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Lamellar Biogels: Fluid-Membrane—-Based
Hydrogels Containing Polymer Lipids

Heidi E. Warriner, Stefan H. J. Idziak, Nelle L. Slack,
Patrick Davidson,* Cyrus R. Safinyat

A class of lamellar biological hydrogels comprised of fluid membranes of lipids and
surfactants with small amounts of low molecular weight poly(ethylene glycol)-derived
polymer lipids (PEG-lipids) were studied by x-ray diffraction, polarized light microscopy,
and rheometry. In contrast to isotropic hydrogels of polymer networks, these membrane-

based birefringent liquid crystalline biogels, labeled L,

, form the gel phase when water

is added to the liquid-like lamellar L , phase, which reenters aliquid-like mixed phase upon
further dilution. Furthermore, gels with larger water content require less PEG-lipid to
remain stable. Although concentrated (~50 weight percent) mixtures of free PEG (mo-
lecular weight, 5000) and water do not gel, gelation does occur in mixtures containing as

little as 0.5 weight percent PEG-lipid. A defining signature of the L

regime as it sets in

from the fluid lamellar L phase is the proliferation of Iayer-dlslocatlon—type defects, which
are stabilized by the segregatlon of PEG-lipids to the defect regions of high membrane

curvature that connect the membranes.

Geels are viscoelastic materials that normal-
ly consist of a solid component dispersed in
a liquid, water in the case of hydrogels.
Polymer gels (I)—either natural, such as
gelatin, or synthetic—contain a polymer
network (2), which serves as the solid com-
ponent and can resist shear. For many bio-
logical applications, gels based on high mo-
lecular weight poly(ethylene oxide) [PEO,
(OCH,CH,),] (3) have been used because
of their low immunogenicity: the material
can be used to coat more immunogenic
tissues (1) and materials (4).

Recent studies show that attaching low
molecular weight (n < 150) PEO (referred
to as PEG) to a biological macromolecule
(5-8) can dramatically increase blood cir-
culation times. Both peptides and proteins
can be protected by covalently attached
PEG for in vivo administration of therapeu-
tic enzymes (5), and so-called “Stealth”
liposomes (6—8) consisting of closed bilayer
shells of phospholipids covered with PEG-
lipids hydrophobically anchored to the
membrane can be used as a drug carrier
system. The inhibition of the body’s im-
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mune response to these PEG-coated lipo-
somes has been attributed (8) to a polymer-
brush—type steric repulsion (9) that has
been measured between PEG-coated mem-
branes incorporated both in the chain-fro-
zen membrane phase on a solid substrate
(10) and in the chain-melted fluid phase in
multilamellar L systems (11). In these sys-
tems, the emphasis was in the regime where
the intermembrane distance d = R, where
R, is the PEG radius of gyration.

“In exploring the interactions between
PEG-lipid and the chain-melted fluid phase
in multilamellar L systems, we have dis-
covered a lamellar hydrogel phase, labeled
L, in the high water regime of the phase
diagram. This gel incorporates no solid
phase component. Polarized light microsco-
py has revealed that this phase is not iso-
tropic and shows liquid crystal-like birefrin-
gence. Studies with x-ray diffraction show
that the maximum interlayer spacings d >>
R, for this phase (Fig. 1A); a model for the
structure of this phase suggests that PEG-
lipid stabilizes layer dislocation defects in
regions of high membrane curvature (Fig.
1B). Unlike Ly, gels that incorporate solid
membranes (12), a bioactive gel based on
fluid membranes could incorporate mem-
brane-embedded proteins that are biologi-
cally active, thus providing a way in which
to deliver such molecules in a stable gel. An
unusual feature of these gels is that they can
be formed from a liquid-like flowing L,
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phase by adding water and also dissolved
back to a flowing two-phase liquid by fur-
ther addition of water.

The L., phase is composed of mem-
branes of DMPC (dimyristoyl phosphatidyl
choline), the co-surfactant pentanol, and
small amounts of the polymer-lipid PEG-
DMPE ({1,2-diacyl-sn-glycero-3-phosphoeth-
anolamine-N-[poly(ethylene glycol)]} sepa-
rated by water. The PEG-lipid is hydropho-
bically anchored but free to diffuse within
the fluid membrane (Fig. 1A). We investi-
gated two different molecular weights of
PEG, 2053 g/mol (PEG2000; n = 45 mono-
mers) and 5181 g/mol (PEG5000; n = 113)
(Avanti Polar Lipids, Alabaster, Alabama).
The most dilute gels contained 90.0 weight
% water, 6.0 weight % lipid, 3.46 weight %
pentanol, and 0.54 weight % PEG5000-
DMPE (Fig. 2). In contrast, the convention-
al solid-membrane Ly, gels incorporate at
most 40 weight % water (12). In principle,
addition of PEG-lipid to even more dilute L,
phases [~99 weight % (13)] would result in
extremely dilute lamellar gels.

PEG-DMPE

B imomaan
(i)/

\ 0
—

—-—= 25
Nye

Fig. 1. (A) Schematic of two undulating fluid mem-
branes [composed of DMPC and co-surfactant
pentanol (single chain)] with PEG-lipid hydrophobi-
cally anchored but freely diffusing within the mem-
brane. (B) Schematic of two paths that would form
defects, with the laterally phase separated PEG-
lipid residing in, and stabilizing, the regions of high
curvature. The interlayer spacingis d = 8 + dwate,,
where 8 is the membrane thickness and d, ., is
the separation between layers containing water
and the hydrophilic PEG component.
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For both molecular weights of PEG-
DMPE, sample viscosity increases dramati-
cally with the onset of gelation, occurring
both as a function of increasing PEG-lipid
concentration and, unexpectedly, as a func-
tion of increasing water concentration. Re-
markably, we find an inverse behavior for
gelation, with mixtures of larger water con-
tent gelling at lower PEG-lipid concentra-
tions. An important finding is the forma-
tion of hydrogels containing as low as 0.5
weight % PEG-lipid, which is much smaller
than a monolayer coverage of the bilayers.
Polymer hydrogels consisting of free PEG at
such low concentrations would require mo-
lecular weights of PEO of order a million.

The key difference with previous work
(11) that allowed us to explore the regime d
>> R,, where the biogel is stable, was the
high ﬂex1b111ty of the fluid membranes
within which the PEG-lipid was incorporat-
ed. Without PEG-lipid, the addition of the
co-surfactant pentanol to membranes con-
sisting of DMPC thins the bilayer mem-
brane, which leads to the decrease of its
bending rigidity k =~ kgT (thermal energy)
(14). The lamellar L, phase is then com-
prised of fluid, highly flexible membranes
with interactions dominated by long-range
repulsive undulation forces (14-16), giving
rise to large intermembrane distances. In
our studies, we fixed the ratio of pentanol to
lipid molecules at ~4:1, which corresponds
to bilayers of thickness 8 = 28 A (14).

In the case of PEG5000-DMPE, for water
weight fraction @, < 0.66, which is below
the lower two-phase boundary on the phase
diagram (Fig. 2), the stacked bilayers cannot

incorporate any PEG5000. This boundary

corresponds to an average membrane separa-
tiond, . ~ 60 A. For PEG2000-DMPE, the
two-phase boundary occurs at d‘mer 25 A
Thus, as a function of increasing water, the
one-phase lamellar region is stable when the
separation distance is approximately large
enough to accommodate the swollen PEG
polymer. The maximum spacings where the

Fig. 2. Phase diagram for 1.0

lamellar regions remain one-phase correspond
t0d, e = 390 A ~ 6R, for PEG5000-DMPE,
and d,,.. = 286 A= 8R, for PEG2000-
DMPE (Fig. 2, inset) [for PEG lipid in lipid
membranes, R, has been measured to be about
35 and 62 A’ for PEG2000 and PEGS000,
respectively (10, 11)].

At water concentrations @, > 0.66 and
low PEG-lipid concentrations, we observe a
low viscosity, lamellar liquid-crystal (LC)
L, phase qualitatively similar in appearance
to L, samples not incorporating PEG-lipid.
However, mixtures changed from a flowing
to a gelling lamellar phase upon the addi-
tion of either PEG-lipid or water (Fig. 2).
Using approximate numbers for the PEG
radii of gyration together with those for the
areas of lipid and co-surfactant molecules
(10, 11), we estimated the concentration
where the mushroom-shaped PEG-lipid first
covers a flat membrane before any overlap
of the polymer chains occurs to be about 3
mol% for PEG5000-DMPE and 8 mol% for
PEG2000-DMPE. The transition to the gel
phase then occurs in PEG-lipid concentra-
tions below the brush regime, where the
polymer does not fully coat the membrane.
Thus, the direct interactions between the
PEG on opposing layers can be ruled out as
a mechanism for gelation. In addition, the
gel samples can be prepared in brine (for
example, 0.5 M NaCl), which rules out
long-range electrostatic interactions (17) in
gel formation (18).

We placed four mixtures of varying @,
[spanning three regions of the phase dia-
gram (Fig. 2)] in glass tubes tilted to allow
flow (Fig. 3A). As @, increased initially
from 0.45 to 0.68, the sample flowed more
easily, which is the typical expected behav-
ior observed in complex fluids as a function
of solvent dilution (13). Upon further in-
crease in the water fraction, the sample
gelled at @, =~ 0.71; elasticity dominated,
and the mixture, which abruptly ceased to
flow, had properties of a weak solid. Mix-
tures of free PEG (molecular weight, 2000)

PEG5000-DMPE (solid line) and
PEG2000-DMPE (dashed line), plot-
ted in terms of the water weight
fraction &, versus the concentra-
tion of PEG-lipid in the total lipid,
denoted by Cpeq [100 X (number of
PEG-lipid molecules)/(total number
of lipid molecules), where total lipid
is DMPC + DMPE]. The lipid-to-
pentanol weight ratio was 2.0 *
0.25. Note that the gel regime is ac-
cessed by increasing either the

o o o o
[ ~ [e ] ©

Weight fraction of water @,
o
0

Two phases

4 8
Cpeg (MOI%)
1 1 1 1 1 1 1

PEG-lipid concentration or the wa- 04F"
ter concentration. (Inset) Compari-
son of the fluid-gel transition lines for 0

PEGS5000-DMPE and PEG2000-
DMPE, plotted with the interlayer
spacing d = d, + dinstead of @,,,.

water
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and water do not gel, even when extremely
concentrated (for example, as large as 90
weight % PEG). As we added more water,
the mixture dissolved into a liquid-like two-
phase region (Fig. 3A, top tube). The L,
phase is a physical gel rather than a tradic
tional chemical gel, which has permanent
covalent-bond cross-links (2).

The gel samples can sustain arbitrary
shapes against surface tension and gravity
for indefinite periods. The nonspherical sta-
ble bubbles (Fig. 3B) show that the sample
has a yield stress resisting surface tension
forces, as expected for a gel. The real (stor-
age elasticity modulus G') and imaginary

-~ 10* .
o~
E DD::nnn:nDcr-jgg:nunn
. G
& 103 .G
= L . :
102 107 100 10! 102

Frequency (s™")

Fig. 3. (A) Four samples, each with a PEG2000-
DMPE concentration of 6.06 mol% but increasing
water content. From bottom to top: ®,, = 0.45
(lamellar interlayer spacings d = 55 AL fluid),
0.68 (d = 110 A, L_ fluid), 0.78 (d = = 1654 A, L,
gel), and 0.95 (two- phase liquid-like). The test tubes
are 13 mm in diameter. (B) Gel sample showing non-
spherical bubbles. Bubbles like these have lasted
more than 6 months. (C) The same gel sample
viewed between crossed polarizers, showing liquid
crystalline defects. (D) Dynamic elastic moduli for the
®,, = 0.78 gel sample as a function of frequency
(measured with a cone and plate rheometer). These
data are typical of the gel samples in that the elastic
storage modulus G’ is substantially greater than the
viscous loss modulus G” over the four decades of
frequency measured.



(loss modulus G”" o« viscosity) parts of the
dynamic moduli were measured (19). As a
function of increasing PEG2000-DMPE
concentration, G'/G” varied between 4 and
20 in the gel phase (Fig. 3D).

The LC nature of the L, , biogels distin-
guishes them from most natural- and
biopolymer-based hydrogels (I, 2). When
viewed between crossed polarizers (Fig.
3C), the samples are birefringent and LC
defects (20) are visible on a millimeter
scale.

Small-angle x-ray powder scans (21),
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Fig. 4. (A through D) Synchrotron x-ray scattering
data on four samples along an increasing
PEG2000-DMPE line: (A) cpgg = 0 mol%, &, =
0.80,d = 155A; (B) Cpeg = 2.9mo0l%, @, = 0.78,
d =147 A (O) Cpee = 7.8 M0l%, ®,, = 0.75,d =
133 A; (D) Cpgg = 15.56 mol%, ®,, = 0.70, d =
127 A. The first two samples are in the L, fluid, and
the last two are in the L,  gel regime, which sets
in around Cpgg = 4.0 = 0.25mol% and ®,, = 0.76
*+ 0.02 along this line. The emergence of harmon-
ics with added polymer-lipid indicates an increase
in the intermembrane repulsion. (E) In-plane scan
for the cpeq = 0 Mol% (fluid) and 7.8 mol% (gel)
samples, showing the liquid-like chain interfer-
ence peak at g = 1.5 A1 (arrow) and the two
water peaks at 2 and 2.7 A-1.

corresponding to the (00l) peaks of the
lamellar structure, are shown for four mix-
tures along a line of increasing PEG2000-
DMPE concentration in the fluid (Fig. 4, A
and B) and gel (Fig. 4, C and D) regions.
The data shown are in mixtures where the
total weight fraction of the hydrophilic por-
tion of the multilayer phase, consisting of
water and the water-soluble part of PEG-
lipid (P, + Pprs), was kept constant at 0.8
(with @, varying between 0.8 and 0.7) as
cpeg (mole concentration of PEG-lipid) was
increased. This observed behavior, where
the addition of PEG-lipid correlates with
the emergence of higher harmonics in the
scattering profile, is typical for both
PEG2000-DMPE and PEGS5000-DMPE
(22). In a fluid lamellar phase (that is, both
L,and L, ), the onset of the higher har-
monics is an indication of the stiffening of
the bulk compression modulus B (14, 16,
20). This suggests that PEG-coated mem-
branes in a flexible multilayer system expe-
rience an enhanced repulsive interaction
(23) as a function of increasing cppg, which
is consistent with the measured increase in
B (22).

The value of B increases smoothly as cpgg
increases and the gel forms. The onset of the
harmonics depends on cpgg but is essentially
independent of the water content @, (or d);
that is, harmonics do not emerge as dilution
with water forms the gel. Thus, the increase
in B is not directly related to the gel transi-
tion. Experiments at higher angles (Fig. 4E)
verify that the interference peak at g = 1.5
A~ caused by interactions between the lipid
chains remains liquid-like in both the L and
L. regimes; thus, the addition of PEG-lipid

does not affect bilayer fluidity. Unlike Lg.
gels, gelation is not a result of in-plane chain
ordering (12).

The onset of gelation is marked by a
distinct change in the defect structure ob-
served in polarized light microscopy (24).
Samples in the fluid L, regime primarily
exhibit homeotropic (lamellae parallel to
the glass surfaces) alignment broken by the
typical “oily streak” defects characteristic of
lamellar phases with melted chains (Fig.
5C; xz plane). The basic form of the oily
streak has been described previously in
terms of a disclination-pair defect (Fig. 5A),
each part of strength +1/2 (25). Striations
along the length of the defect (z axis) can
be attributed to undulations of the defect
axis in and out of alignment with the axes
of the crossed polarizers (25). The defect
structure can also be described in terms of
two opposite edge dislocations with large
Burgers vectors (20, 25).

As the transition to the L, region is
approached, we observe a proliferation of
these line defects, which are now signifi-
cantly thinner (Fig. 5D). A cut through the
sample exposing the xy plane normal to the
line defects running along the z axis (Fig.
5B) would have a dense packing of edge-
dislocation pairs. The closure of an edge-
dislocation pair would produce a defect
loop. The ends of the loop would consist of
multilayers with layer normal along z, par-
allel to the defect lines. Within this
“whispy” texture, which is a common tex-
tural observation in the L, phase, regions
of densely packed and highly aligned line
defects (Fig. 5E) provide evidence of what
appears to be a nematic ordering of line

Fig. 5. Real space struc- A
ture of defects in the (A)

fluid L, and (B) gel Leg x

phases. For simplicity,

B

we show in (A) a defect

pair with opposite Burg-

ers vectors each of

strength 6. Unequal

Burgers vectors are ex-

pected with nonuniform
sample thickness. In the
L, phase, the defects
can be annealed, where-
as in the L,,,g phase, the
defects cannot be an-
nealed. (C through E)
Optical microscopy pic-
tures of defects in
PEG2000-DMPE  sam-
ples along a line of in-
creasing PEG-lipid con-
centration (with &, +

P =~ 0.8). All photographs are of samples in 0.2-mm-thick flat rectangular glass capillaries observed
between crossed polarizers. (C) Sample with Cpeg = 1.1 moI% and ®,, = 0.79 showing the oily streak
defects typical of L, phases. (D) Mixture with e = 4.53 mol% and @,, = 0.78 in the gel phase (gel
transition at Cpe = 4.0 = 0.25 mol% and ®,, = 0.76 = 0.05 along this line). The proliferation of the line
defects is evident. (E) Defects in a sample with Cpeq = 4.2 mol% and @, = 0.77 in the gel phase, which
in addition to the line defects also shows dark brushes attributable to disclinations of the defect lines.
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defects in macroscopically large regions of
the sample (26). On millimeter length
scales, nematic-like (20) Schlieren defects
are apparent (Figs. 3C and 5E); that is,
nematic disclination defects of the (edge-
dislocation) line defects. In contrast to the
L, phase mixtures, in which the defects may
be annealed, the densely packed defected
L, texture cannot be annealed and is in-
herent to the gel phase.

A simple model of the lamellar fluid-gel
transition is described by the softening of
the free energy of line defects and their
consequent proliferation as observed exper-
imentally. This model is qualitatively con-
sistent with the phase behavior, where ge-
lation in mixtures with larger interlayer
spacing (larger water content) occurs at
smaller PEG-lipid concentrations. For sim-
plicity, we consider the elastic cost of the
simplest defect line consisting of an edge-
dislocation pair of opposite Burgers vector
of strength 2 (Fig. 1B, bottom). The mem-
branes consist primarily of two components.
The bare membrane component (DMPC
and pentanol) has a natural radius of cur-
vature C5 = 0 (Fig. 1A, top right); that is,
fluid membranes with this mixture are
known to form stable lamellar L, phases
(13, 16). The PEG-lipid component has a
finite natural radius of curvature C§ > 0
(Fig. 1A, top right) and is known to stabi-
lize vesicles (7, 8, 11). At low PEG-lipid
concentrations, the two components are
uniformly mixed (Fig. 1B, top). As the
PEG-lipid concentration increases, a frus-
tration is built where the different compo-
nents compete for varying membrane cur-
vature. The formation of stable edge-dislo-
cation defect lines observed experimentally
satisfies both components where the regions
of high curvature membrane are the aggre-
gation sites of the PEG-lipid component
(Fig. 1B, bottom). Two different pathways
could be followed. Along path (i) (Fig. 1B),
in-plane phase separation, which has been
observed in PEG-lipid monolayers spread at
an air-water interface (27), precedes stable
curvature (defect) formation. Along path
(ii), the coupling between the membrane
curvature and concentration components
may lead to a curvature-induced in-plane
phase separation that would also result in
stable defects consistent with recent theo-
retical work (28).

The elastic cost of forming a line defect of
length L with edge curvature C = 2/d (that is,
the two half cylinders shown in Fig. 1B, bot-
tom) is given by the Helfrich elastic energy of
fluid membranes (15) E4 = 0.5mkLd(C —
Co)? , where C, = ®FFSCE @ PES s the
volume fraction of PEG-lipid in the mem-
brane, and « is the membrane bending rigid-
ity. The entropy gained in forming the line
defect is given by TS = kyTL/E;, where &, =
wwdk/kpT is the persistence length (29) of the
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cylindrical membrane. The softening of the
line free energy E4 — TS = O then leads to the
simple relation for the proliferation of line
defects at the lamellar fluid-gel transition

2 — 2V T/mk
gel = cDPEGCg (1)

Because ®PES  roughly scales as
Cre Ve Where Vg = Nvpeg (N =
degree of polymerization, vprg = volume of
a monomer), Eq. 1 is qualitatively consist-
ent with our experimental phase diagram,
where d o« 1/cpps(gel) (Fig. 2, inset). This
simple model not only contains the inverse
relation between water and polymer con-
tent required for gelation but also gives the
correct qualitative trend in the scaling be-
havior of the PEG2000-DMPE and
PEG5000-DMPE systems. The natural radi-
us of curvature Cf can be estimated from
the result for an asymmetric block copoly-
mer at a spherical vesicle interface calculat-
ed previously with C5 o 1/N?3 (30). The
scaling dependence of the interlayer spac-
ing at the gel transition then behaves as dy
o 1/®PECCE o /N, This result is quali-
tatively consistent with the phase diagram
(Fig. 2, inset), where as we increase d at a
constant PEG-lipid concentration <2
mol%, PEG5000-DMPE  gels  before
PEG2000-DMPE. The schematic in Fig. 1B
(bottom) gives a simple description of the
model: Larger water fractions lead to a larg-
er spacing d and consequently a smaller
curvature (joining opposing bilayers),
which in turn, requires less PEG-lipid.

The gel phase is then characterized by a
highly defected microstructure comprised of
a network of connected membrane bilayers
with the PEG-lipid segregated to the high
curvature regions (Fig. 1B), which on a
semimacroscopic length scale leads to do-
mains of random layer orientation (Fig.
5B). Recent theoretical work (31) has
shown that the random orientation of do-
mains in lamellar block copolymers, struc-
turally similar to lamellar phases of mem-
branes, will lead to elasticity and thus gel-
like behavior because domains that have
their layer normals with a finite projection
along the flow direction will resist shear,
because of the energetically unfavorable
tilting of layers.

Because the principal component of
these fluid membrane-based hydrogels is
lipid and surfactant, “bioactive gels” useful
in tissue healing or drug delivery applica-
tions (4, 7, 8) may be envisioned that
derive their activity from membrane-an-
chored peptides, proteins, or other drug
molecules and their mechanical stability
from the polymer-lipid minority compo-
nent. Alternatively, in analogy to so-called
“smart” hydrogels of polymer networks,
which respond by contracting or expanding
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to external stimuli such as temperature, sol-
vent, or pH changes (I, 32), a suitable
choice of lipid and polymer-lipid should
lead to a different class of smart lamellar
hydrogels.
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Were Thick Galactic Disks Made by Levitation?
S. Sridhar* and J. Touma

The thick disk of our galaxy displays kinematic and chemical properties that are inter-
mediate between those of the halo and the (thin) disk stellar populations. Not all disk
galaxies have a thick disk. A theory of the origins of a thick disk can potentially provide
insights into the physical state of our galaxy in its infancy. Levitation, a process that relies
on adiabatic capture into resonance of stellar orbits in a growing disk, is presented as a
plausible formation mechanism; a 2:2 resonance between vertical and epicyclic oscil-
lations drifts to large vertical energies as the disk grows adiabatically. Resonant stars
levitate several kiloparsecs above the plane, forming a thick disk whose spatial distri-
butions, kinematics, and ages leave unique observational signatures on the sky. The same
process can also produce the disk globular cluster system.

In addition to the flat disks that give them
their names, disk galaxies sometimes have a
distribution of stars that forms a thick disk
(1-5). Near the solar circle, the thick disk is
a rapidly rotating population that extends
to several kiloparsecs (kpc) above the ga-
lactic plane (6, 7). The processes that have
heated the thin disk (8) cannot impart the
large vertical velocities (>40 km s~ ') need-
ed to support the thick disk (9). Several
formation mechanisms have been proposed
(10): some suggest that the thick disk
formed during the dissipational collapse of
our galaxy, whereas others propose the
heating of a preexisting thin disk, for in-
stance, by the accretion of a satellite galaxy.
We present a dynamical model, levitation,
whose essential ingredients are the slow
growth of the disk plus largish initial eccen-
tric motions of orbiting stars.
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SCIENCE

Gas falling into the potential well of a
dark halo will settle into a disk if it can
dissipate energy efficiently (11, 12). While
stars form, more gas continues to be added
to the disk. If the disk is axisymmetric, as
we assume it is, the orbital angular momen-
tum L of each star is conserved, which
results in an inward drift of the guiding-
center radii (R,) of all orbits. It is likely that
the disk grows over times much longer than
the orbital periods of stars (that are not too
far out in the disk) (13, 14). In situations
such as these, when the forces vary slowly
and the dynamics is nearly integrable, it is
useful to consider the actions associated
with a stellar orbit; L is one such action.
The other two are associated with the epi-
cyclic and vertical oscillations about the
inwardly drifting circular motions of the
guiding center (15). If X = (R, — Ry) is
the amplitude of the radial oscillations, Z is
the amplitude of the vertical oscillations,
and U and W are the corresponding velocity
amplitudes, then Iy = XU and I, = ZW will
suffice, for our purposes, as surrogates for the
true radial and vertical actions. The normal
response of a stellar orbit to the adiabatically
growing disk potential will be to conserve Iy
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and I, (15). Because the frequencies U/X
and W/Z may be expected to increase with
disk mass, spatial amplitudes decrease while
velocities grow. In particular, the vertical
thickness of the disk will decrease while the
vertical velocity dispersion grows by a cor-
responding factor. When there are reso-
nances between radial and vertical oscilla-
tions, the relative phase might be even more
slowly varying than the disk potential, thus
breaking adiabatic invariance (16). If an
orbit happens to be captured into resonance
(17-19), the star may be dragged across
phase space along with the slowly drifting
resonance, resulting in a change of order
unity in the actions.

Levitation is a process that relies on just
such a capture into resonance. We will
describe this mechanism after introducing a

specific form for the potential of the dark
halo:

b, = (VI2)In[RZ + R* + (/)] (1)

where R = \/x2 + 32 is the radius in the
equatorial plane, z is the height above this
plane, R_is the core radius, 1/V2 < q < 1
measures the flatness of the potential, and
V_is the characteristic circular speed due to
halo potential. When the disk is still very
light, ¢y, will essentially govern the motions
of stars. The ratio of vertical to epicyclic
frequency (for small X and Z) is

vh/Kh = 1/q\/§ <1 (2)

The growing disk will add to both frequen-
cies in quadrature; v = v} + v}, and k? =
ki + k3. Because the disk is geometrically
very flat, it will add more to v than to k.
At the present time, near the solar circle,
v/k =~ 3, so sometime in the remote past
the frequencies must have been equal; that
is, the star must have passed through res-
onance. An important property of both v
and « is that they are decreasing functions
of X and Z. Thus, a star that came into
resonance when v =~ k can remain locked
in resonance only by increasing both Z
and W. A resonant star will rise far above
the plane while its nonresonant fellows
are crunched by the growing disk. This
implies that the actions are no longer
conserved quantities, and indeed they are
not. What is conserved is the combina-
tion, (I + I,), so that levitation works by
exchanging (an initially largish) I for (an
initially smallish) I,. The 2:2 resonance
gets its name from the (R — R,)? terms
in the combined potential of the halo and
the disk that are the dominant providers of
confinement near the drifting resonance [see
(19) for more details of the dynamics]. The
strength of this nonlinearity as well as the
slowness of growth of the disk determine
how many stars are captured and how far in
phase space they are dragged along by the
resonance before they escape.
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