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Natural wormholes as gravitational lenses
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Once quantum mechanical effects are included, the hypotheses underlying the positive mass
theorem of classical general relativity fail. As an example of the peculiarities attendant upon this
observation, a wormhole mouth embedded in a region of high mass density might accrete mass,
giving the other mouth a net negative mass of unusual gravitational properties. The lensing of such
a gravitationally negative anomalous compact halo object (GNACHO) will enhance background
stars with a time profile that is observable and qualitatively different from that recently observed
for massive compact halo objects (MACHO’s) of positive mass. While the analysis is discussed in
terms of wormholes, the observational test proposed is more generally a search for compact negative
mass objects of any origin. We recommend that MACHO search data be analyzed for GNACHO’s.

PACS number(s): 98.62.Sb, 04.20.Gz

I. INTRODUCTION: WORMHOLES AND
NEGATIVE MASS

The work of Morris, Thorne, and Yurtsever [1,2] has
led to a great deal of interest in the formation and prop-
erties of three-dimensional wormholes (topological con-
nections between separated regions of space-time) that
are solutions of Einstein’s equations of general relativity.
Subsequently, Visser [3] suggested a particular wormhole
configuration, a flat-space wormhole that is framed by
“struts” of an exotic material, a variant of the cosmic
string solutions of Einstein’s equations [4,5]. To satisfy
the Einstein field equations the cosmic string framing
Visser wormholes must have a negative string tension [3]
of —1/4G and therefore a negative mass density. How-
ever, for the total mass of the wormhole system, the neg-
ative mass density of the struts should be combined with
the effective positive mass density of the wormhole’s grav-
itational field. The overall object could, depending on the
details of the model, have positive, zero, or negative net
external mass. Note that in hypothesizing the existence
of such a wormbhole, one has to abandon the averaged null
energy condition [1,2]. Indeed, in a generic curved space-
time, it is possible to prove that the averaged null en-
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ergy condition fails [6,7]. Therefore, the hypotheses un-
derlying the positive mass theorem no longer apply and
there is nothing, in principle, to prevent the occurrence
of negative total mass [7,8]. Some of the Visser wormhole
configurations have the shape of a cube or other geomet-
rical solids, but one particularly simple configuration is a
flat-space wormhole mouth framed by a single continuous
loop of exotic cosmic string.

It has been suggested [4,5] that the inflationary phase
of the early Universe might produce closed loops of cos-
mic string. It is therefore at least plausible that a simi-
lar mechanism might produce negative mass string loops
framing stable Visser wormholes. Similar conclusions can
be reached by relying on inflation to expand the mi-
croscopic wormholes commonly believed to exist in the
Planck scale spacetime foam to more accessible macro-
scopic dimensions [9].

If a particle with positive electric charge passes through
such a wormbhole, its lines of force, threading through the
wormbhole aperture, give the entrance mouth an effective
positive charge (flux lines radiating outward) and give the
exit mouth an effective negative charge (flux lines con-
verging inward). Similarly, when a massive object passes
through the wormbhole, the same back-reaction mecha-
nism might cause the entrance mouth to gain mass and
the exit mouth to lose mass [10]. Now let us consider a
stable Visser wormhole with near-zero mass residing in
the mass-energy-rich environment of the early Universe.
The expected density fluctuations of the early Universe
suggest that the separated wormhole mouths will reside
in regions of differing mass density, leading to a mass
flow between the regions they connect. As this mass
passes through the wormhole, the entrance mouth will
gain mass while the exit mouth will lose mass by the
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same amount. Soon, if the mass flow continues, the exit
wormhole mouth will acquire a net negative mass.

This will lead to a gravitational instability, since the
positive mass mouth will attract more mass through its
aperture while the negative mass mouth will gravitation-
ally repel nearby mass [11]. Thus the positive-negative
imbalance will be fed by gravity and will continue to
grow. If this process proceeds without interruption, the
exit wormhole mouth might develop a stellar-scale nega-
tive mass. Visser wormholes, therefore, provide at least
one motivation for seriously considering the possible ex-
istence of naturally occurring astronomical objects of siz-
able negative mass.

We have tried to sketch only one scenario for the pos-
sible existence of negative mass objects. We must, how-
ever, point out that the nonexistence of such objects
would not rule out the existence of natural wormholes,
since their properties are highly model dependent. Also,
observations providing evidence of negative mass objects
would not require the existence of natural wormbholes,
since other negative mass objects could conceivably ex-
ist, but would indicate a direct violation of the averaged
null energy condition mentioned above.

Negative mass objects, while repelling all nearby mass
(positive or negative), would themselves be attracted [11]
by the mass of a nearby galaxy and might form part
of a galactic halo. They would have unusual gravita-
tional properties that could produce detectable gravi-
tational lensing effects. These lensing effects, for the
same absolute mass, are of the same magnitude as
those recently detected for massive cosmic halo objects
(MACHO’s) [12,13], but, as we will show below, are qual-
itatively different in shape. We here examine in detail
the lensing effects of gravitationally negative anomalous
compact halo objects (GNACHO'’s).

II. GRAVITATIONAL LENSING BY NEGATIVE
MASSES

Naively, if a gravitationally attractive positive mass
acts as a converging lens that brightens a background
star, one might expect a gravitationally repulsive nega-
tive mass to act as a diverging lens that causes a back-
ground star to briefly grow dimmer. Actually the lensing
of a negative mass is not analogous to a diverging lens.
In certain circumstances it can produce more light en-
hancement than does the lensing of an equivalent positive
mass.

Figure 1 shows the geometry of starlight that is gravi-
tationally lensed by an object of negative mass. Starlight
is radiated from the stellar source S and is detected by
the observer at D. A gravitationally negative object IV
lies between source and observer at an impact-parameter
distance b from the source-detector axis DS. An off-axis
ray of light passes near the negative mass object N, com-
ing within a distance a of it, and is deflected [14,15] by
an angle § = (4G|M|/c?)/a where G is Newton’s grav-
itational constant, |M| is the absolute value of the de-
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FIG. 1. Geometry for gravitational lensing by a negative
mass object. Off-axis light rays from stellar source S are
deflected to detector D by the gravitational repulsion of the
negative lensing mass (GNACHO) N.

flecting mass, and c is the velocity of light. The angle
is an external angle of the triangle formed by the direct
and deflected rays. This triangle has interior angles o
and 3; so § = a + (3. If the detector-source distance is
Ls and the detector-mass distance is Ly, then we have
the equations

a:(b—a)/LN (a<<1), (1)
ﬁ:(b-—a)/(Ls—LN) (,B<<1)1 (2)
s=atp=CNNIL ®)

These lead to the dimensionless quadratic equation

A’-~AB+1=0 (B=A+1/4), (4)

where A = a/ao is the dimensionless distance of closest
approach of the deflected ray, B = b/ao is the dimension-
less impact parameter distance of the deflecting mass,
and

_ [4G|MN| Ln(Ls — Ly)
apg = \/ cz LS (5)

is the characteristic gravitational length scale of the prob-
lem. For a positive lensing mass, ag would be the radius
of the Einstein ring produced when the mass is positioned
at zero impact parameter (b=0). To give some feeling for
this length scale, if the stellar source S is in the Large
Magellanic Cloud and a negative lensing mass N of one
solar mass is in the galactic halo, then Lg = 2 x 102! m,
Ly =5 x 102° m, and ag = 1.5 x 10!2 m or about
10 AU.
Solving quadratic (4) for A gives two solutions:

Ay = %[B + /B 4. (6)

When B > 2 there are two real solutions of the quadratic,
correspording to two rays that are deflected to the ob-
server. When B < 2 there are no real solutions, indicat-
ing that the deflection is blocking all rays from reaching
the observer. At B = 2, AL = A_ = B/2, and, as will
be discussed below, the rainbowlike caustic occurs, al-
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lowing many rays to reach the observer and producing
a dramatic brightening of the background star. Figure
2 shows this schematically. The negative mass deflects
rays in inverse proportion to their distance of closest ap-
proach, creating a shadowed umbra region where light
from the source is extinguished. At the edges of the um-
bra the light rays accumulate to form the caustic and
give a very large increase in light intensity. The intensity
falls slowly to normal at larger transverse distances.

III. LIGHT MODULATION PROFILES

If the unmodified intensity of the background star is
I and the altered intensity of the background star in the
presence of the negative lensing mass for each solution is
I, then the partial amplification factors py = I /I are
given by [14]

_ o |dax| _ Ax |dAy) (BEVET-47F
= "% |~ B |dB |~  aBYB" -1

The overall relative intensity Zneg = p+ + p— is the mod-
ulation in brightness of the background star as detected
by the observer, and is given by

Tog=ps +p. = —2 2 (8)
neg — P+ P——Bm.

It is interesting to compare this with the similar ex-
pression for the relative intensity Z,,s of a background
source that is lensed by an object of positive mass:

__Bz—+2._ (9)
BVBZ +4

For the same dimensionless impact parameter B with
B > 2, it is always true that T,z > Z s, and so for
large impact parameters a negative mass actually pro-
vides more light enhancement through lensing than an
equivalent positive mass. When B — 2, the overall in-
tensity Z,eg — 00, a condition indicating a caustic at
which light rays from many trajectories are deflected to-
ward the observer. It provides a distinctive and unusual
signature for negative mass lensing.

The intensity modulation that is actually observed oc-

Ipos =

curs when the lensing mass, which is assumed to be mov-
ing with transverse velocity V, crosses near the source-
detector axis DS with a minimum impact parameter by
and a minimum dimensionless impact parameter By =
bo/ao. The time-dependent impact parameter is there-

fore b(t) = /b2 + (Vt)?, and

B(t) = Boy[1+ (Tio)z

where Ty = bo/V is the transit time across the distance of
the minimum impact parameter and is the characteristic
time scale of the problem.

Equations (8) and (10) are used to calculate the light
enhancement profile of the process, taking Z,.g = 0 when
|B| < 2, and there are no real solutions to Eq. (4). Fig-
ure 3 shows these light enhancement profiles, plotting
Tneg Vs t/To for a range of minimum dimensionless im-
pact parameters ranging from By = 0.50 to 2.20. Figure
4 shows similar light enhancement profiles for a positive
mass of the same size and range of By values. As can
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FIG. 3. Intensity profile of a gravitationally negative
anomalous compact halo object (GNACHO) as it passes near
the source-detector axis DS. The several curves correspond to
minimum dimensionless impact parameter values By = 0.50
(at edge of plot), 0.75, 1.00, 1.25, 1.50, 1.75, 2.00, 2.10, and
2.20 (small central bump). (See text for definitions of the
variables.)
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be seen, the light enhancement profiles are qualitatively
different for positive and negative lensing masses of the
same magnitude and geometry. In particular, the neg-
ative mass curves are much sharper, show stronger but
briefer light enhancements, and for By < 2 show a pre-
cipitous drop to zero intensity, i.e., extinction of the light
from the source when the lensing mass deflects all light
from S away from the observer.

Such a signature might possibly be confused with that
of occultation by a dark foreground object. However, an
occultation would not be preceded by a dramatic rise in
intensity and might, if the object had a significant at-
mosphere, have different light profiles at different wave-
lengths. Therefore, the negative gravitational lensing
presented here, if observed, would provide distinctive and
unambiguous evidence for the existence of a foreground
object of negative mass.

Note added. After this paper was written, the OGLE
Collaboration released data for a particular microlensing
event (OGLE No. 7) that exhibits a caustic [16,17]. The
shape of the observed caustic is qualitatively different
from that predicted herein for a GNACHO, and instead,
this particular event seems to be due to microlensing by
a binary system.

IV. CONCLUSION

The calculations presented above show that objects of
negative gravitational mass, if they exist, can provide a
very distinctive light enhancement profile. Since three
groups are presently conducting searches for the gravita-
tional lensing of more normal positive mass objects, we
suggest that these searches be slightly broadened so that
the signatures of the objects discussed above are not over-
looked by overspecific data selection criteria and software
cuts. While the analysis of this Brief Report is phrased
terms of wormholes, the observational test proposed is
more generally a search for compact negative mass ob-
jects of any origin. The question of whether quantum
field theory is consistent with negative mass in a space-
time that is asymptotically flat and semiclassical near
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FIG. 4. Intensity profile of an object of equivalent positive
mass in the same geometries. Here By = 0.50 is the highest
curve, and By = 2.20 is the lowest.

infinity is as yet undecided. Observation of GNACHO'’s
would give an experimental and definitive answer to this
question. We recommend that MACHO search data be
analyzed for evidence of GNACHO’s.
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