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Abstract:

solutions of the Einstein equations for a given source energy-momentum tensor and the “reverse

The metrics of general relativity generally fall into two categories: those which are

engineered” metrics—metrics bespoke for a certain purpose. Their energy-momentum tensors are
then calculated by inserting these into the Einstein equations. This latter approach has found frequent
use when confronted with creative input from fiction, wormholes and warp drives being the most
famous examples. In this paper, we again take inspiration from fiction and see what general relativity
can tell us about the possibility of a gravitationally induced tractor beam. We base our construction on
warp drives and show how versatile this ansatz alone proves to be. Not only can we easily find tractor
beams (attracting objects), but repulsor/pressor beams are just as attainable, and a generalization
to “stressor” beams is seen to present itself quite naturally. We show that all of these metrics would
violate various energy conditions. This provides an opportunity to ruminate on the meaning of
energy conditions as such and what we can learn about whether an arbitrarily advanced civilization
might have access to such beams.

Keywords: tractor beams; pressor beams; stressor beams; modified warp drives; general relativity;
metric engineering; energy conditions

1. Introduction

Within the context of standard general relativity, there has now been over 33 years
of serious theoretical work on the possibility of “traversable wormholes” [1-5], 29 years
of recent work on “time machines” [6-12] and over 27 years of work on the theoretical
possibility of “warp drives” [13-18]. These analyses, and their subsequent refinements,
are based on “reverse engineering” the space-time metric to encapsulate some potentially
interesting physics, and then using the Einstein equations to deduce what the stress-energy
tensor must be to support these space-times [1,5,19,20].

A distinct century-old trope within science fiction is the tractor/pressor beam [21-23].
To the best of our knowledge, no really focused work has been carried out on putting
tractor/pressor beams into a coherent general relativistic context. (Acoustic tractor
beams [24-27], matter wave tractor beams [28] or optical tweezers [29] seem to be the
closest one gets in the current scientific literature.)

Herein we analyze tractor/pressor/stressor beams from a general relativistic per-
spective. The basic idea is to significantly modify and adapt the “warp drive” space-
times [13-18] in a suitable manner, giving them a “beam-like” profile, and analyzing the
induced stresses and forces. Instead of a spaceship riding inside a warp bubble, we assume
that the warp field is in the form of a “beam” generated to pull/repel a target. The mecha-
nisms by which this field is generated is beyond the scope of this article. We assume that
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some arbitrarily advanced civilization [30,31] might have developed the appropriate beam
generation technology.

Specifically, we assume for convenience that the modified warp drive space-times
are oriented in the z direction and give them a uniform transverse profile in the x and y
directions, typically of the form f(x? + y?). Doing so, one obtains a “beam” rather than a
“warp bubble”. Note that in this work we let the (t,z) dependence remain arbitrary.

As always, when working in this area of speculative physics, including wormholes,
warp drives and now tractor/pressor/stressor beams, a major justification for undertaking
this exercise is to push general relativity to the breaking point, in the hope that the resulting
wreckage will tell us something interesting—possibly even about quantum gravity [5,16].

After first analyzing Natario’s generic warp drive case [14], we consider three spe-
cial cases:

1.  We modify the Alcubierre fixed-flow-direction warp field.
2. We modify the Natario zero-expansion warp field.
3. We modify the zero-vorticity warp field.

We also illustrate each of these three cases with some specific examples based on
beams with a Gaussian profile.

A recurring theme in the analysis is the use of the classical point-wise energy condi-
tions (null, weak, strong and dominant, abbreviated NEC, WEC, SEC and DEC, respec-
tively) [32-35]. They can be considered as an attempt to remain as agnostic as possible about
underlying equations of state. While the energy conditions do not seem to be fundamental
physics, they are at the very least a very good sanity check on just how weird the physics
is getting [33,36,37]. We already know of examples of violations at microscopic scales
(e.g., Hawking radiation) and mesoscopic scales (e.g., Casimir effect). No macroscopic
violations of the energy conditions are known up to this point, except at truly cosmological
scales—and they violate only some of the energy conditions (the accelerated expansion
of the universe violates the strong and dominant energy conditions, but not the null and
weak energy conditions [38—41]). Therefore, besides the violation of the energy conditions
not being an absolute prohibition, it is an indication that one should look very carefully
at the underlying physics [36,37]. For more background on the energy conditions, see the
works in [42-69].

For the sake of full transparency, we should also mention that our interest in these
topics was rekindled and inspired by three recent papers [70-72]. Additionally, we have
become aware of three related papers [73-75] discussing warp drives in a similar vein.
Unfortunately, significant parts of these papers are incorrect, misguided and/or misleading
(see [18] for details).

2. When Things Need to Be Moved

One of Wheeler’s adages that became standard general relativity folklore is the famous
saying that “space-time tells matter how to move; matter tells space-time how to curve”.
From many a practical point of view, questions regarding objects’ movement are less about
the how and more about the should—things are wanted elsewhere from where they are now.
It is this logistical perspective that we address in the following: How can we ensure that
general relativity does the job of moving an object (e.g., a cow (preferably a spherical cow,
in vacuum) or a Corellian CR90 corvette) for us?

The key ingredient is to limit ourselves to test field cases, where we neglect the mass
of the objects we want to move, how they interact with space-time and with the matter we
put in space-time to move them. This reduces the core physics question to one of forces:
we want to use the pressures encoded in the stress-energy tensor of a beam-like field to
move target test masses.

The primary force-related calculation we undertake is this: if the beam is pointed in the
z direction, then one calculates the stress-energy component Tz (¢, x,, z), and integrates it
over the entire transverse x—y plane to find the net force as
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F(t,z) = :I:/2 Toz(t, x,y,z) dx dy. (1)
R

Here, the + sign corresponds to a beam impinging on the target from the left, whereas
the — sign corresponds to a beam impinging on the target from the right.

There is an approximation being made here that the beam is narrow with respect to
the target, so that it is a good approximation to integrate over the entire transverse x—y
plane. If the beam is instead wide compared to the size of the target, then one should
instead use the approximation

F(t,z) = £T:(t,0,0,2) A. )

Here, T.;(t,0,0,z) is the on-axis stress and A is the cross sectional area of the target.
For a beam of intermediate widths (comparable to the size of the target), one would in
principle need to calculate

F(t,z) = i/A Toz(t,x,y,z) dx dy, (3)

but this is unnecessarily complicated for the primary issues we wish to address.

The quantity F(t,z) is the net force the beam exerts on some target located at some
position z at time t. For convenience, we henceforth assume that the field is generated by
someone positioned on the left, and that the target be positioned to the right of the generator
(see Figure 1), thus allowing us to restrict attention to the plus sign in Equations (1)—(3).
We furthermore assume that the target moves under the influence of the field, while the
“generator” does not, and—as mentioned above—both behave as test fields. This setup
provides for a simple characterization of the effect of the field: If F(t,z) < 0, corresponding
to attraction, we call this a tractor beam. If F(t,z) > 0, corresponding to repulsion, we call
this a pressor beam' On the other hand, the definition of a stressor beam can be a little trickier.
The reason for this is that, independent of the overall sign of F(t,z), one can quite generally
define a beam which has significantly varying pressure across the cross-sectional area of
the target. In this way, there might be a certain ambiguity about when a specific beam
would be considered to be a tractor/pressor or a stressor beam, since this would depend
on the properties of the target material—such as its elasticity, ultimate yield strength, etc.

However, for most “applications”, we expect the T, component for a tractor (pressor)
beam to not vary too greatly over its region of influence on the target. A quick measure of
when a beam would behave as a stressor beam is given by:

maxa (Tzz) —ming (TZZ) > Omaterial- 4)

Here, A is the cross-sectional area of the target exposed to the beam and oy ateria) is the
ultimate yield stress of the material making up the target.

While Equations (1)—(3) are universally valid, both for standard general relativity and
for modified theories of gravity, we focus mainly on standard general relativity. Therefore,
using the Einstein equations, we have for a narrow beam in terms of the Einstein tensor:

1
F(t,z) = = /}RZ Gzz(t,x,y,z)dx dy, (5)
while for a wide beam ,
F(i’,Z) = 877'[ Gzz(t,0,0,Z) A. (6)

These are the key equations we use in the following sections.

As usual, we are using geometrodynamic units, where Gnewton — 1 and ¢ — 1. If one
wishes to reinstate SI units, then in terms of the Stoney force F. = c¢*/Gyewton [76-79] 2
one has

F,
F(t,z) = S /IRZ Gzz(t,x,y,z)dx dy, ?)
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and E
F(t,z) = 8—71 G22(1,0,0,2) A. (8)

It is worth mentioning that the magnitude of the Stoney force is truly enormous—
some 1.2 x 10* Newtons. Accordingly, relatively small spacetime curvatures (weak-field
gravity) can still lead to significant human-scale forces and stresses. It is beyond the scope
of the present article to consider just how weak the weak fields can be before the test field

approximations for the target mass break down.

Gaussian Profiles & Envelopes
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Figure 1. (a) Forces F and (b) energy densities p for Gaussian beam profiles. The field is assumed to be sourced by someone
on the left at negative z, the target—a flat cow in the tractor field space-time—on the right at positive z. Choosing the source
and target provides for a distinction between tractor and pressor (or repulsor) fields. Details concerning this particular
beam configuration can be found in Section 6.2.1. The parameters of Equation (186) that we have chosen are: A = 0.5 and
B = C = 1.0. The purple line in the density plot for the zero-vorticity beam indicates the location where the energy density

is zero.
3. Natdrio’s Generic Warp Field

3.1. Kinematics
Our tractor/pressor /stressor beams is based on modifications of Natdrio style generic

warp drives [14-18]. The generic form of the space-time metric line element is

ds? = —d + 6 (dxi —9i(tx,y,2) dt) (dxf —ol(tx,y,2) dt). )

Note that the lapse is unity, N — 1, the spatial slices are flat, g;; — J;j, and the “flow”
vector v (t,x,y,z) is the negative of what is (in the ADM decomposition) usually called the

“shift” vector [80-83].
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A kinematically useful quantity is the vorticity of the flow field,
W=V X7 (10)

and its square, @ - .

The constant-f spatial slices have covariant normal n, = d,t = (—1,0,0,0),, whose
contravariant components are the future-pointing 4-velocity n* = (1,v'). Observers that
“go with the flow”, moving with 4-velocity n?, are geodesics, and they are often called
Eulerian.

The intrinsic geometry of the spatial slices is flat, whereas the extrinsic geometry is
characterized by the second fundamental form Kj; = v(; ;). The components of the Riemann
tensor can then be evaluated in terms of the extrinsic curvature and the normal (for details
see, e.g., [18,80-83]; for even more additional background on “warp field” space-times,
see [84-99]).

3.2. Stress-Energy Tensor

For current purposes, adopting the unit-lapse and flat-spatial-slices conditions, key
results for the components of the stress-energy tensor are [18,80-82]:

®  The Gauss—Codazzi equations yield the Eulerian energy density:
Gun  Ggpnn® 1

p= 8 - 8 - E<K2—tr(K2)), (11)

where K = Kijéif = tr(K) and tr(K?) = (Kz)ijéij = Kikélelj(Sif.
In the current context, this can be recast as [18]:

p_lén{v-{ﬁK—(ﬁ-V)?—f}—;(@'@)}' (12)

®  The Gauss-Mainardi equations yield the Eulerian energy flux:

_Gui _ Gain® _ 1 =
fi= - r—— 16H(Vx (V x 7)), (13)

e  The 3 x 3 stress tensor is somewhat messier and can be expressed in terms of the

extrinsic curvature and its Lie derivatives [18]:
T = Gij_ 1 LnKii + KK;; —2(K?);i — | LuK + Lk (K?) )6;; (14)
T8 8x\TMY 4 g " 2 2" )

For the various explicit examples we consider below, we often use ab initio calculations
instead of this general (but relatively intractable) result.

e In contrast, the trace of the 3 x 3 stress tensor is somewhat easier to deal with. For the
average pressure j, we have [18]:

Ty oY 1 3., 3,
P=—3 __m(zv“(K")_zK +2tr(K)>. (15)

This implies
_ 1 a
p=p EV,Z(Kn ) (16)

These are the key stress-energy components we need for the current task. For further
discussion on these and related issues, see the references [18,80-82].
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An immediate consequence of these general results is that once appropriate fall-off
conditions are imposed at spatial infinity one has

/pdg’x:—&%/(&-@)d%go, (17)
/(p+p)d3x: —ﬁ/(a).@) d3x <o. (18)

This implies that violations of the WEC and NEC are unavoidable [18], and we see
similar results repeatedly recurring in the subsequent discussion.

4. Beam Profile

In this section, we discuss the kinematics and general properties of the stress-energy
tensor of such beams, including the forces key to our interpretation of them.

4.1. Beam Kinematics

For our purposes, we choose a factorized “beam” profile for the flow vector, one that
respects axial symmetry around the z-axis:

v (t,x,y,2) = k(t,z) x h(x* +y?), (19)
vy(t, x,y,2z) = k(t, z) yh(x® + %), (20)
0.(t,%,,2) = 0(t,2) (2 + ). e1)

We refer to f(x? + y?) and h(x* + y?) as profile functions, whereas v(t,z) and k(t, z)
are referred to as envelope functions.

Note the explicit presence of x and y in the flow components v, and v,, precisely to
maintain axial symmetry. Furthermore,

\/vx(t, x,,2)2 + vyt x,y,2)2 = k(t,z) \/22 + Y2 h(x® + ). (22)
Useful definitions of the average transverse width of the beam are to consider

) [(x2+9?) (V2 + v;) dxdy [(x* +y?)? h(x? 4 y*)? dxdy

Y J@+)dady [(2+y?)h(x? +y?)2dady

(23)

and/or
w2 — S +y?) (@) dxdy [ +y?) f(x* +3°)* dxdy
: J (v%) dxdy J (2 +y?)2dady

Both of these characterizations of average width depend only on the profile functions,
not on the envelope functions.

Far away from the beam axis, as x2 + y*> — 0, we demand that both profile functions
tend to zero, f(x?> + y?) — 0 and h(x? + y?) — 0, so that the beam asymptotically reduces
to flat Minkowski space. All of the t and z dependence is encoded in the two functions
v(t,z) and k(t,z). Since one wants the beam to be of finite length, and not stretch all the
way across the universe, one should demand both Zgrjr;oo v(t,z) — 0and . Erjr;oo k(t,z) =0,

(24)

again ensuring an asymptotic approach to Minkowski space.

More precisely, we demand sufficiently rapid fall-off at spatial infinity, which then
also allows integration by parts unrestricted by boundary terms. We also enforce smooth
on-axis behavior by demanding that the profile functions and their derivatives be finite on
the beam axis. These structural assumptions for the flow vector is basically our definition
of what we mean by a “beam” directed along the z-axis.
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1
TZZ(tI x/yrz) == 8

The previously introduced vorticity, Equation (10), for our beam geometry reduces to:

we= By~ 0y = {0k D 49D - 2P E ), @9
wy = —0y0; + 0yvy = x{azk(t,z)h(x2 +y?) —20(t,z) f' (¥ + yz)}, (26)
wz = 0x0y —dyvx = 0. (27)

The square of the vorticity,

@@= (247 {azk(t,z)h(x2 +y7) —20(t2)f' (¥ + ) }2, (28)

shows up quite often in subsequent calculations.

4.2. Stress-Energy Basics

If we now additionally impose the factorization conditions in Equations (19)-(21)
appropriate to a beam geometry, then the axial symmetry imposes additional constraints
on the stress-energy tensor. Specifically,

TXX - Tyy _ x2 — yz[ (29)
Ty xy
and T T
xz nx X
— == (30)
Tyz Tny y
This implies in particular that
Tow Ty | [ %% xy 10
[ Ty Ty } = { xy Fi(t,x,y,z) + 01 Faot,x,y,2), (31)
and
[Tee Ty |=[x y]Ftxyz). (32)
Similarly, for the x-directed and y-directed fluxes, we have:
[ fx fy]=[Tx Ty ]=1[x vy |Fltzyz2). (33)

The F;(t, x, Yy, z) are specific scalar functions that can be explicitly calculated when
required. However, the F;(t, x, y,z) are not the most interesting quantities for our purposes.
We instead are more focused on the comoving energy density p(t, x, y,z), the stress-energy
component T (t, x,y,z), the flux component f; (¢, x,y, z) directed along the beam axis and
the average stress p(t, x,y, z).

We now continue our calculations using the generic beam-like flow (Equations (19)—(21)).
As yet, we impose no extra restriction on the four functions v(t,z), k(t,z), f(x* + y?) and
h(x* + y?), apart from the above-mentioned asymptotic conditions, namely that f(x* +
y?) — 0and h(x? +y?) — 0 away from the beam axis and both lim v(t,z) — 0 and

lim k(t,z) — 0. Foke

z— 400

4.3. Force

In order to calculate the force, Equation (1), let us now investigate T, (t, x, y, z) for this
factorized flow and integrate this over the x—y plane. For T, (¢, x,y, z), we find:

—N{Nl(x,y) o(t,z)? + Na(x,y) v(t,2)9:k(t, z) + Na(x,v) [9:k(t,z)]?
+Nu(x,) 3k(t z) + N5 (x, 1) k(t,z)2}. (34)
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Here, using the shorthand u = x2 + 12, we have:

Ni(x,y) = =3ulf'(u)]?, (35)
Na(x, ) = =2[uf ()h(w)] + uh(u)f'(u), (36)
Ns(ry) = qulhu)? @7)
Ny(x,y) = —2[uh(u)], (38)
Ns(x, ) = ~3[uh(u)?] — 4[uh(u)l (u)]'. (39)

Without detailed calculation, we can immediately deduce:

/2 N;(x,y) dxdy <0, /2 N;(x,y) dxdy = indefinite, (40)
R R

/]RZ N3(x,y)dxdy > 0, /R2 Ny(x,y)dxdy = /R2 Ns(x,y) dxdy = 0. (41)

It is worth noting that
/RZ Ni(x,y)dxdy = —3n/O°° ulf'(u)]>du, (42)
/]R2 Ny (x,y) dxdy = 71/000 uh(u)f'(u)du, (43)
and o1
/]R Na(x,y)dady = 7 /O Julh(e) . (44)

Using this, we find that in the narrow beam approximation

F(t,z) = /]R2 T (t,x,y,2z) dxdy (45)
[ee] o0 2
= 7%0(1%,2)2/0 ulf'(u)]>du + % /0 u [v(t,z)f’(u) + %azk(t,z)h(u) du. (46)

This is a sum of negative definite and positive definite terms, thus allowing the generic
beam to potentially be fine-tuned as either a tractor or a pressor (or even a stressor). In
contrast, in the wide beam approximation, we need to evaluate T.(t,0,0, z).

Note that
Nl(O/ 0) =0, NZ(OI 0) = —Zf(O)h(O), N3(0/0) =0,
N4 (0,0) = —2(0),  N5(0,0) = —3h(0)2. (47)
Consequently,
T..(1,0,0,2) = —%{z £(0) v(t,2)d:k(t,z) + 2 dik(t, z) + 3h(0) k(t,z)2}. (48)

Thus, in the wide-beam approximation the force exerted on the target is

h
F(t,z) = — % {z £(0) v(t,2)d:k(t,z) + 2 ik (t, z) + 3h(0) k(t, z)z}A. (49)
This is of indefinite sign, depending delicately on the envelope functions, potentially

allowing either tractor/pressor behavior.
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4.4. Flux

The flux in the z-direction, as defined in Equation (13), is given by:

f2(t,x,y,2) = %{—azk(t,z) [uh(u)]" + 20(t,z)[uf’ (u)]'}. (50)

Thence,

/Rz £(t,x,y,2)dxdy = %/Ooo{—azk(t,z)[uh(u)}’ +20(t,2)[uf () Ydu =0. (51

For the x-direction,

fx(t,x,y,2) = —Sir{azv(t,z)f'(xz +y?) — %afk(t,z)h(xZ + yz)}. (52)
Anti-symmetry under x <— —x now yields

/]RZ fx(t,x,y,z)dxdy = 0. (53)

Similarly, for the y-direction,

1
fy(tx,y,2) = —Eg_[{azv(if,z)f’(x2 +y%) — Eaﬁk(t,z)yh(xz + %) }, (54)
and, again by appealing to anti-symmetry,

/R2 fy(t,x,y,z)dxdy = 0. (55)

Consequently, for the general tractor/pressor/stressor beam, we always have the net
flux integrating to zero:

/szi(t, x,y,z)dxdy = 0. (56)

Thence, at least in the narrow-beam approximation, we never need to worry about
the net fluxes impinging on the target, they always quietly cancel. However, even if the net
fluxes seen by Eulerian observers cancel, there might be significant fluctuations around
zero over the cross-sectional area of the target. For instance, on-axis. we have

-

7(£,0,0,2) = %{—azk(t,z)h(o) +20(t,2)f(0) )2 (57)

It is now the envelope functions v(t,z) and k(t,z) that primarily drive the localized
on-axis fluxes in the wide-beam approximation.

4.5. Off-Diagonal Stress Components
Similar steps can be applied to Equation (32) concerning the Ty, and T, components:

Txz(t,x,y,2) = xF3(t, x,,2), Tyz(t, x,y,z) =yF3(t,x,y,2), (58)
implying (using anti-symmetry under x +— —x and y <— —y, respectively)
/]RZ sz(t/ X, ]//Z)dXdy = /]RZ T]/Z(t/ X, ylz)d'Xdy = 0 (59)
Finally, from equation (31), we get:

Twy(t,x,y,2) = xy Fi(t, X, Y, 2), (60)
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implying (now using either anti-symmetry under x +— —x, or anti-symmetry under
ye— -y
/IRZ Tyy(t, x,y,2z)dxdy = 0. (61)

Combining all the above, the integral [, T,; dxdy is purely diagonal, all off-diagonal
elements vanish:

Jr2 p dxdy 0 0 0
A B 0 Jgo Tex dxdy 0 0
/Rz Tap dxdy = 0 0 Jaz Trx dxdy 0 - (62
0 0 0 Jr2 Tz dxdy

This really is just a consequence of the assumed axial symmetry of our beam. These
observations have the effect of focusing our attention on the diagonal components of the
(integrated) stress-energy.

4.6. Eulerian Energy Density

For the Eulerian comoving energy density in this generic beam, we find:

o(t,x,y,z) = %{Rl (x,y)o(t,2)* + Ry (x,y)v(t,2)d:k(t, z) + Ra(x,y)k(t,2)d,0(t, z)

+Ra (%) [0:k(t, 2)]2 + Rs(x,y)k(1,2)2 63)
with
Ri(xy) = —ulf' ()], (64)
Ry(x,y) = —uh(u)f'(u), (65)
R3(x,y) = 2f (u)[uh(u)]', (66)
Ry(x,y) = —uh(u)?/4, (67)
Rs(x,y) = [uh(u)?]' (68)
Then, after an integration by parts,
./RZ R3(x,y)dxdy =2 ./H%z Ry (x,y)dxdy = fZN./C;OO uh(u) f'(u). (69)
Furthermore,
/RZ Rs(x,y)dxdy = 0. (70)
Thence,
[ oty 2)dxdy = 1{3 )] [ uhu)f (w)
Rz 8~ 0
ot F (u)2du + k(£ 2)3:0(t, 2) /O " wf () h(u)du 71)

.

+4l:K(r )]./(; wh(u )%m”.

Now, we also integrate over z and apply appropriate boundary conditions at z = doco
(where the beam has to switch off by definition) to discard the first term, which is a total
derivative. Then,
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/R3p(t,x,y,z)dxdydz =-— é/+m{v(t,z)2 /Ooo ulf'(u)]2du
+k(t 2)350(t 2) /Om wf () h(u)du

+qloK(t27) [

A uh(u)zdu}dz. (72)

4.7. Weak Energy Condition

This puts us into a good position to have a first look at an energy condition, this
time the WEC. Let us do another integration by parts again invoking suitable boundary
conditions, to replace [ k(t,2)d;0(t,z)dz — — [T v(t,2)9:k(t,z)dz.

However, this is now actually a perfect square:

+00 2
/R3 p(t,x,y,z)dxdydz = / / { v(t,z) — fh( )9:k(t,z)| dzdu < 0. (73)

The integrand appearing above is just } of the square of the vorticity (@ - @) (see
Equation (28)), so that this is equivalent to

. +o00
/R3 p(t,x,y,z) dxdydz = / / (&- @) dzdu < 0. (74)

This should not come as a surprise, given it is just Equation (17).

Accordingly, in this generic tractor/pressor/stressor beam configuration, if the Eu-
lerian comoving energy density is positive anywhere, then it must be negative somewhere
else—so the WEC is certainly violated.

4.8. Null Energy Condition
Now, consider the NEC: take Equation (16) and integrate over all space. Note that

/3 Va(Kn") dxdydz = / {0¢K + 9;(K0') } dxdydz,
R

— / K dxdydz + / ) dxdydz,
=0 | /]R3 ;0" dxdydz + ‘ /R3 0;(Kv') dxdydz,
=0:0+0,
=0. (75)
Thence,
/]1{3 p(t,x,y,z) dxdydz = /]R3 o(t, x,y,z) dxdydz, (76)
and so

/]1.&3 {p(t,x,y,2) + p(t,x,y,2)} dxdydz = 2/R3 p(t, x,y,z) dxdydz < 0. (77)

(We have already seen in the previous subsection that this last quantity is nonpositive).

Accordingly, in this generic tractor/ pressor/stressor beam configuration, if the quan-
tity (o + p) is positive anywhere, then it must be negative somewhere else—so the NEC is
certainly violated.

Now, given that the NEC is the weakest of all standard, classical, point-wise energy
conditions, we have that all the other energy conditions are also violated. This has to
hold for all tractor/pressor/stressor configurations based on modifications of the generic
Natario warp drive. Furthermore, this is completely in accord with what has been shown
to happen for generic warp drive space-times [18].
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5. Special Cases

We now consider three special cases that link our tractor/pressor/stressor discussion
back to various previous warp drive analyses [13-18]. The connections between the
envelope and profile functions of the generic Natdrio case described by Equations (19)-(21)
and those appearing in these special cases are summarized in Table 1.

Table 1. A summary of the connections between the generic Natario metric, its envelope functions
k and v and its profile functions / and f and the various functions appearing in the special cases
considered Section 5.

Generic Natdrio Modified Alcubierre Zero Expansion Zero Vorticity

envelope k(t,z) 0 —0;0 )

envelope v(t,z) v v 0, P
profile i(u) 0 h 2f
profile f(u) f 2(h+ul') f

5.1. Modified Alcubierre Warp Flow

For this particular special case, we assume the field to be oriented along a fixed
direction, for convenience taken to be the z direction. This corresponds to taking the flow

field to be:
vx(t,x,y,2z) =0, (78)
vy(t, x,y,2z) =0, (79)
vy (t,x,y,2z) = v(if,z)f(x2 +y2). (80)

For this modified Alcubierre flow field, the vorticity is
O = (ayvz, —axvz,0> = (y, —x, 0) 27}(1%,2)f’(x2 +y2) (81)

and hence
@@ = 4o(t,2) (2 + ) [f (2 + 22 52)
Now, using the result that for the Alcubierre warp field T,, = 3p, obtained in [17],
a standard computation yields [13,16-18]:
3

(9x02)* + (9y02)*} = ——(@- @) <0.  (83)

Toz(t,x,y,z) =3p(t,x,y,2) = Y-

2

This is already enough to guarantee that both the weak energy condition (WEC) and
null energy condition (NEC) are violated in this space-time [17,18]. Calculating the net
force, we obtain for a narrow beam:

3

F(t,Z) = _327

/Rz[(axvz)2 + (ayvz)2] dxdy < 0. (84)

However, given our factorization assumption, the stress reduces to

Te(t0,,2) = — o0(t,2 {0 + (3%} <0 (35)

Under this assumption, the force factorizes to

F(t,2) = ——(t,2)? /H%Z[(ax F)2+ (8,f)?] dxdy < 0. (86)
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That is, using u = x> + y?,

[e9)

E(tz) = *g v(t,z)Z/O ulf' (w)]2 du < 0. (87)

This is always a tractor beam. The x—y integral is just some positive dimensionless
number characterizing the shape of the beam. (Recall that our convention was to always
put the target to the right of the generator. If we flip target and generator, so that the target
is now on the left and the beam impinges on the target from the right, then there is a sign
flip for the force F(t,z), and with F(t,z) > 0 the target is still attracted to the generator.)

If we instead assume a wide beam, one can immediately deduce that in this case
Equation (49) will always reduce to zero, as either k or h is zero.

5.2. Zero-Expansion Beam

Now, consider a zero-expansion flow field subject to 9;0 = 0. Starting with the generic
flow field appropriate to an axisymmetric beam, we have:

vx(t,x,y,2) = k(t,z) x h(x* + y?) (88)
vy (t,x,y,2) = k(t,2) yh(x* + %) (89)
v, (t,x,y,2) = v(t,z) f(x* +1?). (90)

Then, in order to ensure zero expansion, we must enforce
9w’ = d:0(t,z) f(x* + ) +2k(t,2) {h(x* + ) + ( +y)H (* + 1)} = 0. (91)
Separating variables, one finds

do(tz)  2h(x*+y*) + (P + AR (2 + )]

= =C, 92
k(1,2 FOT ) o
for some separation constant C.
Then, without loss of generality, we can enforce:
k(t,z) = —0:0(t,z),  f(x*+y*) =2h(x*+ ) + (P + )N (P +y7)].  (93)

Therefore, the zero-expansion flow field can be rewritten in terms of only two free
functions v(t,z) and h(x? + y?):

vx(t, x,y,2) = —x0;0(t,2) h(x2 —I—yz), (94)
vy(t,x,y,2) = =y d:0(t, z) h(x* +y?), (95)
va(tx,y,2) = 20(tz) {h(x® +y*) + (F + P (* + )} (96)

This flow field automatically satisfies axial symmetry, a beam-like profile and zero
expansion. Thus, this is indeed suitable for describing a zero expansion “beam”. The
vorticity for this beam is easily evaluated as

@ = (y, —x, 0) {agv(t,z)h(u) +40(t,z) [uzh’(u)]’/u}. (97)

Thence,
2
@@ =u {agv(t,z)h(u) —|—4v(t,z)[u2h'(u)]’/u} . (98)

5.2.1. Force

Let us now calculate T», (¢, x,y, z) for this flow field, and then integrate over the x—y
plane in order to obtain the net force.
For T..(t,x,y,2), we find:



Universe 2021, 7,271 14 of 29

Tz (t, %, 2) 28% {Zl (x,y) 0(t,2) B0(t,2) + Za(x,y) [820(t, 2)* + Zs(x, y)[0=0(t, 2))?

+Z4(x,y) 0:0:0(t,z) + Z5(x,y) v(t,z)z}. (99)

Again, using the shorthand u = x? + y?, we can explicitly calculate:

Zi(x,y) = [ 2h(u)?)" +2([uh(w)]')?, (100)

Z(xy) = uh(a), (101)

Zs(x,y) = ~20h(u?)” + [uh(w)*), (102)

Zioy) = 2luhtu’, (103)
2

Za(x,y) = = (W @)) (104)

Now, consider the integrals over the x— plane. However, first note that

/RZ Zi(x,y)dxdy = 71/0oo Zi(u)du. (105)

Because one wants the beam to die off far away from the beam axis, one wants
h(x® +y?) = h(u) — 0as x> + y* = u — co. Thus, we can already extract some limited
information regarding the integrals:

/RZ Zy(x,y) dxdy >0, /RZ Zy(x,y) dxdy > 0, (106)
/RZ Z3(x,y) dxdy =0, (107)
/R Zy(x,y) dxdy =0, (108)
/R  Z5(x,y) dxdy < 0. (109)

Overall, for the zero-expansion narrow beam, we now have

() P+ @200t 20 [ (a2

0

—12 v(t, z)? /Ooo([uzh'(u)}')zdu}. (110)

E(t,2) :;{ZU(t,z) 820(t,2) /m

The first term is indefinite (even though the coefficient is positive), the second term is
positive semi-definite and the third term is negative semi-definite. Thus, the zero-expansion
narrow beam can be tuned to be either a tractor or a pressor, (or even a stressor). One
cannot say more about the force F(t,z) without making a specific choice for the profile
h(u), and the envelope function v(t,z).

If we now consider a wide beam, then we should look on-axis and evaluate T, (#,0,0, z).
Specifically, we see:

71(0,0) = 4h(0)%, Z»(0,0) =0, Z3(0,0) = —3h(0)?,
74(0,0) = 21(0) Z5(0,0) = 0. (111)

whence,

T2 (t,0,0,2) = Sin {4h(o)2[v(t,z)a§v(t,z)] — 3h(0)2[3-v(t,2)]2 + 2h(0) [3;0,0(t, z)] } (112)
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Thus, in the wide beam limit of a zero-expansion beam, we have

F(t,z) = %{zm(o) [o(t,2)0%0(t, z)] — 3h(0)[0.0(t, 2)]% + Z[Gtazv(t,z)]}A. (113)

5.2.2. Energy Conditions

For this zero expansion space-time, we have K = tr(K;;) = 0; thus, from Equations (11)
and (15), it is immediate that

p=p= ——ntr(Kz) <0. (114)

This is enough to guarantee that both the WEC and NEC are violated [18], but, for the
sake of completeness, we perform an explicit calculation.

WEC:
For the Eulerian energy density, we note:

plt,,,2) =5={ W (x,y) o(t,2) Fo(t,2) + Walx,) BRo(t, )

+W3(x,y)[azv(t,z)]2 + Wy(x,y) v(t,z)z}. (115)

Using the shorthand u = x? + 32, we can explicitly calculate:

Wi(x,y) = 2h(u)[w?l (u)), (116)
Wa(x,y) = — guh(u), (117)
Wi (x,y) = —4([uh(u)]")? + [uh(u)?], (118)
Wa(x,y) = — {12 ()]} (119)

This is almost a (negative) perfect square:

2
ot x,y,z) = —%u @8%0(1&,2)—%v(t,z)[uzh’(u)]’
+%{—4([”h(“)]/)2 + [uh(u)?)'} o20(t, 2)] (120)

By performing an integration over the x—y plane, this can then be fully written as the
sum of negative perfect squares:

_ © Th(u) ., 2 2]
/Rzp(t,x,y,z)dxdy =5/ u[zazv(t,z) — av(t,z) [wh'(u)]"| du
5 [ k() oot ) <0 (121)
0
This is more than sufficient to guarantee WEC violation somewhere on each x—y
plane. Now, let us also integrate over dz. Using [[9.0(t,z)]>dz = — [ v(t,2z)0%0(t,z)dz,
we obtain:

1 [h(u 2 2
/R3p(t,x,y,z)dxdydz = —g/ u[(z)agv(t,z) - av(t,z)[uzh'(u)]’ dudz

0

g f) o) Pau [o(ez)po(e 2)d= (122)
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Now, note that

([uh())')? = (h(u) +ult ())* = h(u)* + 2uh(u)h' (u) + 121 (1) (123)
= [uh(u)?)' +u?t (u)* = [uh(u)?) + LPh()h ()] — h(u) [ ()]

Thus, after an integration by parts,
/ ([uh(u)))2du = — / h(u) [ ()] dus. (124)
0 0

However, this now implies that we have a (negative) perfect square:

0o 2
/R3 o(t,x,y,z)dxdydz = —%/0 u [h(zu)afv(t,z) + %U(i’, z)[u?h (u))'| dudz < 0. (125)
Moreover, we can recognize this as

(9]

/R3 p(t, x,y,z)dxdydz = —31—2 A (&) dudz <0, (126)

as expected. Again, this is more than sufficient to guarantee WEC violation somewhere on
each spatial slice, apart from also verifying internal consistency of the formalism.

NEC:
To prove the violation of the NEC, we must now look at the quantity [p + T,

o+ Teel(3,,2) == { X (o) [0(8,2)220(1,2)] + Xa(x,y) 02011, 2)

+ Xs(x,y)[o(t )2}, (127)
with
Xi1(x,y) = 2[u?h(u)?)", (128)
Xo(x,y) = —4[ul (u)]* — 2[u?h(u)?])" — 2[uh(u)?), (129)
X3(x,y) = —16ufuh” (u) 4 21" (u))>. (130)

Consequently, integrating over the x—y plane, we have:

/Rz(p + Ty, )dxdy = n/ooo(p + Tzz)du
== 3 Beo AP [ (o)
—2[v(t,2)]? /000 uluh” (u) + 21 (u)]2du . (131)

This is now a (negative) sum of squares, thereby guaranteeing violation of the NEC.
This is again a useful consistency check on the formalism.

5.3. Zero-Vorticity Beam

Let us now consider a zero-vorticity beam described by the flow field:

vi(t,x,y,z) = 9;P, d(t,x,y,z) = Pt 2)f(x,y). (132)
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The stress component T (t, x,y, z) is again somewhat complicated. However, once
one integrates over the x—y plane, we soon see that

F(t,2) = /R Tz dxdy = 0. (133)
That is, there is no net force once you integrate over the entire 2-plane. We soon

see, however, that there are regions of both repulsion/attraction at various points on the
2-plane. This is best interpreted as a stressor beam.

5.3.1. Force

Explicitly calculating the stress component T, (¢, x,y,z), we find:
1
Toz(t, x,y,2) = Q{Pl(x,y) 0:D(t,2) + Pa(x,y) (0.D(t,2))* + P3(x,y) D(t,2)%}. (134)

Now, using again u = x* + y? for compactness, explicit computation yields

Py(x,y) = —4[uf'(w)]', (135)
Py(x,y) = —4[uf(u)f'(w)]', (136)
Ps(x,y) = —[{16uf' () f" ()} + 12ulf' (w)]"]" (137)
Noting again that
/RZ P;(x,y)dxdy = 7'(/0c>o P;(u)du, (138)

and observing that each of the P; is a pure derivative, one has

/]RZ Pi(x,y)dxdy = 71/0oo P;(u)du = 0. (139)

Thus, there is no net force.
Note, however, that:

T.2(£,0,0,2) = —%{a@(t/z) +£(0) (9:@(t,2))* + 3f'(0) @(t,2)*}, (140)

which in general does not equal zero. In this way we see that, while the force integrated all
over the x—y plane sums up to zero, this does not imply an identically zero force. On the
contrary, different parts of the target are pulled, while others pushed, creating a perfect
example of a stressor beam. Furthermore, this means that—ignoring matters of material
properties—a wide zero-vorticity beam could potentially still act as a tractor or pressor
beam, whereas a narrow zero-vorticity beam would not.

5.3.2. Energy Density and Null Energy Condition

Calculating the Eulerian (comoving) energy density, we find:
1 2 2 2
pt,x,y,2) = —{Rux @(£,2)[20(,2)] + R: :0(L, )2 + Ro (1,2)2 ). (141)
with

fr(w)] = 4f(u)[uf' ()], (142)
4(f'(u))? = 4u(f' (u)?, (143)
R, = —4u(f'(u))>. (144)
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Note that [, Rg dxdy = 0, whereas, after an integration by parts:

/]RZ R, dxdy = /]RZ Ry, dxdy = —471/0 ulf'(u)]2du. (145)

Hence,

[ o dxdy =~ (@120, + PP [ ulf w)Pdu.  (146)

That is,
1 o
/R o dxdy = =2 0. {@(1,2)2.0(t,2)} / ulf (u)]2du. (147)
JO
Now, given the fall-off conditions on ®(t,z), namely that v(t,z) = 9. D (¢, z) 2E2,
we have that:

/R o dxdydz = 0. (148)

Therefore, if the zero vorticity stressor beam has positive density anywhere, then it
must have negative energy density somewhere else. Thence, this zero-vorticity configu-
ration violates the WEC. This is fully in agreement with the general warp-drive analysis
presented in [18].

Furthermore, since we have already seen f]RZ T,, dx dy = 0, it automatically follows
that [ps T., dxdydz = 0, and thence we have [p3(p + Tz;) dx dy dz = 0. Thus, as above, if
the zero vorticity stressor beam has (p + T;) positive anywhere, then this quantity must be
negative somewhere else. Therefore, this zero-vorticity configuration also violates the NEC.
Again, this is fully in agreement with the general warp-drive analysis presented in [18],
and it is a useful consistency check on the fact that zero-vorticity flow fields do indeed
violate the NEC.

6. Specific Examples

In lieu of direct knowledge how one would actually build a tractor beam, one is
left with two extremes: general considerations or modeling of specific possibilities. Our
discussion in Sections 3 and 4 are based on the generic Natdrio warp drive, in a sense a
compromise between the two. While fixing, for example, a certain (3 + 1) split and flat
spatial slices in this split, it still retains a large amount of freedom. Section 5 then considers
more constrained choices found in the literature, while still retaining some freedom to
choose certain functions appearing therein. In this section, we illustrate the results of the
preceding sections for specific profile functions f and h and specific envelope functions k, v.
As a first step, we start by imposing a Gaussian profile by fixing the functions f(x? + y?)
and h(x? + y?) to be Gaussian functions. In a second step, we then employ envelope
functions that contribute to the stress-energy tensor between the positions of the generator
(at zgenerator < 0) and the target (at Ztarget > Zgenerator), While vanishing exactly outside of
some certain region (—b,b) on the z-axis. More specifically, we adopt a kind of smooth
“bump function”. Naturally, these are by far not the only choices, and they contain a
certain amount of arbitrariness. Nevertheless, this should give a good idea of what can be
done if an arbitrarily advanced civilization could impose stress-energy sources in such a
targeted way:.

6.1. Gaussian Beam Profiles

As Gaussian beam profiles are very popular toy models in optics and acoustics, they
are an obvious starting point for investigating our tractor beams. Let us then provide a few
specific examples based on Gaussian beam profiles in the following discussion.
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6.1.1. Generic Gaussian beam

Let us consider a generic Gaussian beam, where we set the two profile functions to be
identical Gaussians with width parameters a:

vx(t,x,y,2) = xk(t,z) exp(—[x2 +y2]/112), (149)
vy(t,x,y,2) = yk(t, z) exp(—[x2 —|—y2]/a2>, (150)
v.(t,x,y,2) = v(t, z) exp(—[x2 +y2]/a2). (151)

Then, based on Equations (34) and (35)—(39), we see:

3u
Ni(x,y) = 7 exp(—Zu/az), (152)
~ (Bu—24?%) )
No(x,y) = Texp(—Zu/a ), (153)
_ u _ 2
N3(x,y) = 1 exp( 2u/a ), (154)
2
Ni(x,y) = 2(uai2a)exp(—u/a2), (155)
2 _ a2
Ns(X,]/) - _ (4M a );421/[ 3a ) eXP(—ZM/ll2>. (156)
Now, use .
/R2 N;(x,y)dxdy = n/ N;(u)du, (157)
0
to get
/ Np(x,y) dxd - / Ny (x,y) dxd ——lnaz (158)
RZ 1 /y y - 4 7 ]RZ 2 /y y - 4 7
!
/R2 N3(x,y) dxdy = e /RZ Ny(x,y)dxdy =0, /RZ Ns(x,y) dxdy = 0. (159)

Then, for the net force exerted by this Gaussian beam (in the narrow field limit), we
find a particularly simple factorized form:

a*[0,k(t,2)])?
F(tz) = —35’;2{30(15,2-)2 + Po(t, 2)d:k(t,2) — [a"f)]}
— —;Z{v(t,z) - %az azk(t,z)}{v(t,z) + %aﬁ azk(t,z)}. (160)

Note that the behavior switches from pressor to tractor when the beam satisfies the
two critical conditions:

1 1
v(t,z) = gaz 9:k(t,z), v(t,z) = —§a2 0:k(t,z). (161)
Thus, adjusting the two envelope functions is the determining factor in choosing
tractor/pressor /stressor behavior.
In contrast, on-axis, we see that

N1(0,0) =0, N(0,0) = -2, N3(0,0) =0, N4 (0,0)=-2, N5(0,0)=-3.

(162)
Thus,

Tua(t,0,0,2) — —%{2 o(t,2)ck(t,2) + 20k(1,2) + 3 k(t,2)° . (163)



Universe 2021, 7,271 20 of 29

Therefore, in the wide-beam limit,
F(t,z) = —% {2 o(t,2)0.k(t,z) + 20,k (t,2) + 3 k(t,z)z}A. (164)

This is of indefinite sign, depending delicately on the envelope functions, potentially
allowing the wide-beam to be fine-tuned as either a tractor or a pressor. In SI units

F(t,z) = {2 o(t,2)d:k(t z) + 20¢k(t, z) + 3 k(t,z)z}A. (165)

- 8mc?

We remind the reader that the Stoney force is (by human standards) truly enormous,
F. = c*/GNewton =~ 1.2 x 10* Newtons. Even relatively small envelope functions v(t, z)
and k(t, z) can lead to significant tractor/pressor effects.

6.1.2. Alcubierre-Based Gaussian Beam

Let us now consider a Gaussian beam based on the modified Alcubierre flow field.

Take f(x,y) = exp(— [x? + %]/ az) ; then, from Equations (83) and (84), we ultimately see
4(x% +y?)
2 2 L2 421742 _

/Rz[(axf) + (9yf)?] dxdy — /RZ Texp( [x*+y°]/a ) dxdy = . (166)

Note this Gaussian profile implies that T.,(t, x,y, z) is zero on the z-axis, rises to a
maximum for (x? + y?) ~ a2, and then very rapidly decays as you move further off-axis.
For the total net force on the x—y plane, this Gaussian beam gives:

F(t,z) — —3% vo(t, 2)>. (167)

Putting back all the appropriate dimensions, we obtain in SI units

3F, vg(t,z)?

F(t,z) —» — 5 2

(168)

Here, F. is again the Stoney force. Note that, as expected, this is always a tractor beam.

6.1.3. Zero-Expansion Gaussian Beam

Looking now at a zero-expansion Gaussian beam, we set
h(x? 4+ y?) = exp(—(x2+y2)/a2). (169)

Then, using Equations (94)—(96) and (100)—(104), we have

Zi(x,y) = 4{1 —3ua~2+ 31204 /2} exp(—Zu/a2), (170)
Zy(x,y) = fu exp(—2u/a?), (171)
Zs(x,y) = {—3+ 14u/a? 8u2/a4}exp(—2u/a2), (172)
Zs(x,y) = 2{1—u/a®} exp( u/a2), (173)

Zs(x,y) = —12u(2 —u/az)za*‘*exp(—zu/az). (174)

Thence, for the relevant integrals,

2 : e .
./RZ Zi(x,y)dxdy =1 = /RZ Zy(x,y)dxdy =7 e’ /]RZ Z3(x,y) dxdy =0,

9
/RZ Zy(x,y) dxdy =0, /RZ Zs(x,y) dxdy = —m > (175)
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Thus, for the Gaussian zero expansion beam, we see that

F(t,z) = ;{azzv(t,z)afv(t,z) + %[agv(t,z)]z - Zv(t,z)z}. (176)

This can be either be a pressor or a tractor beam, depending on the choice of the
envelope function.

Now, consider the wide beam limit. For a Gaussian zero-expansion beam, Equation (112)
for T,, reads:

T2 (t,0,0,2) = 8%{4[0(13,2)8%0(1&,2)] —3[0.0(t,2))? +2[atazv(t,z)]}. (177)

In SI units,

T..(t,0,0,2) = 85;2 {4[v(t,z)a§v(t,z)] — 3[0,0(t,2)]? + 2[3;0.0(, 2)] }A. (178)

Again, this can be either be a pressor or a tractor beam, depending on the choice of
the envelope function.

6.1.4. Zero Vorticity Gaussian Beam

If we now take a specific Gaussian profile f(x* +y?) = exp(—[x* +y?]/a?), then, for
a zero vorticity beam, we find:

Pi(x,y) = —4(x* +y* —a?)a exp(—[x2 + y2]/a2), (179)
Py(x,y) = —4(2[x* + 2| —a*)a? exp(—Z[x2 + 12 /a2>, (180)
P3(x,y) = —4(2[x* + v?] — 3a®) (4[x* + y?] — a*)a Bexp (—2[3(2 + 17 /az). (181)

We can explicitly check that

/]Rz Pi(x, y)dxdy = 0. (182)

The sign of the P;(x,y) and consequently the sign of T-(t, x,,z) can and will change
near x? + y? ~ a2, so the spatially target is alternately pushed and pulled—which is why
we classify this case as a stressor beam. The calculation on-axis (x = y = 0) gives us:

P — 4a7?,
P, — 4a7?, (183)
Py — —12a7%,

which results in:
T.2(t,0,0,z) = %{411*2 0 D(t,z) +4a2 (0,D(t,2))* — 124 * ®(t,2)?}. (184)
Thus, in the wide-beam limit,
F(t,z) = 8%{401—2 0rD(t,z) +4a2 (0,D(t,2))* — 1204 d(t,2)?} A. (185)

As we can see, this is another “tunable” case, which can behave either as a pressor or
a tractor beam, depending on the choice of the envelope function.
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6.2. Envelope Functions

In order to be able to visualize some of the properties of tractor/pressor/stressor
beams, we now impose two different possibilities for the envelope functions v(t,z) and
k(t,z). This allows us to plot the force field generated by these functions and the energy
density distribution necessary to create them. All of the calculations done in the previous
sections are still completely valid here.

6.2.1. lllustrating Gaussian beams

In Figure 1, used in the Introduction to describe where target and generator are with
respect to the tractor field, we also plot the energy densities and forces of the non-trivial
beam configurations described above. To produce those plots, we impose a Gaussian
envelope together with a Gaussian profile for the defining functions:

—u/ A2
f Gauss, plot = hGauss, plot =€ u/ ’
_72/B2 _2/C2

UGauss, plot — kGauss, plot = qDGauss, plot = e ” / e /e ’ (186)
where, for the plotting, we use A = 0.5 and B = C = 1.0, and we evaluate the energy
density and forces at t = 1. Note that F(t,z) for both the narrow Alcubierre and the
wide zero-vorticity beams are always negative for this specific setup, implying a tractor
beam behavior, while the other beam configurations allow for a tractor/pressor behavior
depending on the positioning of the target. It is also nice to notice how non-trivial is the
cancelation of the energy density along the spatial 3-slices for the zero vorticity case, given
by Equation (148) and represented in Figure 1b.

6.2.2. Bump Functions

Another, much more brutal way of enforcing that fall-off conditions be fulfilled is by
using smooth bump functions [100] [§13.1]. Concretely, we employ the following examples
of smooth functions of compact support: First, define

,an{euzz>0 (187)

0 else.

Use this to then define

_ fi(z)
fZ(Z) - fl(z) +f1(1 —Z). (188)

In a last step, define for real numbers a and b

2 2
hﬂ@=1—h<;_;>. (189)

This function is 0 for z € (—oo, —b) U (b, 00), is 1 in the interval (—a,a), smoothly
grows from 0 to 1 on [—b, —a] and decays smoothly from 1 to 0 on [4, b], as can be seen in
Figure 2.

As we are interested in functions satisfying appropriate fall-off conditions at infinity,
this example fulfills this by construction in the most trivial way possible: It vanishes for
sufficiently large positive or negative values of x. Furthermore, as we are specifying the
metric by hand, the Einstein equation tells us the required sources, as in all the calculations
of this paper. Neither the Gaussian beams nor beams based on such smooth bump functions
differ in this regard from each other, and the general analysis of the previous sections still
holds. Nevertheless, using such smooth bump functions for the envelope functions v or k
is an intriguing way to model a tractor beam that only contributes to the stress energy on
the z-axis between “generating device” and “target”.
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Bump Function Example

S N\
] \

iy \
/ \

-10 -5 0 5 10

Figure 2. An illustration of the bump function given by Equation (189), with a = 2 and b = 10.

The algebra becomes arbitrarily involved in this case; for this reason, we opt to only
show our results and the functions we chose. The bump function used is

fap(z) e F/P7, (190)

which, depending on the specific (special) case plotted, was used for v, k or ®. The profile
functions were again chosen to be the Gaussians, as described in Section 6.1.1, which also
allows an easier comparison with the plots shown in Figure 1. In Figure 3, the parameters
aret = —1,a =2,b =10and D = 1. In Figure 4, the parametersaref = -1, a =2,b =4
and D = 1. This minor variation produced noticeable changes in the forces and energy
density. The choice of t can also produce significant differences, but this is not shown here,
as it adds little to the discussion.

Again, note how non-trivial is the distribution of the energy density for the zero
vorticity beams, which sums up to zero when integrated over any 3-spatial slice. It is also
interesting to notice the different behavior for distinct types of beam, varying from constant
pull forces (e.g., the Alcubierre case) up to elaborate push/pull behaviors (e.g., wide zero-
expansion). This reveals the great diversity of mechanisms one can create by varying the
envelope functions only. Behavior for different types of profile functions might possibly
create yet other interesting scenarios, which we will leave for the enthusiastic reader.

Setting aside the issue of the magnitude of the Stoney force (which can be taken care
of by an appropriately small pre-factor in our functions), we in particular draw attention to
the force of the zero expansion beam in Figure 3a: a target positioned to the right at z ~ 10
would be accelerated to the left, then travel for a while at near constant velocity, before it is
decelerated again. Sufficient fine-tuning thus allows for safe docking or boarding.
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Figure 3. (a) Forces F and (b) energy densities p for beam profiles with smooth bump functions as described by

Equation (190); the parameters in these pictures are t = —1,a = 2,b = 10, A = 05, B = C = 1.0and D = 1.0.
The purple lines in the density plots indicate locations where the energy density is zero or indistinguishable from zero.
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Figure 4. (a) Forces F and (b) energy densities p for beam profiles with smooth bump functions as described by
Equation (190); the parameters in these picturesaret = —1,a =2,b =4, A =05 B = C = 1.0and D = 1.0. The
purple lines and bands in the density plots indicate locations where the energy density is zero or indistinguishable

7. Discussion and Conclusions

In this article, we show how to analyze tractor/pressor/stressor beams within the
framework of standard general relativity. The analysis was made based on modified warp
drive spacetimes, by creating a “beam-like” profile. A general case based on Natario’s
warp field was analyzed, followed by specific cases and examples.

As expected, we show that, in this case, as with warp drives and traversable worm-
holes, the violation of the NEC, and so of all the classical point-wise energy conditions,
is unavoidable. A closely related statement is still true even if one moves beyond Ein-
stein gravity. The key point is that it is ultimately the focusing properties of the trac-
tor/pressor/stressor beams, warp fields and traversable wormholes that translate into
convergence conditions [101-107], and thence into [effective] energy conditions. Whenever
you can rearrange the equations of motion in the form

Gab = 87T[Teffective]ab/ (191)

the effective energy-momentum tensor [Toective]as Will consequently violate the NEC and
so violate all the classical point-wise energy conditions.

However, a significant question remains open: Are energy conditions truly funda-
mental physics? The answer is: “Probably not”. (Indeed, almost certainly not.) However,
the energy conditions are certainly good diagnostics for unusual physics—and, as is
shown, the physics of these tractor/pressor/stressor beams is certainly extremely unusual—
comparable in weirdness to that of traversable wormholes and warp drives. This is not an
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absolute prohibition on tractor/pressor/stressor beams, but it is an invitation to think very
carefully about the underlying physics.
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Notes

1

Again, this definition depends on the relative positions of generator and target, and we assume the target is always to the right of
the generator.

2 The Stoney force happens to equal the Planck force Fy = Epjanck / Lpjanck- The various factors of 7 cancel [78,79].
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