Morphology and lonization of the Interstellar
Cloud Surrounding the Solar System

Priscilla C. Frisch

The first encounter between the sun and the surrounding interstellar cloud appears to have
occurred 2000 to 8000 years ago. The sun and cloud space motions are nearly perpen-
dicular, an indication that the sun is skimming the cloud surface. The electron density
derived for the surrounding cloud from the carbon component of the anomalous cosmic
ray population in the solar system and from the interstellar ratio of Mg+ to Mg® toward
Sirius support an equilibrium model for cloud ionization (an electron density of 0.22 to 0.44
per cubic centimeter). The upwind magnetic field. direction is nearly parallel to the cloud
surface. The relative sun-cloud motion indicates that the solar system has a bow shock.

The solar system is located in a tenuous
interstellar cloud that appears to be part of
the remnant gas associated with the super-
bubble seen around the Scorpius-Centaurus
Association (1-3). Because the youngest
supernova remnant in this star-forming re-
gion is about 250,000 years old (4) and the
cooling time (~10* years) is shorter than
the recombination time (~10° years) in
ionized low-density 10,000-K gas, nonequi-
librium ionization conditions could prevail
in the surrounding cloud, invalidating. ef-
forts to determine the electron density from
absorption line ratios.

The surrounding interstellar cloud con-
stitutes the environment of the solar sys-
tem, modifying the structure of the helio-
pause region (5) and the terrestrial magne-
tosphere and possibly influencing the ter-
restrial climate (6). As the sun moves
through the surrounding cloud, external
ions are excluded from the solar system by
the compressed solar wind plasma in the
heliopause region near 100 astronomical
units (AU), but cloud neutrals penetrate to
the inner solar system where H° and He®
are ionized mainly by charge exchange with
solar-wind ions and by photoionization
with solar photons. These interstellar neu-
trals fed into the solar’system by the sur-
rounding cloud provide ~98% of the diffuse
mass in the interplanetary region (7). Re-
cently it was discovered that interstellar
carbon, nitrdgen, and oxygen, ionized by
charge exchange in the inner solar system,
are captured by the terrestrial magneto-
sphere (6). These captured ions provide the
first significant evidence that interstellar
matter (ISM) directly impacts the terrestri-
al system. Over the last several million
years, the solar system has traversed a region
of space devoid of ISM and appears to have
only recently encountered the surrounding
interstellar cloud (2, 3). In this report, data
are presented to “map” the morphology of
the surrounding interstellar cloud and to
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provide evidence that this cloud is in ion-
ization equilibrium. These data support the
view that the surrounding cloud is a quies-
cent, remnant of the Scorpius-Centaurus su-
perbubble, with the last ionizing event oc-
curring over 1 million years ago.

Cosmic-ray and stellar spectral data from
seven operational scientific spacecraft
[Voyager 1 and Voyager 2, the Hubble
Space Telescope, Ulysses, the International
Ultraviolet Explorer (IUE), the Extreme
Ultraviolet Explorer (EUVE), and the
Roentgen Satellite (ROSAT)] were used to
derive the conclusions in this report. These
spacecraft are now orbiting throughout the
solar system, and they demonstrate the ad-
vantage of combining data from interplan-
etary and Earth-orbiting spacecraft. The
Voyager data were acquired at about 20 to
25 AU, the Ulysses data near 5 AU, where-
as the Hubble, IUE, ROSAT, and EUVE
telescopes are at 1 AU. This unique per-
spective on the interstellar cloud surround-
ing the solar system, which results from the
combination of inner solar system and outer
solar system data, can be further enriched
with in situ data from spacecraft such as the
proposed Interstellar Probe (8).

The relative geometry of the surround-
ing interstellar cloud (SIC) (9) and the
solar system can be derived from the hydro-
gen column density through this cloud, the
cloud ‘velocity vector, the assumption that
at the solar position the cloud velocity vec-
tor is perpendicular to the cloud surface,
and the assumption that this surface is a
plane. (The cloud velocity vector is derived
from interstellar absorption lines in the
spectra of nearby stars and observations of
interstellar hydrogen and helium in the so-
lar system.) The relative velocity vector of
the cloud with respect to the sun in the
local standard of rest (LSR) immediately
yields intriguing results. The sun moves to-
ward an apex position € = 51°, b = 23° at
15.4kms~! (10). In the LSR, the surround-
ing cloud velocity vector V. = —19.5 km
s7!, € = 325.5° and b = +3.6° if we use
Ulysses observations of He® atoms in the
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outer solar system (11), or V = —19.0 km
s7L, € = 334.5°, b = —1.8° if we use Ca*
data toward 12 nearby stars (2, 3) [using
data from (12, 13)]. Small localized samples
of stars indicate that there is a velocity gradi-
ent between the upwind and downwind di-
rections for the gas in the nearest 10 to 20 pc
(2,3, 12, 13). However, because the database
is small and the gradient is on the order of the
errors in velocity (1 to 3 km s™1), I will use
the global vector, which is essentially an av-
erage of the upwind and downwind values. It
is easily seen that the LSR cloud vector is
nearly perpendicular to the solar motion (an-
gular separation of ~80° to 90°), implying
that the sun is skimming the cloud surface,
because the column densities in the antiapex
directions are low (<108 cm™2). If the cloud
velocity vector is perpendicular to the surface
(parallel to a surface normal), then the local
magnetic field lines, which point toward € ~
70° (14), are parallel to the cloud surface in
this geometry.

If information about the distance to the
cloud surface is added, then the time of the
initial solar encounter with this cloud can
be estimated. The total hydrogen column
density [N(H) = N(H®) + N(H")] can be
derived from Mg™* column densities in the
spectra of nearby stars because Mg* traces
both warm neutral and ionized hydrogen.
(In principle, the H° column density can be
measured directly from the Lya absorption
line; however, column densities of H* must
be inferred from ion absorption lines.) An
average value

AlMg*]=N(Mg")/N(H) ~ 1074 (1)

is found toward the stars Capella, Procyon,
and m) UMa (see Table 1). Toward  UMa,
29% of the hydrogen is ionized, giving
N(Mg™)/N(H® + H*) = 1074, Applying
this ratio to the gas toward Capella and
Procyon [where other estimates for N(H")
are not available] suggests that <20% of the
gas is ionized toward these two stars.
Toward Sirius, two blended interstellar
Mg* and Fe* absorption features are de-
tected by the Hubble Space Telescope’s
Goddard High-Resolution = Spectrograph
(GHRS), corresponding to two interstellar
clouds, with the component at 18.7 K s~!
corresponding to the surrounding cloud ve-
locity (15). Applying the ratio A[Mg™] =
107> to the local Mg"™ component in
Sirius gives a total hydrogen column density
N(H® + H*) = N(Mg*)/AMg*] = 10177
cm™2; for both Sirius clouds, N(H® + H™)
= 10178 ¢m~2 (Table 1). The low total
hydrogen column density for the Sirius
sight line is consistent with the low value,
N(H®) = 1078 cm™2, seen toward the
white dwarf pair RE0457-281 and RE0503-
289 (16), € CMa [N(HP®) = 101800 ¢p~2
(17)1, and Procyon [N(HP®) = 101808 ¢jy~2
(18)], all within ~25° of the Sirius sight
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line. The apex of solar motion is directed
toward € = 51°, b = 23°, and Sirius (£ =
227°, b = —9°) is located in the antiapex
direction. Sirius is viewed through the solar
wake because the opening angle of the solar
wake is ~42° (19). The low column densi-
ties in the antiapex direction indicate that
the sun has recently encountered the sur-
rounding cloud.

On the basis of these assumptions, the
morphology of the cloud surrounding the
solar system is shown in Fig. 1. The distance
to the cloud surface in the Sirius sight line
is given by

D, = N(H® + H")/no, (2)

where n,, = n(H°) + n(H*) = n(H®) + n_
for the local cloud component. The elec-
tron density is n_ = 0.22 to 0.44 cm ™ (see
below). If we take N(H® + H*) = 10177
cm™? and n(H®) = (n(H®)) = 0.1 ecm™3,
this gives D, = 0.3 to 0.5 pc for the current
distance to the cloud surface in the Sirius
direction. If we consider this as a two-
dimensional geometry with the cloud sur-
face perpendicular to the plane of the gal-
axy (which is approximately correct be-
cause the LSR upwind vector has b ~ 0°),
then the distance to the cloud surface along
a surface normal (D_), for the current ep-
och, is D, = D, cos (8) = 0.05 to 0.16 pc.
For elapsed time since the sun-cloud en-
counter t,,

Dn = te[vsuncos((b + e) + vlisw] (3)

where V.
vV

un is the LSR solar velocity vector

o~ 154 km s71), and V,_, is the LSR
cloud vector (V,,, = —19.0 km s}, € =
334.5°, b = —1.8°). The angle 8 ~ 72.5° is
the separation between the Sirius sight line
and cloud surface normal; ¢ ~ 4° is the
separation between Sirius (€ = 227°) and
the antiapex direction in this two-dimen-

- sional model. These angles and line seg-
ments are illustrated in Fig. 1.

Solving these equations gives t, = 2000
to 8000 years as the time since the initial
encounter of the solar system with the sur-
rounding cloud for n, = 0.22 to 0.44 cm ™
and n(H®) = 0.05 to 0.2 cm ™3, including
the uncertainties in the surrounding cloud
velocity vector. Because the sun appears to
be skimming the cloud surface, the encoun-
ter epoch is sensitive to uncertainties in the
cloud velocity vector and the assumed value
for n(H®) in the SIC (20). The hatched
region in Fig. 1, representing the cloud
surrounding the solar system, is not homo-
geneous because there are two velocity fea-
tures in front of the nearest star, a Cen A (d
= 1.3 pc, and near the upwind direction)
(21). There are three velocity features to-
ward a Agl (d = 5 pc) (12, 13) and two
toward Sirius (15). The second interstellar
cloud seen toward Sirius, the cloud contain-
ing most of the sight-line ISM toward
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Capella, and multiple components in the
hatched region ISM are not illustrated.
The cloud morphology in Fig. 1 presents
the essential characteristics of the cloud
surrounding the solar system, and it is ex-
pected that this morphology will be updated
and modified as additional data on cloud
multiplicity become available. If the uncer-
tainties in the data used in constructing Fig.
1 can be reduced, it may be possible to
determine with precision the encounter ep-
och and therefore to establish whether rel-
atively low-density interstellar clouds are
capable of affecting the terrestrial climate.
Voyager 1 and Voyager 2 spacecraft in
situ data on the carbori component of the

~anomalous cosmic ray (ACR) population

(22) can be used to corroborate-the electron
density in the surrounding cloud found from
Hubble Space Telescope GHRS Mg* and
Mg® data in the spectra of the nearby star
Sirius A (15). The ACR results are consis-
tent with the Sirius A results, which are
derived from a sight line 50,000 times long-
er. The consistency of results derived from
these two independent analyses provides
evidence that the underlying model of ion-
ization equilibrium is correct.

When the trace elements in an interstel-
lar cloud are in ionization equilibrium, that
is, the rate of ionization and recombination
events are equal

FEXMHUX™ = a(X** Hn(X*n.  (4)

Here, I'(X™) is the total ionization rate for
X" (per second), a(X"*!) is the total rate
for the combination of X"*! with an elec-
tron to form X", and n(X) and n_ are the
spatial densities (per cubic centimeter) for
species X and electrons, respectively. At
these densities, Mg® and C° ionization are
dominated by photoionization (although
the charge-exchange rate for C° is poorly
known) (23). It is generally assumed that
N(X) = L n(X), where L is the path length
through the interstellar cloud and N(X) is
the column density (per square centimeter).
Equation 4 has been applied previously to
interstellar Mg® absorption lines in the
spectra of Sirius A (d = 2.7 pc, € = 227°,
b = —9%), giving n, ~ 0.09 to 0.39 cm™ for
cloud temperature T = 7000 to 8000 K (15).
However, these high values have been un-
confirmed.

In the solar system, neutral carbon is found
in the ACR population, with abundances in-
dicating a source population ratio N(CP)/
N(O®% = 0.0039 (+0.0039, —0.0020) (22).
The source population is believed to be neu-
tral interstellar atoms, which penetrate the
solar wind plasma and, after ionization, are
accelerated to cosmic ray energies within the
solar system (24). In order to derive the source
population ratio from the observed ACR

Table 1. Properties of the surrounding interstellar cloud toward nearby stars. The Sirius, Capella, and
Procyon values are based on Hubble Space Telescope GHRS data. The m UMa values are based on
Copernicus and IUE data (2, 3). Values for N(H® + H*) enclosed in brackets are inferred from Mg*
abundances (see text). The projected lisw vectors in the directions of these stars are as follows: Sirius,
19.5 km s~7; Capella, 21.9 km s~*; Procyon, 19.5 km s=; q UMa, —5.8 km s™".

. Heliocentric Cloud
Element Oolu(rgg]ggnsny velocity temperature
kms™) K
Sirius (e CMa) component 1 (SIC), d = 2.7 pc, £ = 227°, b = —9**
N(HI + Hn) [5.10 X 10'"1§ }
Hi [0.9-1.6 X 10"7)|| 7600 + 3000
Mall 1.65 X 1012 18.7 15
Sirius a« CMa component 2*
NHI + Hil) [2.4-3.0 X 10'7]§
Mall 9.0 x 10" 13.0x15 10006999
. Capella (a Aur)d = 12 pc, € = 163°% b = +5°F
N(HI +-Hil) [2.0 X 10'8)§ 21.7-22.5
HI 1.65-1.8 X 108 7000 * 200
Mgl 6.5 X 1012 21-23
Procyon (a CMi) d = 8.5 pc, € = 214° b = +13°F
NH+ Hiy > [1.1 X 108§ 22.0
Hi . 1.15-1.2 X 108 6700 = 200
Mgl 3.47 x 1012 21.2
Alcaid (q UMa) d = 42 pc, € = 101°, b = +65°%
N(HI + Hiry 1.0 x 108
Hi 7.1 x 10"
Mgl 3.2 %102 3.9-8.3

*Data from Lallement et al. (15). The “‘surrounding cloud’ component refers to the cloud surrounding the solar system,

and the blue-shifted cloud is more distant.

tData from Linsky et al. (18).

$The H® column densities are from York

(85), and the H* column densities are from (2). The Mg* column densities are based on IUE data of Frisch et al. (3).
Vallerga et al. (36) found a velocity for the Ca* K line of —2.8 km s=*, which is intrinsically more accurate than the [UE

velocities shown in the table.

§The N(H® + H) value is calculated using the n UMa ratio N(Mg*)/N(H® + H+) =

107542 [y UMais the only star in the table for which both M(H®) and N(H™*) are available]. However, this abundance is also

equal to the average Mg* abundance for Capella, Procyon, and n UMa.

|The two values of N(HO) are calculated

using the range n, = 0.22 to 0.44 cm~2 found locally, combined with a nominal local density of n(H°) = 0.1 cm=3, giving

ng + n(H® = 0.32 to 0.54 cm~3.
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N(C)/N(O) ratio, the observed ratio is cor-
rected for ionization by solar ultraviolet pho-
tons, charge-exchange reactions in the helio-
pause region and with the solar wind, and the
acceleration and propagation of the ions
within the solar system. However, the “filtra-
tion” correction factors at the heliopause re-
gion are poorly known at present, especially
for carbon, and these uncertainties are not
contained in the quoted errors.

Equation 4 for the carbon equilibrium in
the SIC can be rewritten as

T(CON(CO)N(O®) = a(C*nN(CH)N(OP)
= a(C*)n.R./F(n.) (5)
Here, I have used the fact that in the SIC

oxygen ionization is closely coupled to hy-_ -

drogen ionization through charge exchange,
so that the neutral fraction, F(n_), of oxy-
gen is the same as the fractional neutrality
of hydrogen, giving

F(n) =1 —n/tn. +n(H?)  (6)

where n, ~ n(H™). Because carbon is main-

€=180°

\' RE0457-281
RE0503-289

Procyon

Si.rius’ '

QN
N N

€=270°—

N

/Capella

ly in the form C* in diffuse interstellar
clouds such as the SIC, N(C,_ ;) = N(C™).
The cosmic abundance ratio for carbon is
R, = N(C,)/N(O,...;) = 0427 (25). In
the SIC, observations of both the Lya emis-
sion from the interplanetary glow atoms
and Lya absorption in the nearest stars give
a nominal value for the average neutral
hydrogen spatial density in the SIC of
(n(H®) ~ 0.1 em™3 (2, 3, 26). In the SIC,
the ratio N(C*)/N(Q°) is equal to R /F(n,).
The ionization rate of C° in the cloud sur-
rounding the sun is poorly known. I will use
the ionization rate for a neutral hydrogen
cloud surface T' = 1.31 X 10710 57! from
Bldck and Dalgarno (27) (with a nominal
uncertainty of a factor of 2). For a cloud
temperature range T = 6700 ta 8000 K,
a(C*) = 6.03 to 540 X 10713 cm? 57!
(23, 28). If n(H®) =~ (n(H®)) ~ 0.1 cm~3,
Eq. 5 for the ionization equilibrium of C°
in the SIC yields an electron density of n,
= 0.26 to 0.62 cm3, including errors in
the ACR N(C®)/N(QO°) ratio and cloud

temperature.

— £=90°

aAgl

Fig. 1. Two-dimensional schematic of the closest cloud layer of the local interstellar cloud system: (A) the
surrounding cloud and several nearby stars; (B) an enlargement of the region around the sun. All vectors
are shown in the LSR, and the four points of the galactic coordinate system (€ = 0°, 90°, 180°, 270°) are
labeled. “Basic”:solar motion through the LSR (70) and an LSR cloud motion [V = —19.0kms™', £ =
334.5°, b = —1.8° (2, 3)] are assumed. Also, it was assumed that the total hydrogen column density in
the Sirius direction is low [N(H° + H*) ~ 10'77" cm~2] and that the local cloud velocity vector is normal
to the cloud surface, which is assumed to be locally a plane. In (A), the local interstellar wind vector is
labeled lisw; the vector embedded in the cloud (cross-hatched region) is the solar vector, with the current
position of the sun indicated by a dot. Several nearby stars ‘are plotted at their respective galactic
coordinates. The arcs indicate the angular regions containing the stars Lallement et al.(72) and Bertin et
al. (13) used to derive the cloud downwind velocity vector £ ~ 45° to 170° and the “low Mg Il column
density’’ region of Genova et al. (34) at b = 0°, which is centered approximately on the downwind
direction £ ~ 125° to 270° (in the LSR). Many nearby features are not shown (for example, cloud
multiplicity toward a Cen, a Adl, and Sirius A, and most of the ISM mass toward Capella). An artist’s view
of the solar wake is included (small curved feature). In (B), line “‘cst’’ represents the cloud surface today,
line “csee’ represents the cloud surface during the encounter epoch (between the sun and cloud), V,,
and V,,, are the solar and cloud velocity vectors, line segment AA is in the antiapex direction (the opposite
direction from V), line segment D, is directed toward Sirius (at £ = 227°), and line D,, is the distance to
the cloud surface along a surface normal at the current epoch. The angles 6 (72.5°) and ¢ (4°) are not
plotted to scale. The upwind magnetic field is parallel to the cloud surface (74). If the cloud motion is not
parallel to the surface normal as is assumed, then this cloud morphology is not correct.
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The allowable range of n_ is narrowed if
the ARC and Sirius A Mg results are com-
pared directly, using improved Mg™ dielec-
tronic recombination rates. The total re-
combination rate for Mg™ is enhanced in
the temperature range T > 6000 K by di-
electronic recombination, and so Mg® is a
good tracer of warm, low-density clouds
such as the SIC. The charge-exchange for-
mation of Mg™" is insignificant, as seen in
Fig. 2, which shows the electron density
solution to the condition o (T,)n, =
I'(Mg°). The rates o (T,)n, and T'(Mg°)
are the formation rates (per second) of Mg*
by charge exchange and photoionization,
respectively (29). Except for T =~ 8000 K
and n_ > 0.3 cm ™3, where small corrections
must be made, the charge exchange forma-
tion of Mg™ is insignificant for the range of
densities and temperatures calculated here.
At electron densities greater than the plot-
ted solution, both the ionization and re-
combination rates in Mg* <> Mg® equilib-
rium are proportional to the electron den-
sity, so the ratio N(Mg*)/N(Mg®) can no
longer be used to constrain the electron
density.

Using the photoionization rate I'(Mg°)
= 40 X 10711 571 (23) and the ratio
N(Mg*)/N(Mg®) = 220 (+70, —40) found
for the SIC component by the Hubble
Space Telescope GHRS (15) gives the elec-
tron densities shown in Fig. 3 for both the
Mg and ARC data, as a function of temper-
ature. The error envelope on the electron
density as a function of temperature for the
Sirius A data cotresponds to the errors in
the ratio. For an SIC temperature range of
T = 6700 to 8000 K and n(H®) ~ 0.1 cm™3
(Fig. 3), comparisons of the two data sets
constrain the electron density to the range
n, = 0.28 to 0.43 cm™?, including errors in
temperature and the ACR ratio N(C°)/
N(O°). If, instead, a value n(H®°) ~ 0.15
cm ™ is used, the derived n_ is 0.33 to 0.44
cm 3. The derived n_ is weakly sensitive to
assumed hydrogen spatial density. Using

o © o ©
N W o

Electron density (cm™)
<)

0.9 1 1.1 1.2
Temperature (104 K)

Fig. 2. The electron density for which charge-
exchange ionization of Mg° is equal to photoion-
ization plotted against temperature. The plotted
electron density is the solution to the equation
ag(TOn, = T(Mg®). The calculation for the rate
a.(T,), from Allan et al. (29) is valid in the range
08<T,<20.
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Fig. 3. Electron densities calculated from the car-
bon component of the ACR population compared
to calculations based on N(Mg*)/N(Mg°) toward
Sirius, on the assumption that the interstellar gas
surrounding the solar system is in ionization equi-
librium. The magnesium-based electron density
decreases as a function of temperature, whereas
the carbon ARC value increases. The error bars
are based on measurement errors. If errors on T’
(CO) are also included, the independently derived
values constrain the electron density in the cloud
surrounding the solar system to be n, = 0.22 to
0.44 cm~23for T = 6700 to 8000 K and n(H®) ~ 0.1

o © o o
w H o0 o

Electron density (cm™)
o
N

05 06 07 08 09 1 11 12
Temperature (10% K)

cm~3. The coincidence in derived values is evidence that the underlying model for ionization equilibrium
in this cloud is correct. The high electron density, n, > 0.22 cm~3, combined with an assumed magnetic
field strength of B > 0.5 wG, indicates that the motion of the solar system through this cloud will result in
a bow shock around the solar system. The cross-hatched area shows overlap in electron densities for

temperature range.

nominal errors for the C° photoionization
rate of —0.84, +0.69 X 1071571 (30), n_
is in the range 0.22 to 0.44 cm ™3 for n(H°)
~ 0.1 cm™3.

The key point about these results is that
n, is determined independently with the use
of different techniques, the only common
feature being that the gas is assumed to be
in ionization equilibrium. In fact, the ratios
N(Mg")/N(Mg®) and N(C")/N(C°) have
different temperature dependences in the
range T = 5000 to 10,000 K, because the
recombination rate of Mg+t — Mg® increas-
es with temperature (as a result of dielec-
tronic recombination), whereas the recom-
bination rate of C* — C° decreases with
temperature (as a result of radiative recom-
bination). These two separate estimates of
n, provide a good overlap of -values at the
temperature range of the SIC. The good
agreement between the predictions of the
ionization equilibrium model and the n,
values derived from the totally independent
ACR and Sirius absorption line data pro-
vides powerful evidence in favor of the
ionization equilibrium of trace elements in
the surrounding interstellar cloud.

Forn(H° + H*) ~03t00.5cm™3, T ~
7000 K, and magnetic field B =~ 1.4 pnG
(31), the ratio of gas to magnetic pressure is
B ~ 2 to 11, and so the surrounding cloud
would drag a captured galactic field through
space. For larger magnetic field strengths (B
> 3.5 pG), B < 1 and the magnetic field
should confine the surrounding cloud and
prevent the observed flow. If the sun has a
bow shock, the observed sun-cloud relative
velocity, V. = 26 km s~! (2, 3, 11-13)
satisfies V > V, = (V2 + V_2)%° where V
~ 10 km s~ ! is the sound speed for T =
6700 to 8000 K, and V, ~ 2.18 B/V/n, is the
Alfven velocity (where n, is the ion density
and B is the magnetic field in microgauss),
and V is the fast-mode magnetosonic ve-
locity+ For a nominal value for the magnetic
field strength of B ~ 1.4 pG and n, = 0.2
cm 3, V, = 12 km s~ ! and a bow shock will
form around the solar system as it moves
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through space. For B ~ 0.5 to 3 nG, V, =
10.3 to 12.1 km s~ L. Evidently for a reason-
able range of the magnetic field strength,
the solar system will have a bow shock,
corroborating earlier conclusions (12, 13).
The nature of a two-shock structure around
the solar system has been discussed by Bara-
nov and associates and by Lallement et al.
[see (32)].

The good overlap in the electron densities
predicted by the Sirius A Mg data and the
anomalous cosmic-ray C data are evidence
that the SIC is in ionization equilibrium and
that it is not composed of nonequilibrium
recombining gas. Thus, the SIC has not been
violently heated within the past million years.
This conclusion agrees with the results of
Bertin et al. (13), who concluded that the
depletion of interstellar Ca* onto dust grains
indicates a stable environment. It also agrees
with my conclusion that the surrounding in-
terstellar gas is residual material from a cloud
evaporative phase 1 million to 5 million years
ago in the Scorpius-Centaurus Association
superbubble (4). However, in order for this
conclusion that the local cloud is in ioniza-
tion equilibrium to be definitive, both the
filtration factors for neutrals at the heliopause
and the far-ultraviolet interstellar radiation
field at the solar position need to be better
understood. The electron density range n, =
0.22 to 0.44 cm ™3 corresponds to a hydrogen
fractional ionization n_/n(H® + H*) of 0.69
to 0.81 for n(H®) = 0.1 cm™3. Models of the
interface between the surrounding cloud and
the postulated surrounding coronal substrate
predict 42 to 54% hydrogen ionization (33),
suggesting that additional ionization sources

are required or that n(H®)/n(H°).
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Chemical Sequence Control of B-Sheet
Assembly in Macromolecular Crystals
of Periodic Polypeptides

Mark T. Krejchi, Edward D. T. Atkins, Alan J. Waddon,
Maurille J. Fournier, Thomas L. Mason, David A. Tirrell*

A family of uniform periodic polypeptides has been prepared by bacterial expression of
the corresponding artificial genes, with the objective of exploring the potential for control
of supramolecular organization in genetically engineered protein-based polymeric ma-
terials. The repeating units of the polypeptides consist of oligomeric alanylglycine se-
quences interspersed with glutamic acid residues inserted at intervals of 8 to 14 amino
acids. Crystallization of such materials from formic acid produces B-sheet structures in
the solid state, as shown by vibrational spectroscopy, nuclear magnetic resonance
spectroscopy, and wide-angle x-ray diffraction. The diffraction results, together with
observations from electron microscopy, are consistent with the formation of needle-
shaped lamellar crystals whose thickness is controlled by the periodicity of the primary
seguence. These results can be used to control solid-state structure in macromolecular

materials.

The design and synthesis of artificial pro-
teins is an emerging area of research with
important " implications for structural bio-
logy, materials science, and biomedical en-
gineering. Significant progress has been re-
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ported in the design of simple proteins that
adopt predictable secondary structures, and
preliminary successes in higher order pro-
tein folding have been achieved in several
laboratories (1).

We are interested in controlling the solid-
state structures—and in particular the crystal
structures—of artificial proteins. Unlike the
products of conventional polymerization pro-
cesses, artificial proteins can be engineered
with virtually absolute control of chain
length, sequence, and stereochemical purity.
Appropriately designed artificial proteins thus
represent a new class of macromolecular ma-
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terials, with properties potentially quite differ-
ent from those of the synthetic polymers cur-
rently available and in widespread use (2).

Since the concept of macromolecular
structure was established in the early part of
this century by Staudinger (3), enormous
effort has been devoted to the development
of polymerization processes that afford im-
proved control of chain architecture and to
the elucidation of the relations between
molecular structure and supramolecular or-
ganization in solid polymers. Keller and
others (4) in the 1950s established the gen-
erality of polymer crystals as folded-chain
lamellae, and it is now accepted that the
folded-chain architecture is a kinetic trap
for essentially any flexible polymer chain.
Thus, it is prudent to focus any crystal
engineering effort on lamellar structures,
with the following key parameters the ob-
jects of control: (i) chain conformation, (ii)
unit cell structure, (iii) lamellar thickness,
and (iv) lamellar surface structure. Toward
these ends, we describe herein the. design,
synthesis, and structural analysis of the fam-
ily of artificial proteins represented by se-
quence 1 (Fig. 1).

The design of this simple family of se-
quences was based on concepts and obser-
vations drawn in part from polymer chem-
istry and physics and in part from structural
biology. The repeating alanylglycine (Ala-
Gly) dyads were selected to form extended
B strands and to assemble into B-sheet crys-
tal “stems” in the lamellar aggregate. Poly-
(AlaGly) and a variety of AlaGly-rich
polypeptides (including Bombyx mori silk
fibroin) are known to adopt B-sheet struc-
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