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ABSTRACT. According to the multiple winds model a planetary nebula forms 
as the result of the interaction of a fast wind from the central star 
with the superwind that had previously been emitted by the progenitor 
star. The basic theory which deals with the spherically symmetrical case 
is briefly summarised. Various improvements are then considered in turn. 
A better history is clearly needed of the way that the central star be-
comes hotter, it is unrealistic to make the assumption that the superwind 
is spherically symmetrical, and finally there are likely to be important 
instabilities at some of the interfaces in the PN, notably that between 
the shocked superwind and the HII layer. These changes in the theoretical 
description produce a better understanding of the conditions in the outer 
parts of a PN and of the nature of its general shape, and they should lead 
to an explanation for the occurrence of high speed motions, and of highly 
ionized species and high excitation spectral lines. 

1. INTRODUCTION 

The multiple winds model (Sun Kwok 1982, 1983, 1988; Kahn 1983) gives a 
very good description of the overall properties of planetary nebulae. In 
this paper it will be discussed first in its simplest form, and then vari-
ous restrictions will be removed. The basic model, with spherical sym-
metry, has its uses and makes it possible to establish various important 
physical parameters, as well as the relations between them. However, it 
fails to allow for the fact that the shapes of most PNe are far from 
spherically symmetrical and it is based on idealised assumptions concern-
ing the onset of the fast wind from the central star which constitutes 
the planetary nebula nucleus (PNN). Finally there is a stability problem 
for those PNe which are ionization bounded. The HII layers here are 
squeezed between the hot shocked stellar wind (HSSW) inside and the non-
ionized gas outside, deriving from the superwind (SW); such configurations 
are in general unstable, and in a wide range of cases the growth time of 
disturbances is short enough for finite amplitude wave motions to develop 
within the lifetime of the PN. If so, there is a strong likelihood that 
the cool gas deriving from the SW will mix with hot gas from the HSSW, 
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and that the s h e l l of n o n - i o n i z e d gas w i l l f ragment . 

2. THE BASIC MODEL 

The superwind i s assumed to c a r r y away mass a t r a t e ft from the p r o g e n i t o r 
of the c e n t r a l s t a r up to time t = 0. I t has terminal speed u, and i s 
s p h e r i c a l l y symmetrical . At time t = 0 the f u l l y f l e d g e d PNN i s assumed 
to a p p e a r . I t has luminos i ty L , b lows a f a s t wind wi th terminal speed 
V ( > > u ) . The wind c a r r i e s o f f mechanical energy a t r a t e Ξ nL, and 
the s t a r emits Lyman continuum photons a t r a t e = j L . 

Two shocks deve lop as the r e s u l t of the i n t e r a c t i o n between the 
w inds . On the o u t s i d e a shock i s d r i v e n in to the gas from the SW, which 
i t compresses in to a t h i n , w e l l - c o o l e d s h e l l a t r a d i u s r . C l o s e r to the 
PNN there i s another shock f a c i n g in to the f a s t w ind . The HSSW f i l l s the 
r e g i o n between t h i s shock and the H I I l a y e r , which l i n e s the i n s i d e of 
the coo l s h e l l a t r a d i u s r . 

neutral shocked shell. 

ΗΠ layer. 

unshocked superwind 

F i g u r e 1. The v a r i o u s r e g i o n s in the m u l t i p l e winds model . 

The equat ions to d e s c r i b e the motion a r e 

^ - 2irr 3 P + 4 i rr 2 Pr ( 1 ) 

Ρ ( 2 ) 
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M - ( r - u t ) ( 3 ) 

and here 

M 
4ïïur 2 ( 4 ) 

i s the dens i ty in the SW j u s t ahead of the outer shock, Ρ i s the p r e s -
sure in the HSSW and Ms i s the mass of the s h e l l a t r a d i u s r . 

Equat ion ( 1 ) shows how the mechanical energy s u p p l i e d by the f a s t 
wind goes p a r t l y to heat the HSSW and p a r t l y to push back the s h e l l out-
s i d e ; equat ion ( 2 ) r e l a t e s the p r e s s u r e beh ind the s h e l l to the ram 
p r e s s u r e a t the outer shock and the f o r c e per u n i t a r e a needed to a c c e l -
e r a t e the s h e l l ; equat ion ( 3 ) i s s e l f - e v i d e n t , b u t i s b a s e d on the a s -
sumption that the f a s t wind s t a r t s up a t the moment that the SW s t o p s . 

The s o l u t i o n of the equat ions l e a d s to the r e s u l t s 

r = Xut r = Xu 
Μ(λ - 1 ) 2 

4irX 2 ut 2 
( 5 ) 

where λ s a t i s f i e s 

λ ( λ - 1 ) 2 2 nL 

3 ßu 2 
( 6 ) 

B a l a n c i n g the ram p r e s s u r e of the f a s t wind a g a i n s t the p r e s s u r e in the 
HSSW shows that the inner shock i s a t r a d i a l d i s tance 

2 V At 
λ-1 

(7) 

and t h e r e f o r e 

ι 
r 3 

' 3 X u ) 3 / 2 

I v J 
( 8 ) 

i s the r a t i o of the volumes enc losed r e s p e c t i v e l y by the inner and the 
outer shocks. Here Xu i s the expansion speed of the PN, t y p i c a l l y 30 
km/s , and the f a s t wind speed V i s t y p i c a l l y 3000 km/s , so that the r a t i o 
of volumes becomes about 1:200. 

The temperature in the HSSW i s found from 

kT 
m 

V 2 

9 
( 9 ) 

where 

5 i 
4 i r r 3 ν2 (10 ) 
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i s the d e n s i t y , and AfH the t o t a l mass in the HSSW. The f a s t wind i s 
t y p i c a l l y r a i s e d to a temperature of 7 χ 10 7 K on p a s s i n g through the i n -
ner shock. I t i s easy to v e r i f y that r a d i a t i v e c o o l i n g of the HSSW w i l l 
be q u i t e n e g l i g i b l e under r e a l i s t i c c o n d i t i o n s . Further the sound speed 
in the HSSW i s t y p i c a l l y 1300 km s" 1 , and the expansion of the PNe t h e r e -
f o r e takes p l a c e very s u b s o n i c a l l y with r e s p e c t to the hot g a s . The p r e s -
sure w i l l consequent ly be ( a l m o s t ) uni form in the HSSW b u b b l e . 

For i l l u s t r a t i v e purposes the v a l u e s of important parameters a r e 
here taken to be 

u = 10 km s" 1 , M = 9 χ 10"~ 5 M Q /year , 

L = 6300 = 2 .5 χ 1 0 3 7 e r g / s , L = nL = 1 0 3 5 e r g / s 
ϋ w 

S Ä Ξ JL = 2 . 5 χ 101*7 photons / s 

and a r e ( a l m o s t ) c o n s i s t e n t wi th a v a l u e λ = 3, and an expansion speed 
r = 30 km/s f o r the shocked s h e l l . 

A PN w i l l be o p t i c a l l y th ick as long as the mass Ms of the s h e l l ex -
ceeds the mass M. of i o n i z e d gas in the H I I l a y e r . The number of e l e c t -
rons in t h i s l a y e r i s 

Ν = M. Im ( 1 1 ) 
e ι a 

where m a i s the mass of gas per f r e e e l e c t r o n , and the e l e c t r o n d e n s i t y , 

a t p r e s s u r e P, i s 

η = P/m c . 2 , ( 1 2 ) 
e a ι 

and here c i s the i sothermal sound speed in the H I I r e g i o n . I f b 
( = 2X10"" 1 3 cm3 Is) i s the recombinat ion c o e f f i c i e n t , then, a f t e r some a l -
g e b r a , i t i s found that 

Mi = m a N e = m a S * / b n e = JL m a / b n e 

= È I ^ L m 2 c . 2 u 3 t 2 . ( 1 3 ) 

nb a i 

The r a t i o of masses i s 

M.:M = t i t * (14) 
i s * 

where 

t = nbM(X - 1> ( 15 ) 
* 6τπλ 3πι 2 c . 2 u 3 

J a ι 

o r , wi th the p r e s e n t t y p i c a l v a l u e s , 15000 y e a r s . A PN that i s younger 

w i l l be o p t i c a l l y t h i c k . In many cases the PNN evo lves through i t s hot 
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phase in a r a t h e r s h o r t e r time than 15000 y e a r s , so that g r e a t e r ages 
cannot occur . E v o l u t i o n r a t e s f o r c e n t r a l s t a r s have been d i s c u s s e d in 
d e t a i l by Schönberner (1983, 1986, 1988) . 

The th ickness of the H I I l a y e r i s a l s o p h y s i c a l l y important; i t 
equal s 

M. M.c.2 

Δ 
i 4iTr2p. 4ΤΤΓ 2Ρ 

ι 

and the sound t r a v e l time a c r o s s the H I I l a y e r i s 

Δ. , . Λ 3 m 2 c.3 u2 t2 

ι _ 6-iïj λ 3 a ι (16) 

c c £ " bn (λ - 1)2 ü 

A t a t y p i c a l age t , say 3000 y e a r s , or 1 0 1 1 s, i t i s found that 

t = 1 0 1 0 s 
c 

and i s thus smal l er by an order of magnitude than t . The r a t i o t c : t 
i n c r e a s e s l i n e a r l y w i th t ime. 

3 . A MORE REALISTIC START TO THE EXPANSION 

One obvious shortcoming of the b a s i c model l i e s in the assumption that 
the f a s t wind s t a r t s to b l o w a t the moment that the superwind s t o p s . 
Computed models of the e v o l u t i o n of the c e n t r a l s t a r a l l o w i n t e r v a l s of 
between 1000 and 10000 y e a r s f o r the t r a n s i t i o n from the AGB to a hot 
PNN, depending on the mass of the s t a r concerned. There i s as y e t no 
d e t a i l e d d e s c r i p t i o n of the h i s t o r y of such a t r a n s i t i o n p e r i o d . At 
p r e s e n t the b e s t that can be done i s to make an es t imate of how the model 
w i l l change i f an i n t e r v a l of l ength t 0 e l a p s e s between the end of the 
superwind and the sudden appearance of a PNN, w i t h a copious photon o u t -
put in the Lyman continuum and a f a s t s t e l l a r w i n d . 

At time t 0 a c a v i t y , w i th r a d i u s u t 0 » w i l l have formed in the d i s t r i -
b u t i o n of gas from the superwind. The f a s t wind w i l l f i l l t h i s volume 
wi th hot shocked g a s , whose p r e s s u r e a t time t Q + τ w i l l b e 

Ρ = L w T

 = 3 λ ( λ - 1 ) * Μ τ , m 

2iru 3 t 3 4TT ut 3 u / ; 

ο ο 

The p r e s s u r e b u i l d s up q u i t e r a p i d l y and a shock propagate s i n t o the 
surrounding m a t e r i a l , forming a dense s h e l l of coo l g a s . I f ν i s the 
speed of the s h e l l , then the r a t e of growth of i t s mass i s g iven by 
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and the equation for ν is 

Μ ν 
s 

4irr 2 

ο 

M(v-u) 2 

4irr 2 u 
ο 

(19) 

These equations apply early on during the acceleration, before the radius 
of the shell has increased much beyond r Q. It follows that 

.4 I λ * ( λ - ΐ ) υ μ - (20) 

and M 
4 · τ / ζ 

= λ*(λ - 1) M T- ^ (21) 

Both the mass of the shell and its outward velocity build up quite rap-
idly towards the values that they would have at radius r Q according to 
the basic model. The mass of gas in the HII layer is again given by 

M. = N m jLm 2c. 2/bP 
J a ι 

so that now 

M. = 
ι 

47TJLm 2c. 2ut 3

 0 . m 2 c . 2 u 3 t 3 

a ι ο _ 2TTJ a ι ο 

3λ ( λ-1 ) 2 Α τ bx 
(22) 

The model is consistent only once M exceeds M]_\ the HII shell is then 
optically thick, and this applies when 

hi hi 6/ 2 / 

· Ί

2 / 5 m / s c. / s u / s t / s 

-I > 2τα _S 1 2 (23) 

With the usual values for the parameters of the PN, and setting t Q = 
1 0 1 1 s or 5 χ 1 0 1 0 s, the condition becomes, respectively, 

γ > 0.074 or 0.056 , (24) 
ο 

so that there is a (relatively short) period when the PNN is turned on, 
but the shell is transparent to Ly c photons. On average about 71 per 
cent of the photons reach the SW beyond the shocked shell. Using typical 
parameters and taking t Q to be 1 0 1 1 s or 5 χ 1 0 1 0 s again, the number of 
Ly c photons thus made available is 1.3 χ 1 0 5 7 and 5 χ 1 0 5 6 , respectively. 
They are enough to ionize 1.3 M Q or 0.5 of atomic hydrogen in the wind, 
or to dissociate and then ionize 0.87 or 0.33 M Q of molecular hydro-
gen. This ionized gas in the unshocked SW later recombines, but does so 
only slowly, so that at time Δτ after the flash of Ly c radiation the 
electron density still is approximately 
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e 

where Δτ i s e x p r e s s e d in seconds. Some 3000 y e a r s a f t e r the f l a s h the 
v a l u e of EM i s 500, so that the low i o n i z a t i o n h a l o i s d e t e c t a b l e u n t i l 
then, b u t not much l o n g e r . 

4. DEPARTURES FROM SPHERICAL SYMMETRY 

The m u l t i p l e winds model must be g e n e r a l i s e d i f i t i s to d e s c r i b e the 
v a r i e t y of shapes of P N e . The most recent o b s e r v a t i o n a l data a r e d i s c u s -
sed by B a l i c k (1987, 1988) who g i v e s a c l a s s i f i c a t i o n of the d i f f e r e n t 
types of s t r u c t u r e . He f i n d s t h a t , though there i s a l a r g e v a r i e t y among 
the images of PNe , they can a l l more or l e s s b e accounted f o r by the mul-
t i p l e winds model, wi th the s imple m o d i f i c a t i o n that the superwind i s 
assumed to c a r r y away more mass per u n i t time in the e q u a t o r i a l r e g i o n s 
of the p r o g e n i t o r s t a r than in the p o l a r r e g i o n s . 

An e lementary treatment of the dynamics i n v o l v e d has been g iven by 
Kahn and West ( 1 9 8 5 ) . The ir u n d e r l y i n g premise i s that the superwind 
conta ins coo l g a s , which has a low sound speed, so that any inhomogene-
i t i e s a r e smoothed out only s l o w l y . The HSSW, on the other hand, i s very 
hot and has a h igh speed of sound. I t w i l l t h e r e f o r e r e s t o r e i s o b a r i c 
c o n d i t i o n s extremely q u i c k l y . Consequently i t i s much more p r o f i t a b l e to 
study the e f f e c t s of inhomogenei t ies in the SW s ince they a r e l i k e l y to 
produce a l a s t i n g e f f e c t on the shape of a PN. The f a s t wind cannot do 
so , u n l e s s i t i s very h i g h l y c o l l i m a t e d and j e t - l i k e , and t h i s seems most 
i m p r o b a b l e . 

The b a s i c m u l t i p l e winds model has the u s e f u l p r o p e r t y that a l l 
motions proceed a t a uni form r a t e , and t h i s permits an easy ex tens ion of 
the dynamical treatment to f l o w s which a r e not s p h e r i c a l l y symmetr ica l . 
Kahn and West dea l wi th a x i a l l y symmetrical cases where the terminal 

so 

t y p i c a l l y , a f t e r 1 0 1 1 s, or 3000 y e a r s . Of course the e l e c t r o n dens i ty 
i s as l a r g e as t h i s only where there i s an adequate mass dens i ty in the 
superwind. 

F i n a l l y to es t imate the emiss ion measure of t h i s low i o n i z a t i o n 
h a l o . Take s tandard v a l u e s f o r the parameters a g a i n , and assume that 
the superwind o r i g i n a l l y conta ined hydrogen in molecu lar form, and that 
the t r a n s i t i o n time t i s 5 χ 1 0 1 0 s, then the mass in the h a l o i s 0.33 

= 6 χ 1 0 3 2 gm = and i t s boundary i s a t d i s t a n c e 

The low i o n i z a t i o n h a l o then has an emiss ion measure 
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velocity and the mass loss rate in the superwind are constant, but the 
mass flux depends on the polar angle θ like 1 + ε sin θ. They consider a 
variety of positive values of ε and n. Increasing ε increases the dep-
arture from spherical symmetry, increasing η sharpens the concentration 
of the mass flux towards the equatorial regions. 

The bubble of HSSW will obviously expand more easily in the polar 
direction where there is least obstruction from the gas released in the 
superwind. The bubble is often pinched in at the equator, and sometimes 
the model predicts the existence of a cusp there, and (formally) accumul-
ation of so much material that infinite surface density occurs in the 
shell along the equator. The reader is referred to the paper for the 
detailed argument. Here it will be enough to illustrate the variety of 
possible shapes that can be generated by this model. The important para-
meters are ε, η and λ; the first two have already been defined, and 

λ Ξ f ( 0 ) / u , 

where ί(θ) is the radial velocity in 
and u the speed of the superwind, as 
0 and is the horizontal direction in 

the shocked shell at polar angle Θ, 
before. The polar direction is θ = 
the three figures below. 

5. INSTABILITIES IN THE HII LAYER 

So far the flow in PNe has been taken to be orderly, with each component 
in the structure moving smoothly. There has been no mixing between the 
different kinds of gas; in particular it has been assumed that there is 
negligible thermal exchange across the contact discontinuity between the 
HSSW and the HII region. One consequence of this assumption is that the 
HSSW loses negligible amounts of energy by radiation (and none by conduc-
tion) and therefore expands adiabatically. 

However a closer investigation shows the HII layer to be subject to 
instabilities, with a short growth time (Kahn and Breitschwerdt 1988). 
The motion is driven by flows at the adjacent ionization front and in 
general grows better in regions where the illumination from the PNN is 
incident obliquely. It is therefore to be expected that the effects of 
the instability will be most marked in those regions of a PN shell where 
the distortions from spherical symmetry are largest. 

In the simplest treatment of the effect, the HII layer has thickness 
2 and the contact discontinuity with the HSSW is along the plane ζ = 0. 
The layer of non-ionized gas lies beyond the plane ζ = 2, and is assumed 
to be so massive that it can be regarded as immobile. The boundary con-
dition at ζ = 0 is determined by the fact that the HSSW is so hot, and 
has so high a sound speed, that its pressure remains constant throughout 
any disturbance. Finally the Ly c radiation from the central star is 
incident on the layer at angle β with the z-direction, and the x-axis is 
coplanar with Oz and the direction to the PNN. 

A sound wave passing along the HII layer propagates with the iso-
thermal sound speed c^. It has to satisfy the boundary conditions that 
there shall be no pressure changes on the plane ζ = 0, the interface with 
the HSSW; on the plane ζ = Ζ there must be (almost) no Ly c flux, because 
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F i g u r e 2. Shape of the nebula f o r 
ε = 1, η = 2 and λ = 2 ( b o t t o m ) , 3, 
4 and 5, showing the e f f e c t s of 
f a s t expans ion . 

F i g u r e 3. Shape of the n e b u l a 
f o r λ = 3, ε = 5 and Ν = 3 
( b o t t o m ) , 4, 5, showing the 
e f f e c t s of i n c r e a s e d c o n c e n t r a -
t i on to the e q u a t o r i a l p l a n e . 
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F i g u r e 4. Shape of the nebula f o r λ = 3, η = 2 and ε = 3 ( b o t t o m ) , 6 
and 18 showing the e f f e c t of increased depar ture from s p h e r i c a l symmetry. 
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ionization fronts have to be well shielded from the ionizing flux. This 
second condition applies whenever the timescale of a motion is much longer 
than the recombination time in the HII region. The properties of such 
waves are then found from the usual equations of motion, and the condition 
of (almost) perfect shielding; a wave propagating parallel to the x-axis 
has the space-time dependence 

cos mz exp i (kx - cot), (25) 

with ω, k a n d m satisfying the relations 

2 

ι 

and 

= k 2 + m2 , (26) 

1 - exp{i(mZ+q) } 1 - exp{-i(mZ-a)} ^ 7 ) 

Z(k 2+m 2) mZ + α mZ - α 

where α Ξ kZ tan 3. 

Relation (26) just relates the frequency of the waves to the wave-
vector; relation (27) expresses the condition of no Ly c flux at the 
ionization front. Possible variations of the transmitted flux arise 
from the changing shape of the interface of the HII layer with the HSSW, 
and from internal changes in electron density during the passage of the 
wave. Their combined effects must cancel. The angular frequency ω for 
such waves is in general complex, with imaginary parts (i.e. growth or 
decay rates) of order c^/Z. Instabilities occur for all values of the 
wave number k, and the growth time is typically the sound crossing time 
of the HII layer, in the interesting cases therefore smaller by an order 
of magnitude, or more, than the dynamical time scale of the PN. 

In favourable cases the unstable waves will grow to such large ampli-
tudes that turbulence occurs and mixing takes place at the interface bet-
ween the HSSW and the HII layer. The temperature of the hot gas is 
sharply reduced by this dilution with cooler gas, but no thermal energy 
is lost until radiative cooling becomes significant. For electron den-
sity n e the cooling time is 

Cc - Ä Ü f e e

 ( 2 8 ) 

where Λ(Τ) is the usual cooling function (see e.g. Dalgarno and McCray 
1972). The electron density can be expressed in terms of the pressure P, 
and for a PN, in which λ = 3, it follows that 

_ 547T(kT) 2ut 2

 ( . 

c " A(T) ft U y ; 

At a representative time, say 1 0 1 1 s, and with the usual parameters, 
the cooling time equals the dynamical time provided that the mixing of 
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STAR 

F i g u r e 5. The s e t t i n g f o r an u n s t a b l e sound wave in the H I I l a y e r . The 
Ly c f l u x from the s t a r i s inc ident a t a n g l e 3 to the normal of the i n t e r -
f a c e . 

the gas has reduced the temperature to about 10 6K. The gas b e g i n s to 
coo l w e l l a t that temperature and should emit photons wi th t y p i c a l e n e r -
g i e s in the range of a few hundred eV. 

An a b s o l u t e upper l i m i t i s set to the r a t e a t which such mixing can 
occur by the c o n d i t i o n that the gas in the H I I l a y e r cannot f l o w a t a 
speed f a s t e r than c^. At r a d i u s r the maximum r a t e of a d d i t i o n of mass 
i s t h e r e f o r e g iven by 

M < 4 7 T r 2 P / c . 
add ι 
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- ΙΑζίΙ' J*Ei_ . ( λ . 1 ) 2 * » oo) 
λ 2 u c . t 2 c . 

1 1 

and the c o e f f i c i e n t (λ - 1 ) 2 e q u a l s 4 when λ = 3 . The a c t u a l r a t e of 
a d d i t i o n of gas from the H I I l a y e r w i l l b e ε ( λ - 1 ) 2 M u / c £ , where ε i s 
an e f f i c i e n c y f a c t o r . The mass in the HSSW i n c r e a s e s a t r a t e 2L / V 2 and 
the mixture t h e r e f o r e s e t t l e s to a temperature g iven by 

kT = 2 V i ^_cu< 

m 9 ε(λ-1)2Αιι 3ε 1 v ; 

a f t e r some r e d u c t i o n . I n s e r t i n g s tandard v a l u e s f o r parameters here 
l e a d s to the conc lus ion that the HSSW can be c o o l e d to 10 6K by the mix-
ing p r o c e s s , p r o v i d e d that the e f f i c i e n c y f a c t o r ε exceeds 0 .01 . I f t h i s 
does occur i t w i l l be f o l l o w e d by a c a t a s t r o p h i c l o s s of p r e s s u r e . There 
a r e two f u r t h e r consequences: the drop in p r e s s u r e a l l o w s the H I I l a y e r 
to th icken and the i n s t a b i l i t y r a t e w i l l d r o p , and there w i l l b e l a r g e 
s c a l e motions in the HSSW to compensate f o r the p r e s s u r e imbalance . The 
second of these conc lus ions i s i n t e r e s t i n g in connect ion w i t h the o b s e r v -
a t i o n s r e p o r t e d by Lopez e t a l (1988) of h igh v e l o c i t y components, w i th 
speeds up to 130 k m / s , i n NGC 2899. 

6. CONCLUSIONS 

The m u l t i p l e winds model cont inues to p r o v i d e v a l u a b l e i n s i g h t in to the 
n a t u r e of PNe. In i t s s imples t form i t d e a l s w i th o b j e c t s hav ing s p h e r i -
c a l symmetry and l e a d s to the d e f i n i t i o n of i n t e r e s t i n g l eng th and time 
s c a l e s . Real PNe w i l l d i f f e r in v a r i o u s r e s p e c t s from the b a s i c models . 
Some s imple m o d i f i c a t i o n s have been d i s c u s s e d in t h i s p a p e r , and i t has 
been argued that they can l e a d to a b e t t e r unders tanding of the p r o p e r t i e s 
of PNe that a r e a c t u a l l y o b s e r v e d . 
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