,b) — 5S4 (stimulated
amission of r-waves as a result of induced fusion of L with W,
and stimulated emission of {-waves due to induced decay of L
into W). Similarly to whistler waves, [-waves can grow expo-
nentially, provided that Ny > Ny However, the absorption
coefficient T, (k) is always positive, and hence r-waves can
only be produced through fusion of L with W.

For N > Ny, 't can be written into the form similar
to Eq. () but with |&'| = |dw/dk + dw/dk]. When wo, {2,
are not too small, i.e., they satisfy the condition wo§, /u.rf,,3 >
984,12, we have [€] & cnw [2wylws — )% /w2 Q). Then,
the damping (growth} rate is given by

N pTel® WL fwa 1z
Ty 2 &2n w Ang (Qg) !
where we assume wy < §./2. When we choose ng = 1, the
three-wave condition ¢annot be satisfied for €. — we. Note
that the damping (growth) rate (6} is different from that for
whistler waves (cf. Bq. 5), while fixed-phase analysis predicts
the two should be the same {e.g., Chian & Abalde 1999). Unlike
the fixed-phase formalism in which the three interacting waves
are monochromatic and their frequencies satisfy the three-wave
conditions, in the random-phase formalism the relevant waves
are broadband and so the frequency matching condition can be
satisfied at different part of the frequency spreads. Thus, the
damping (growth) rates for the three interacting waves are in
general different.

(3}

6)

3. Application te solar wind

Simultaneous observations of Langmuir waves and electromag-
netic whistler waves have been made by the Ulysses spacecratt
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Fig. 2a and b. Growth rates, T, and I'_, as a function of e /aip,.
A wafwpe = 3.5 x 107 and ny = L bt wofwpe = 25 x 1079,
n- = 5 x 107% at Q¢ = 2uwa. The solid, dot-dashed corves cotre-
spond respectively to the growth rate of forward-, back-propagating
W-waves. The growth rates for the {-waves are plotted as dashed
(forward-scatering } and dottied (back-scatiering) curves.

in the solar wind (Kellogg et al. 1992; Lin et al. 1995; Stone et
al. 1995). These interplanetary Langmuir-whistler evenis were
detected in solar wind magnetic holes (Tumner et al. 1977, Tsu-
rutani et al, 1992, Winterhalter et al. 1994). In Sec. 2, we have
formulated a three-wave theory for nonlinear coupling of Lang-
muir waves with whistler waves, valid for broadband plasma
waves which are often seen in the solar wind. According to our
theory, the nonlinear Langmuir-whistler interactions generate
as a by-product circularly pelarized radio waves near the solar
wind piasma frequency.

From Sec. 2 we see that when L is the pump, both whistler
and }-waves can grow exponentially at rates [‘%,;} and T'_, re-
spectively, through L * [ + W . On the other hand, in the pro-
cess L + W 2 r, r-waves are in general damped at rate T,
and can grow only through stimulated emissions (5.). Assum-
ing dNy /dt = 0, une may find the maximum level of r-waves
Ny ~ NpNw [{Ny + Nw), which shows that high level of

Lis

N, can be achieved only when Ny has reached a sufficiently
high level.

Two different regimes of whistler growthin L 2 | + W can
be identified, depending on the ratio w, /€2, Consider first the
case wy/€, < 1. In this frequency regime, the three-wave
matching conditions can be satisfied only for the tripiet (L,
{, W), but not for the triplet (L, r, W). As shown in Fig. la,
the dispersion curves of L and { meet at the point A, i.e., the
wave frequencies of L and { can be arbitrarily close Lo each
other; whereas the wave frequencies of r and L differ at least
by 2. /2 (cf Fig, tb), From k& = ki * ko, where +, — corre-
spond respectively to the forward- and back-scattering, we have
ng = - aw(we/w) & no asnw{wp /o) < 1. While Chian
& Abalde (1999) discussed only the back-scatiering case, we
see both back- and forward-scattering involving  are allowed in
the limitw; <€ .. Assumingnyp &= .. ~ 1,Any, =ny/2and
using the typical solar wind parameters used by Chian & Abalde
{1999), wy /21 = 5.6 Hz, 1. /27 = 82Hz, wp. /27 = 16kHz,
W ~ wpe, Fo = 1mVm™!, which gives the energy density
{mec? per unit volume) Wy, = 5.4 x 107°m™3, we have
T‘.E,;) 7z —2 x 107 % rads=1. The growth rate is much tess than
the fixed-phase growth rate obtained by Chian & Abalde (1999).
This is expected since in general the random-phase processes
are less efficient than the fixed-phase processes. In principle, one
can boost the growth rate by increasing Wp,. This is possibie,
for example, if microstructures in the distribution of electrons
(similar to type Il events) appear in interplanetary mangetic
holes, which may enhance Langmuir wave amplitude o levels
mwch higher than those observed (Melrose & Goldman 1987;
Chian & Alves 1988). From Eq. (6), a higher growth rate can
be obtained for I-waves, With the same solar wind parameters
given above, we have I'_ &~ —1.5 x 107%rads™}. The rele-
vant growth rates as a function of 2, fwy. for wp < 2:/2 are
shown in Fig. 2a. Tn this frequency regime, the growth rate for
{-waves is significantly larger than that for whistler waves, In
each case, back-scattering gives rise to higher growth rate than
forward-scattering,

Consider next the frequency regime wy /Qe ~ 1/2in which
one of the two high-frequency waves has very small refracdon
index. In this case, the growth (damping) rate can increase sig-
nificantly. For Fig. 1b, we have n; < 1 (but n+ cannot be
small}, which will not be considered further as we restrict our
discussion only to the case of ny ~ 1. For Fig. la, we have
n4 € 1 (while n ~ 1). Back-propagating whistler waves are
damped at rate I‘E;J given by Eq.(3). For Anp ~ np/2, we
estimate the damping rate [‘%::] o 2troct (Wi fny Hws jw?).
However, for forward-propagating whistler waves, as shown in
Fig. la, we can have n_ <« 1 (with ng, ~ 1) forws ~ Q./2.
For smaller w2, the resonance shifis towards even smaller
.. Forward-propagating waves grow exponentially at rate
) & —om¥r B(We/n. (w2 fw?) where we = Q./2 s
used, and from Eq.(6), the growth rate for [ waves is ['_ =~
—272(ro? Juw (Wi [ Any ). Plots of ~T42), —T'_ as afunction
of 2, fwpe with a relatively higher wy are shown in Fig. 2b. As
we choose ny, = 1, the theee-wave condition cannot be satisfied
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for £}, — wy, thus the plot range of I'_ and r&;) are restricted
to 2, > 1.5ws. Fig. 2b shows that the growth rate for the W
waves can be comparable to and exceed that for the { circularly
polarized waves. In principle, we can have very large growth
rate, I‘{;), by simply choosing smalter n_ such that J¢'| —+ 0.
Thus, it is possible that whistler waves with a frequency close
2 /2 grow rapidly to the level at which the weak turbolence ap-
proximation is no fonger valid (cf. Davidson 1972). Therefore,
our random-phase result suggests a possibility of generating
whistler waves with frequency close to §2,. /2.

When both waves grow to a level comparable to the Lang-
muir wave, i.e. N_ ~ Ny ~ Ny, the growth stops. Let the en-
ergy densities of whistler and I-waves be Wy, and W__, respec-
tively. The saturation levels for these two waves are estimated
to be Wiy = (wo/wP(aw/n W, W. = (n_/n W,
Then, we have Wi = {wy/n,w)lwe/e)/* W, and hence,
Ww /Wy « 1 Forwy = /2. w/27 = wpe /27 = 16kHz,
n, =1, we have Wi /W, = 4 x 1073 for wa/2n = 41 Ha.
The energy density of the [-waves can reach the level of the
pump.

4. Conclusions

In the solar wind, whistler waves can grow exponentially
as a result of three-wave interactions involving L 2 [ + W,
provided that Ny > N_. Whistler waves are damped exponen-
tially through three-wave interaction involving L + W 2 7.
Growth of whistler waves favors forward-propagating with the
frequency w, =¢ £2./2. Thus, in the broadband approximation,
for a given ambient mangetic field the W-waves produced
most likely have a frequency near {1, /2. The saturated energy
density of whstler waves is at most a wap/n, Wy fraction
of the energy density of the Langmuir pump waves. In
general, the saturated energy density of [-waves can reach
the level comparable to the pump. /-mode radio waves can
grow exponentially, while r-waves are usually damped.
Exceptionally, however, r-waves can be produced through
stimulated emissions, with the maximuwm value given by
Ni ~ NpNw /(N + Ny ), when W.waves achieve a suffi-
ciently high ievel of energy density through exponential growth
{via L 2 { + W). It follows that uniess all relevant waves reach
saturation so that N_ ~ N, in general { waves are more likely
observed than r-waves. The results of this paper show that
in addition to L angmuir-ion acoustic turbulence (Chian & Alves

Q. Luo et al.: A broadband theory of Langmuir-whistler evenis in the solar wind

1988; Robinson, Cairns & Willes 1994; Abalde, Alves & Chian
1998) the solar wind seems to be rich in other types of nonlinear
Langmuir phenomena such as Langmuir-whistler turbutence.
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