
References and Notes 

1. J. R. Luyten and J. Swallow, Deep-Sea Res. 23, 
1005 (1976). 

2. J. R. Luyten, Equat. Curr. Meas., in press. 
3. C. C. Eriksen, Deep Currents and Equatorial 

Waves, in press. 
4. S. Hayes and H. Milburn, J. Phys. Oceanogr., 

in press. 
5. D. W. Moore and S. G. H. Philander, in The 

Sea, E. D. Goldberg et al., Eds. (Interscience, 
New York, 1976), vol. 6, pp. 319-362. 

6. C. Wunsch, J. Phys. Oceanogr. 7, 497 (1977). 
7. M. Cane, unpublished manuscript. 
8. S. G. M. Philander and P. C. Pacanowski, J. 

Geophys. Res., in press. 
9. K. Wyrtki, Science 181, 262 (1973). 

10. R. Knox, Deep-Sea Res. 23, 211 (1976). 
11. M. Greig and P. Cresswell, Satellite Tracked 

References and Notes 

1. J. R. Luyten and J. Swallow, Deep-Sea Res. 23, 
1005 (1976). 

2. J. R. Luyten, Equat. Curr. Meas., in press. 
3. C. C. Eriksen, Deep Currents and Equatorial 

Waves, in press. 
4. S. Hayes and H. Milburn, J. Phys. Oceanogr., 

in press. 
5. D. W. Moore and S. G. H. Philander, in The 

Sea, E. D. Goldberg et al., Eds. (Interscience, 
New York, 1976), vol. 6, pp. 319-362. 

6. C. Wunsch, J. Phys. Oceanogr. 7, 497 (1977). 
7. M. Cane, unpublished manuscript. 
8. S. G. M. Philander and P. C. Pacanowski, J. 

Geophys. Res., in press. 
9. K. Wyrtki, Science 181, 262 (1973). 

10. R. Knox, Deep-Sea Res. 23, 211 (1976). 
11. M. Greig and P. Cresswell, Satellite Tracked 

The magnetic field of the sun is ex- 
tended outward by the solar wind 
throughout the solar system. The struc- 
ture of the extended field has been ob- 
served only within 16? of latitude of the 
solar equator, so that its overall form, 
containing the well-known magnetic sec- 
tors near the equatorial plane, has been a 
matter of conjecture and debate for 
many years. The Solar Polar Mission, 
sometime in the next decade, will prob- 
ably settle the major questions by direct 
observation in space. This report de- 
scribes our present view of the extended 
structure of the solar magnetic field. 

The existence of a warped current 
sheet in the nonpolar regions of the he- 
liosphere is now generally accepted (1- 
4). An artist's impression of an average 
shape of the current sheet at a time near 
sunspot minimum (2) is shown in Fig. 1. 
As the current sheet rotates with the sun, 
the sector structure of the interplanetary 
magnetic field (IMF) is produced (5). At 
the phase of the sunspot cycle discussed 
in this report, the large-scale IMF is di- 
rected away from the sun northward of 
the current sheet and is directed toward 
the sun southward of the sheet. It should 
be noted that the term "interplanetary 
sector structure" coined by Wilcox and 
Ness (5) describes the structure in the 
plane of the ecliptic and does not refer to 
three-dimensional structures such as the 
sections of an orange. 

There are two points of view regarding 
the origin of the warped heliospheric cur- 
rent sheet. Svalgaard and Wilcox (6) re- 
view the computations of the magnetic 
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field at a "source surface," for which the 
photospheric magnetic field observed by 
use of the Zeeman effect serves as a 
boundary condition. Outside the source 
surface the warped current sheet is as- 
sumed to be carried radially outward by 
the solar wind. In this model, the struc- 
ture of the current sheet (the location in 
solar longitude and the extent in solar 
latitude of the maxima and minima) is a 
direct consequence of the observed pho- 
tospheric magnetic field. 

Alfven (4) [see also (7)] has proposed 
an alternative viewpoint in which the so- 
lar origin of the current sheet is a plane 
similar to the plane in which the skirt of a 
ballerina originates (the waist). In this 
model the current sheet waves up and 
down like the skirt of a spinning balle- 
rina. 

It is our purpose in this report to show 

Fig. 1. Artist's impression of 
the warped heliospheric cur- 
rent sheet. The region above 
the current sheet has inter- 
planetary magnetic field di- 
rected away from the sun and 
the region below has field di- 
rected toward the sun. [Artist: 
Werner Heil] 
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that the observations of the IMF during 
the first months of 1976 (that is, near 
sunspot minimum) at the earth-by 
Pioneer 1 near a heliospheric latitude 
of 16?N (8) and by Helios I and Helios 
2 between 0.28 and 1 A.U. within a 
latitudinal excursion of +7.23? from the 
solar equatorial plane (9)-are in good 
agreement with a warped current sheet 
computed from the observed photo- 
spheric magnetic field by the methods 
reviewed in (6). It thus appears that the 
large-scale structure of the heliospheric 
current sheet is controlled by the photo- 
spheric magnetic field, although small- 
scale ripples may be added by dynamic 
solar wind processes (the ballerina effect). 

The curved line in Fig. 2 represents 
the average warped current sheet that 
separates regions with magnetic field 
away from the sun (above the line) and 
toward the sun (below the line), as com- 
puted on a source surface at 2.6 solar 
radii during the interval 20 January 
through 26 May 1976. The solar wind is 
assumed to carry the magnetic structure 
on the source surface radially outward 
into the heliosphere. In fact, the curved 
line in Fig. 2 is similar to the bottom pan- 
el of figure 4 in (6), which was computed 
as the average of eighteen 27-day solar 
rotations starting 5 May 1976 and ending 
7 August 1977, just after the interval dis- 
cussed in this report. This similarity is 
evidence of the long-term stability of the 
large-scale photospheric and heliospher- 
ic magnetic fields. 

Such long-term stability would not be 
expected from the dynamic effects of the 
ballerina skirt model. Nor would this sta- 
bility be expected if the predominant 
warps in the current sheet were caused 
by coronal holes (9), since the lifetime of 
a coronal hole is typically only several 
rotations. Because coronal holes appear 
in the central portion of sectors (6), it 
would be expected that the longitudes of 
coronal holes would correspond to the 
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Origin of the Warped Heliospheric Current Sheet 

Abstract. The warped heliospheric current sheet for early 1976 is calculated from 
the observed photospheric magnetic field by a potentialfield method. Comparisons 
with measurements of the interplanetary magnetic field polarity for early 1976 ob- 
tained at several locations in the heliosphere by Helios I, Helios 2, Pioneer 11, and 
at the earth show a rather detailed agreement between the computed current sheet 
and the observations. It appears that the large-scale structure of the warped helio- 
spheric current sheet is determined by the structure of the photospheric magnetic 
field and that "ballerina skirt" effects may add small-scale ripples. 
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Fig. 2. The curved line represents the calculated average heliospheric current sheet for five rotations from 20 January through 23 May 1976. The 
dashed line at 16?N latitude represents the approximate heliographic latitude of the Pioneer 11 spacecraft, which was about 4 A.U. from the sun. 
The plus signs (away from the sun) and minus signs (toward the sun) indicate the IMF polarity measured at Helios 1 and Helios 2 projected back 
onto the solar corona. The observed IMF polarities agree well with the computed current sheet. Fig. 3. Same as Fig. 2, except that the plus 
and minus signs represent the inferred IMF polarity at the earth mapped back to the solar corona. The observed polarity changes occur near 
crossings of the computed current sheet. 

longitudes of maximum warp of the he- 
liospheric current sheet. 

The dashed horizontal line in Fig. 2 
represents the heliographic latitude 
16?N, near which Pioneer 11 observed 
the IMF to be predominantly away from 
the sun during the interval discussed in 
this report (8). The plus (away) and min- 
us (toward) signs in Fig. 2 represent the 
IMF polarity as observed by Helios I 
and Helios 2 (9) projected onto the solar 
corona. The computed current sheet in 
Fig. 2 is similar to the inferred current 
sheet shown in figure 4b of (9). 

Figure 2 shows that the Helios space- 
craft observations of the polarity of the 
IMF are in good agreement with the 
computed location of the current sheet. 
When the Helios spacecraft were at 
southern heliographic latitudes a two- 
sector pattern was observed, whereas 
when they were at northern latitudes a 
four-sector pattern was observed, in 
agreement with Fig. 2. 

The curved line in Fig. 2 representing 
the warped heliospheric current sheet is 
repeated in Fig. 3, where the plus and 
minus signs show the inferred IMF po- 
larity at the earth (10). A travel time of 
4.5 days from the sun to the earth (II) is 
used in mapping this back to the corona. 
The IMF structure at the earth also 
shows a two-sector pattern when the 
earth is near 7?S heliographic latitude, 
but hints of the four-sector structure are 
seen as the earth moves northward. 

We note that if a travel time of 5.5 

604 

days had been used, the data in Fig. 3 
would be moved to the right by about 13? 
of longitude, which would significantly 
improve the agreement. The same situa- 
tion exists with regard to the spacecraft 
data in Fig. 2. This suggests that the 
simple mapping techniques used in pre- 
paring Figs. 2 and 3 may give only an ap- 
proximation. 

Although the large-scale structure of 
the current sheet persists for many so- 
lar rotations, on any particular rotation 
there may be changes in the current 
sheet arising from the effects of solar 
activity and coronal holes (12). Never-, 
theless, the overall agreement in Figs. 2 
and 3 between the observed IMF polari- 
ties and the structure of the heliospheric 
current sheet computed from the ob- 
served photospheric magnetic field is im- 
pressive. 

From the considerations discussed in 
this report we suggest that if Pioneer 11 
had been at 16?S heliospheric latitude in 
the first part of 1976 rather than at 16?N, 
it would have observed a well-defined 
sector structure. Also, although Pioneer 
11 did observe an IMF polarity that was 
predominantly away from the sun, we 
would predict that for intervals of a few 
days corresponding to Carrington solar 
longitudes near 35? and 160?, Pioneer 11 
may have observed "toward" polarities. 
We note in figure 2 of Smith et al. (8) that 
during the interval of interest the ratio of 
the number of "away" polarity observa- 
tions by Pioneer 11 to the total number of 

observations was about 0.8. The com- 
puted current sheet in Fig. 2 of this re- 
port corresponds to a ratio of about 0.7. 

We suggest that the observations of 
the IMF polarity by Pioneer 11 and by 
Helios I and Helios 2 support the view 
that the large-scale structure of the warped 
heliospheric current sheet can be com- 
puted from the observed photospheric 
magnetic field, with the ballerina effect 
perhaps adding small-scale ripples. Since 
coronal holes are effects of conditions 
pertaining to the large-scale photospheric 
magnetic configuration (6), the influence 
of coronal holes on the warped current 
sheet is to a considerable extent already 
included in the present calculations. 

The observations by Pioneer 11 at 
16?N heliospheric latitude (8) have been 
misinterpreted as meaning that the he- 
liospheric current sheet is almost parallel 
to the solar equatorial plane [for ex- 
ample, see (13)]. Figure 2 shows that 
even near the minimum of the 11-year 
sunspot cycle the current sheet probably 
reached appreciable south heliospheric 
latitudes, and the considerations dis- 
cussed by Svalgaard and Wilcox (2) in- 
dicate that near the maximum of the sun- 
spot cycle the current sheet reaches he- 
liospheric latitudes of 50? or more (3). 

J. M. WILcox 
J. T. HOEKSEMA 
P. H. SCHERRER 

Institute for Plasma Research, 
Stanford University, Via Crespi, 
Stanford, California 94305 
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sharing the same ectoplacental cone. 

The cause of monozygotic twinning in 
mammals, including humans, is not 
known (1). There is strong experimental 
evidence that in lower vertebrates mono- 
zygotic twinning can result from early- 
stage developmental retardation caused 
by such factors as lack of oxygen (2). In 
humans, the frequency of congenital 
malformations in monozygotic twins is 
nearly twice as high as that in single 
births, and there is no such increase in 
dizygotic twins (3, 4). These results in- 
dicate that monozygotic twinning is re- 
lated to some developmental malforma- 
tion. 

In the rat (5), rabbit (6), and mouse (7), 
it has been demonstrated that single 
blastomeres of cleaving embryos are to- 
tipotent and able to develop into individ- 
ual animals. However, how and when 
the monozygotic twins are formed in 
utero is not known. In vitro, on the other 
hand, individually cultured mouse em- 
bryos are now able to develop far be- 
yond the implantation state (8), and thus 
are amenable to the examination of twin 
phenomena. The development of mono- 
zygotic twins in vitro has been recorded 
by time-lapse cinematography (9). 

Development of mouse embryos 
beyond the implantation stage requires 
specific macromolecules for growth and 
differentiation (10). Mouse embryos 
grown in vitro are indistinguishable from 
those grown in vivo (11-14), despite the 
fact that in vitro, blastocysts must attach 
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to and develop on the rigid surface of the 
plastic culture dish instead of on the flex- 
ible uterine endometrium. Still, imposing 
the mechanical restriction of a culture 
dish on the developing mouse embryo 
may cause minor abnormalities. In the 
present study, we found that cultured 
blastocysts from random-bred CF 1 mice 
(6 to 8 weeks old; Charles River) form 
monozygotic twins at the ratio of nearly 
1:100. The cause of these twinnings was 
traced to the very early development of 
the embryos at a stage after the attach- 
ment of single blastocysts. In this stage, 
the inner cell mass (ICM) was observed 
to subdivide and grow as two indepen- 
dent egg cylinders. 

The female mice were injected with 
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pregnant mare serum gonadotropin (5 
IU; Organon) to stimulate growth of 
ovarian follicles; human chorionic go- 
nadotropin (5 IU) was injected 48 hours 
later to stimulate ovulation. They were 
then placed with males (one pair per 
cage). The next morning, the females 
were checked for the presence of a copu- 
latory plug (day 0 of pregnancy). On day 
3 of pregnancy, they were killed by cer- 
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All procedures in the preparation, cul- 
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cubators containing 5 percent CO2 and 
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was automatically regulated. 
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mented with 1 mM glutamine and I mM 
sodium pyruvate; no antibiotics were 
used at any stage. The concentration of 
FCS in the medium was increased as the 
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in culture) and subsequent Side view E PT ICM elongation of the egg cylinder 
(day 3). (A) Side view of de- Day 1 E 
nuded blastocyst attached to 
the plastic substrate by mural 
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ric attachment) and by anti- B 
polar trophoblasts (symmetric 
attachment). E, Primary endo- Top view PT PgEgg cyinder Egg cylinder 
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Top view of development and Day 3 
egg cylinder elongation in 
asymmetrically attached em- * ? 
bryo (left) and symmetrically attached embryo (right). In the asymmetric attachment, while 
polar trophoblasts proliferate to the left to become the ectoplacental cone, the egg cylinder 
elongates toward the right. In the symmetric attachment, the polar trophoblasts are positioned 
above the ICM, and the egg cylinders grow bilaterally away from them. 
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Monozygotic Twin Formation in Mouse Embryos in vitro 

Abstract. Monozygotic twins developed from cultured murine blastocysts at the 
ratio of approximately 1:100. The locus at which the denuded blastocysts attached to 
the culture dish was usually a random section of their mural trophoblasts, in which 
case single egg cylinders developed unilaterally. However, in those few blastocysts 
attaching with their antipolar mural trophoblasts, the inner cell mass became sub- 
divided into two parts because of restrictions imposed on its growth by the apically 
situated polar trophoblasts and the plastic substrate. Each subdivision apparently 
incorporated totipotent cells, resulting in the bilateralformation of two egg cylinders 
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