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Abstract

We investigate the implication of the nonlinear and non-local multi-particle
Schrodinger-Newton equation for the motion of the mass centre of an extended
multi-particle object, giving self-contained and comprehensible derivations. In
particular, we discuss two opposite limiting cases. In the first case, the width of
the centre-of-mass wave packet is assumed much larger than the actual extent of
the object, in the second case it is assumed much smaller. Both cases result in
nonlinear deviations from ordinary free Schrodinger evolution for the centre of
mass. On a general conceptual level we include some discussion in order to
clarify the physical basis and intention for studying the Schrodinger—Newton
equation.

Keywords: Schrodinger-Newton equation, quantum gravity, semi-classical
gravity

1. Introduction

How does a quantum system in a non-classical state gravitate? There is no unanimously
accepted answer to this seemingly obvious question. If we assume that gravity is fundamentally
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quantum, as most physicists assume, the fairest answer is simply that we do not know. If gravity
stays fundamentally classical, a perhaps less likely but not altogether outrageous possibility
[1, 2], we also do not know; but we can guess. One such guess is that semi-classical gravity
stays valid, beyond the realm it would be meant for if gravity were quantum [1, 2]. Semi-
classical gravity in that extended sense is the theory that we wish to pursue in this paper. Since
eventually we are aiming for the characterization of experimentally testable consequences of
such gravitational self-interaction through matter-wave interferometry, we focus attention on
the centre-of-mass motion.

Note that by ‘quantum system’ we refer to the possibility for the system to assume states
that have no classical counterpart, like superpositions of spatially localized states. We are not
primarily interested in matter under extreme conditions (energy, pressure, etc). Rather we are
interested in ordinary laboratory matter described by non-relativistic quantum mechanics,
whose states will source a classical gravitational field according to semi-classical equations.
Eventually we are interested in the question concerning the range of validity of such equations.
Since we do not exclude the possibility that gravity might stay classical at the most fundamental
level, we explicitly leave open the possibility that these equations stay valid even for strongly
fluctuating states of matter.

Now, if we assume that a one-particle state y gravitates like a classical mass density

p(X) = m |y (x)]", we immediately get the coupled equations (neglecting other external
potentials for simplicity)
2

70 (1, X) = ( - j—A + V0 X))y/(t; x), (1a)
m

AV,(t; %) = 4z G m® |y (t; x)I. (1b)

These equations are known as the (one-particle) Schrodinger—Newton system. This system can
be transformed into a single, nonlinear and non-local equation for y by first solving (1) with
the boundary condition that ¢ be zero at spatial infinity, which leads to

t
V, (%) = - Gm /"”( OF 2)
Ix — x II
Inserting (2) into (1a) results in the one-partlcle Schrb'dinger—Newton equation:
70w (t; x) = ( 24~ Gm f lITI (t x 3x’)1// t: %). 3)
X —

Concerning the theoretical foundation of (3), the nonlinear self-interaction should essentially be
seen as a falsifiable hypothesis on the gravitational interaction of matter fields, where the reach of
this hypothesis delicately depends on the kind of ‘fields’ it is supposed to cover. For example, (3)
has been shown to follow in a suitable non-relativistic limit from the Einstein—Klein—Gordon or
Einstein-Dirac systems [3], i.e., systems where the energy—momentum tensor 7,, on the right-

hand side of Einstein’s equations,

1 8rG
R. =18, R=""0T,. @)
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is built from classical Klein—Gordon or classical Dirac fields. Such an expression for 7, results
from the expectation value (wlfﬂb ly) in quantum-field theory, where y labels the amplitude

(wave function) of a one-particle state, fm is the operator-valued energy—momentum tensor,
which has been suitably regularized'. The non-relativistic limit is then simply the (regularized)

mass density operator whose expectation value in a one-particle state is m |y|*; see e.g. [5].
Now, if we believe that there exists an underlying quantum theory of gravity of which the

semi-classical Einstein equation (4) with 7, replaced by (wlf;wh//) is only an approximation,

then this will clearly only make sense in situations where the source-field for gravity, which is
an operator, may be replaced by its mean-field approximation. This is the case in many-particle
situations, i.e., where y is a many-particle amplitude, and then only in the limit as the particle
number tends to infinity. From that perspective it would make little sense to use one-particle
expectation values on the right-hand side of Einstein’s equation, for their associated classical
gravitational field according to (4) will not be any reasonable approximation of the (strongly
fluctuating) fundamentally quantum gravitational field. This has been rightfully stressed
recently [5, 6].

On the other hand, if we consider the possibility that gravity stays fundamentally classical,
as we wish to do so here, then we are led to contemplate the strict (and not just approximate)
sourcing of gravitational fields by expectation values rather than operators. In this case we do
get nonlinear self-interactions due to gravity in the equations, even for the one-particle
amplitudes. Note that it would clearly not be proper to regard these amplitudes as classical fields
and once more (second) quantize them. This is an important conceptual point that seems to have
caused some confusion recently. We will therefore briefly return to this issue at the end of
section 2. Also recall that the often alleged existing evidence, experimental [7] or conceptual
[8], is generally found inconclusive, e.g., [9—11].

Taken as a new hypothesis for the gravitational interaction of matter, the Schrodinger—
Newton equation has attracted much attention in recent years. First of all, it raises the challenge
to experimentally probe the consequences of the nonlinear gravitational self-interaction term
[12]. More fundamentally, the verification of the existence of this semi-classical self-interaction
could shed new light on the holy grail of theoretical physics: quantum gravity and its alleged
necessity; compare [2]. And even though the original numerical estimates made in [12] were too
optimistic by many orders of magnitude, there is now consensus as to the prediction of (3)
concerning gravity-induced inhibition of quantum-mechanical dispersion [13].

However, concerning the current and planned interference experiments, it must be stressed
that they are made with extended objects, like large molecules or tiny ‘nanospheres’ [14], and
that the so-called ‘large superpositions’ concern only the centre-of-mass part of the overall
multi-particle wavefunction. But even if we assume the elementary constituents in isolation to
obey (3), there is still no obvious reason why the centre of mass of a compound object would
obey a similar equation. These equations are nonlinear and ‘separating off’ degrees of freedom
is not as obvious a procedure as in the linear case. The study of this issue is the central concern
of this paper. For this we start afresh from a multi-particle version of the Schrodinger—-Newton
equation.

! Defining a suitably regularized energy—momentum operator of a quantum field in curved space-time is a non-
trivial issue; see, e.g., [4].
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2. The many-particle Schrédinger-Newton equation

In this paper we consider the (N + 1)-particle Schrodinger—Newton equation for a function
¥: R €, where 3(N + 1) arguments correspond to the three coordinates each of
(N + 1) particles of masses m,, m,, ---, my, and one argument is given by the (Newtonian
absolute) time . In the presence of non-gravitational two-body interactions represented by
potentials V, (|| x, — x, ||), where V, =V, , for the pair labelled by (ab), the (N + 1)-particle
Schrodinger-Newton equation reads in full glory

120 (t; X, +++, Xy) = ( Z A + szab Ix, — x, ”)

a=0b>a
2
L i |#(5 G, -, X))
-G Y Y mm, {/H d3xc} ] ECE MR 5)
a=0 b=0 c=0 a b
Here and in the following, we write
N
dx:=dy) Adx? Adx] and  J] dx=dx, A A dxy (6)
c=0

The second, nonlinear and non-local potential term is meant to represent the gravitational
interaction according to a suggestion first made in [15]. The structure of this term seems rather
complicated, but the intuition behind it is fairly simple:

Assumption 1. Each particle represents a mass distribution in physical space that is

proportional to its marginal distribution derived from ¥ (¢; x,, -+, X,)). More precisely, the mass
distribution represented by the bth particle is

N
~ 2
pb(t; X) =m, /H d3XC ‘T(t; Xoo 0 Xy 5 X, X s 00y XN)‘
)
- 2
=m, {/H d3xc} 5V(x — X,) “I’(t; ) SYRRTIN XN)‘ . 7
c=0

Assumption 2. The total gravitational potential @ at X in physical space is that generated by the
sum of the mass distributions (7) according to Newtonian gravity. More precisely, the
Newtonian gravitational potential is given by

(r; x')
Ot x) = — G fd* 'L. (8)
Ix — x'|
Assumption 3. The gravitational contribution V,(x,, -+, X ) that enters the Hamiltonian in the

multi-particle Schrodinger equation
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120y (t; Xy, -+ Xy) =( Z_A F Voner (85 X5 o5 Xy) + V(55 X, -2, XN))

X ll”(t; Xg> *+*5 Xy). )
is the sum of the gravitational potential energies of (N + 1) point-particles (sic!) of masses m,
situated at positions x_ . More precisely, the total gravitational contribution to the Hamiltonian is

N
Vit Xgo o, X)) = Dom, P15 X,), (10)
a=0

where @ is given by (8).

Taken together, all three assumptions result in a gravitational contribution to the
Hamiltonian of
2

Vg(f; Xgr s Xy) = ‘GZZ’” mb{/H d’x ,}‘T(f”, Xps : XN)‘ (11)

a=0b=0 Xu_xb”

just as in (5). We note that (5) can be derived from a Lagrangian
L=T-U, (12)
where the kinetic partz, T, is

7 - _ _
- 1?{ / 1:! d3xa}('z”dt‘P— v9,7)
N N 1
ﬁz{/H d3xa} Y—v, 7 v,y (13)
a=0 m,

b=0

Here all functions are taken at the same argument (¢; X,, -+, X,,), which we suppressed. The

potential part, U, consists of a sum of two terms. The first term represents possibly existent two-
body interactions, such as, e.g., electrostatic energy:

Ulocalz—body — {/H d% }ZZ b(t Xy, *tts XN) ‘l[/(t; Xgs *** XN)|2- (14)

a=0b>a

The second contribution is that of gravity:

e g5

a=0b=0
|‘1”(t; ) YETEN XN)‘ ‘Y’(r; X0, s x?v)‘ ’
Ix, — x;, |l

:__zz/ds [ax RO (15)

a=0b=0 [Ix — x|

% In classical field theory it would be physically more natural to regard the second part of the kinetic term « | V¥#|*
as part of the potential energy. In quantum mechanics, however, it represents the kinetic energy of the particles.
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The last line shows that the gravitational energy is just the usual binding energy of (N + 1)
lumps of matter distributed in physical space according to (7). Note that the sum not only
contains the energies for the mutual interactions between the lumps, but also the self-energy of
each lump. The latter are represented by the diagonal terms in the double sum, i.e. the terms
where a = b. These self-energy contributions would diverge for pointlike mass distributions, i.e.

if p(x) = m,6”(x — x,), as in the case of electrostatic interaction (see below). Here, however,

the hypotheses underlying the three assumptions above imply that gravitationally the particles
interact differently, resulting in finite self-energies. Because of these self-energies we already
obtain a modification of the ordinary Schrédinger equation in the one-particle case, which is just
given by (3). Explicit expressions for the double integrals over g (x) p,(x")/ || x — x'[| can, e.g.,
be found in [16] for some special cases where p and p, are spherically symmetric.

Finally we wish to come back to the fundamental issue already touched upon in the
introduction, namely how to relate the interaction term (15) to known physics as currently
understood. As already emphasized in the context of (3), i.e. for just one particle, the gravitational
interaction contains self-energy contributions. In the multi-particle scheme they just correspond to
the diagonal terms a = b in (15). These terms are certainly finite for locally bounded /.

This would clearly not be the case in a standard quantum field-theoretic treatment, like
QED, outside the mean-field limit. In non-relativistic quantum field theory the interaction

Hamiltonian would be a double integral over ¥ '(x) ¥ (x) ¥'(x') ¥ (x') /|| x — X'||, where ¥ is the
(non-relativistic) field operator. (See, e.g., chapter 11 of [17] for a text-book account of non-
relativistic QFT.) This term will lead to divergent self-energies, which one renormalizes through
normal ordering, and pointwise Coulomb interactions of pairs. This is just the known and
accepted strategy followed in deriving the multi-particle Schrodinger equation for charged
point-particles from QED. This procedure has a long history. In fact, it can already be found in
the appendix of Heisenberg’s 1929 Chicago lectures [18] on quantum mechanics.

It has therefore been frequently complained that the Schrodinger—Newton equation does
not follow from ‘known physics’ [5, 6, 19, 20]. This is true, of course. But note that this does
not imply the sharper argument according to which the Schrodinger—Newton equation even
contradicts known physics. Such sharper arguments usually beg the question by assuming some
form of quantum gravity to exist. But this hypothetical theory is not yet part of ‘known physics’
either, and may never be! Similarly, by rough analogy of the classical fields in gravity and
electromagnetism, the Schrodinger—-Newton equation is sometimes argued to contradict known
physics because the analogous nonlinear ‘Schrédinger—Coulomb’ equation yields obvious
nonsense, like a grossly distorted energy spectrum for hydrogen. In fact, this was already
observed in 1927 by Schrédinger, who wondered about this factual contradiction with what he
described as a natural demand (self-coupling) from a classical field-theoretic point of view [21].
Heisenberg in his 1929 lectures also makes this observation, which he takes as irrefutable
evidence for the need to (second) quantize the Schrodinger field, thereby turning a nonlinear
‘classical’ field theory into a linear quantum version of it.

To say it once more: all this is only an argument against the Schrodinger—-Newton
equation provided we assume an underlying theory of quantum gravity to exist and whose
effective low energy approximation can be dealt with in full analogy to, say, QED. But our
attitude here is different! What we have is a hypothesis that is essentially based on the
assumption that gravity behaves differently as regards its coupling to matter and, in particular,
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its need for quantization. The interesting aspect of this is that it gives rise to potentially
observable consequences that render this hypothesis falsifiable.

3. Centre-of-mass coordinates

Instead of the (N + 1) positions x, a = 0, ---, N, in absolute space, we introduce the centre of
mass and N positions relative to it. We write

M::ZN:ma (16)
a=0

for the total mass and adopt the convention that greek indices a, f, --- take values in {1, ---, N},
in contrast to latin indices a, b, ---, which we already agreed to take values in {0, 1, ---, N}. The
centre-of-mass and the relative coordinates of the N particles labelled by 1, ---, N are given by
(thereby distinguishing the particle labelled by 0)

1 N N

mO mﬁ
c:=— mx:—x+§—x, 17a
M&TT M Em (17a)
m al m,
R _ 0
r, =X, —¢c=-——X,+ E (d,,;——)x,;- (17b)

The inverse transformation is obtained by simply solving (17) for x,, and x:
N

m
s
Xx,=¢c— Y —-r,, (18a)
0 ;mo i
X,=¢c+r,. (18b)
All this may be written in a self-explanatory (1 + N) split matrix form
my ™.
c\_| M M Xy
(ra) | _me "y (Xﬂ) ’ (19)
- 5, -
M M
T
X, c
(X) - " ("ﬂ) ' 20
1 4,

For the wedge product of the (N + 1) 1-forms dx! fora = 0, 1, ---, N we easily get from
(18)

dxy A - A dxy =(ch - ﬁ:ﬂdrg] A (de' +dr') A A (de' + dry)
s=1 "o

= ﬂ(dcl Adr A A drli,). (21)

m
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Hence, writing d’r, :=dr! A dr7 A dr; and []._, for the N-fold wedge product, we have
N 3 N
[, = (ﬂ) [d% A1 d3ra). (22)
a=0 n, a=1

Note that the sign changes that may appear in rearranging the wedge products on both sides
coincide and hence cancel. From (22) we can just read off the determinant of the Jacobian
matrix for the transformation (18):

3
o0(X,, ax,,
Iy X,) :=det 9 X)L _ (M : (23)
a(c, rﬂ) a(c, rﬂ) m,
Equation (18) also allows to simply rewrite the kinetic-energy metric
N N N
G=)YG,dx, ®dx,:= Ym, dx, ® dx, (24)
a=0b=0 a=0

in terms of the new coordinates: it is given by

N N N
G=m, (dc - Z@dra) ® (dc - z@drﬂ] + Y m,(de + dr,) ® (de + dr,)
m

a=1 mO p=1""0 a=1
N N
=Mde®de+ ) Y H,dr, ® dr, (25)
a=1p=1

The first thing to note is that there are no off-diagonal terms, i.e. terms involving tensor products
between de and dr,. This means that the degrees of freedom labelled by our r, coordinates are
perpendicular (with respect to the kinetic-energy metric) to the centre-of-mass motion. The
restriction of the kinetic-energy metric to the relative coordinates has the components

m,m,

H, = + m, 0, |- (26)
nm,

The determinant of {H,,} follows from taking the determinant of the transformation

formula for the kinetic-energy metric (taking due account of the three-fold multiplicities hidden

in the inner products in R’)
2

3 a(XO, X ) 3 3
det{G X |———| =M X (det{H 27
R e R ) )
which, using (23) and det {G,,} = H;VZO (m,/2), results in
N
det{H,} = ﬂz m,. (28)
m() a=0
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Finally we consider the inverse of the kinetic-energy metric:

N
a=0b=0 axh a=0 ma Xa ()Xa
Using (17) we have

0o my[o o

— ==Y | 30a
ox, M [ac ;ara] (50a)
) 0o m[o 0

—=—+2|==-)— (30b)
ox, oJr, M\odc IZ0r,

G'l=2l gl 22 HYS @ - (1)

where {H*} is the inverse matrix to {H,;}, which turns out to be surprisingly simple:
H? = (m;' s, - M™). (32)
In fact, the relation Z i lHaﬁHﬂV = ¢/ is easily checked from the given expressions.

Note that the kinetic part in (5) is just %°/2) times the Laplacian on R*™*" with respect to
the kinetic-energy metric. Since det (G) and det (H) are constant, this Laplacian is just:

N

A = G“ba .i: iii
_ aﬂa .9
_Mac de ;ﬁz:l or, 0rﬁ
=:A +A,. (33)

Here A. is the part just involving the three centre-of-mass coordinates ¢ and A, the part
involving the derivatives with respect to the 3N relative coordinates r,. Note that there are no
terms that mix the derivatives with repect to ¢ and r,, but that A, mixes any two derivatives with
respect to r, due to the second term on the right-hand side of (32). Clearly, a further linear
redefinition of the relative coordinates r, could be employed to diagonalize H,, and H “_but that
we will not need here.

4. Schrédinger—-Newton effect on the centre of mass

Having introduced the centre-of-mass coordinates, one can consider the possibility that the
wavefunction separates into a centre-of-mass and a relative part’,

3 Here we include the square-root of the inverse of the Jacobian determinant (23) to allow for simultaneous
normalization to || ¥ || = ||w || = ||x || = 1, which we imply in the following.
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2
Pt Xg, -0, Xy) = (ﬁo) w(t; ©) y(t; 1, =, Ty). (34)

In order to obtain an independent equation for just the centre-of-mass dynamics one is, however, left
with the necessity to show that equation (5) also separates for this ansatz. This is true for the kinetic
term, as shown in (33), and it is also obvious for the non-gravitational contribution V,,, which
depends on the relative distances, and therefore the relative coordinates, only.

As long as non-gravitational interactions are present these are presumably much stronger
than any gravitational effects. Hence, the latter can be ignored for the relative motion, which
leads to a usually complicated but well-known equation: the ordinary, linear Schrodinger
equation whose solution becomes manifest in the inner structure of the present lump of matter.

However, while separating the linear multi-particle Schrodinger equation in the absence of
external forces (i.e. equation (5) with the gravitational constant G set to zero) yields a free
Schrodinger equation for the evolution of the centre of mass, the (N + 1)-particle Schrodinger—
Newton equation (5) will comprise contributions of the gravitational potential to the centre-of-mass
motion. The reason for these to appear is the non-locality of the integral term in the equation (and
not the mere existence of the diagonal term a = b as one could naively assume).

Let us take a closer look at the gravitational potential (11). Using the results from the
previous section, in centre-of-mass coordinates it reads:

Ve, 1) =-G / d’c ly (t; ¢ { / HledSr;}

2
. k)
X | myg -
le—¢ = D=2 (r,— ;) |
s=1 Mo
2
(L T
0 o N
— m
N L D T e
s=1 Mo

e (1 )|

N
m
le—¢ +r,+ ) —r; |
5=1 Mg

N
+ m, Zma
a=1

! cee ! 2
+iﬁmamﬂ b (55 )y 1)

a=1p=1 le—¢ +r, -1}l

(35)

10
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The m, dependent terms in the second, third, and fourth lines are more intricate than those in the
last line; but they are only (2N + 1) out of (N + 1) terms and therefore can be neglected for
large N*. In this ‘large N’-approximation only the last double-sum in (35) survives. All r,
integrations except that where y = f can be carried out (obtaining the fth marginal distributions
for ly (t; ¥}, ---, rj)I"). Because of the remaining integration over r, we may rename the
integration variable r), — r’, thereby removing its fictitious dependence on . All this leads to
the expression

< ;e p
‘/g(ta C, r17 Y rN) = _sza ‘/dSC/ /d3r/ |ll/( )l ’OL( ) (36)
a=1

le—¢ +r, -1’

where we defined
N N 5
p(t; 1) :=Zmﬁ /H d’r, ‘)((t; T SIS N SR rN)‘ ) (37)
p=1 r=1
#B

This ‘relative’ mass distribution is built analogously to (7) from the marginal distributions, here
involving only the relative coordinates of all but the zeroth particle. In the large N
approximation this omission of m, should be neglected and p (#; r) should be identified as the
mass distribution relative to the centre of mass. Given a (stationary) solution y of the
Schrodinger equation for the relative motion, p is then simply the mass density of the present
lump of matter (e.g. a molecule) relative to the centre of mass. Although for the following
discussion the time dependence of p makes no difference, we will omit it. This may be justified
by an adiabatic approximation, since the typical frequencies involved in the relative motions are
much higher than the frequencies involved in the centre-of-mass motion.

Note that the only approximation that entered the derivation of (36) so far is that of large
N. For the typical situations we want to consider, where N is large indeed, this will be harmless.
However, the analytic form taken by the gravitational potential in (36) is not yet sufficiently
simple to allow for a separation into centre-of-mass and relative motion. In order to perform
such a separation we have to get rid of the r -dependence. This can be achieved if further
approximations are made, as we shall explain now.

5. Approximation schemes

5.1. Wide wavefunctions

As long as the centre-of-mass wavefunction is much wider than the extent of the considered
object one can assume that it does not change much over the distance r, i.e.

ly(t; ¢ + r)l = |w(t; ¢’)|. Substituting ¢’ by ¢’ + r, in (36) then yields the following potential,
depending only on the centre-of-mass coordinate:

* To be more distinct, assign the label ‘0’ to that particle for which the absolute value of the sum of all (2N + 1)
terms involving m, is the smallest. Then these terms can be estimated against all the others and the error made by
their negligence is of the order 1/N.

11



New J. Phys. 16 (2014) 075005 D Giulini and A GroBardt

w(t; ¢)F p(x)
le—¢ -1

Vil o~ -6u [de [ar (38)

As a result, the equation for the centre of mass is now indeed of type (1) with V, = Vg(A) being

given by M times the convolution of |y|* with the Newtonian gravitational potential for the mass
density p. Case A has been further analysed in [22].

5.2. Born—Oppenheimer-type approximation

An alternative way to get rid of the dependence of (36) on the relative coordinates, i.e., the
r,-dependence on the right-hand side, is to just replace V, with its expectation value in the state

7 of the relative motion’. This procedure corresponds to the Born-Oppenheimer approximation
in molecular physics where the electronic degrees of freedom are averaged over in order to
solve the dynamics of the nuclei. The justification for this procedure in molecular physics
derives from the much smaller timescales for the motion of the fast and lighter electrons as
compared to the slow and heavier nuclei. Hence the latter essentially move only according to
the averaged potential sourced by the electrons. In case of the Schrodinger—-Newton equation,
the justification is formally similar, even though it is clear that there is no real material object
attached to the centre of mass. What matters is that the relative interactions (based on
electrodynamic forces) are much stronger than the gravitational ones, so that the characteristic
frequencies of the former greatly exceed those of the latter; compare, e.g., the discussion in
[23].
Now, the expectation value is easily calculated:

N
v o =1 [T dx ¢ letet. - )]
p=1
lw(t; )2 p () [y (x), . )

N N
=—G Ym / d’e’ / d’r / dr’
;a g / le—¢ =1 +r/ |

——G f &’ f &r’ / gp W6 RERE) (39)

le—¢ —1r +1"|

V(t; e, xf, -, )

2

Note that this expression involves one more R’ integration than (38).

In [22] we studied two simple models for the matter density p: a solid and a hollow sphere.
The solid sphere suffers from some peculiar divergence issues, which we explain in appendix B,
and is also mathematically slightly more difficult to handle than the hollow sphere whose radial
mass distribution is just a 5-function. We therefore use the hollow sphere as a model to compare
the two approximation ansitze given above.

While in [2, 12, 13, 22] the expression ‘collapse mass’ was used in a rather loosely defined
manner, here we define as critical mass the mass value for which at # = 0 the second-order time

derivative of the second moment Q(t) = f d’c |c]* lw(z; ©)” vanishes, i.e. O(t = 0) = 0. (Note

that for a real-valued initial wave-packet the first-order time derivative always vanishes.) For the
one-particle Schrodinger—Newton equation and a Gaussian wave packet of 0.5 ym width this

> We are grateful to Mohammad Bahrami for this idea.
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yields a critical mass of 6.5 x 10’ u, which fits very well with the numerical results obtained in
[13].
For the hollow sphere we then obtain the analytic expression

-1/3

1/3
([F_3 ) L g R
mcm—(g Gaf(R/a)] ~ 5.153 x 10 u((a/,um)xf(a)) (40)

for the critical mass. This expression is derived in appendix A. The function f'is constantly 1 in
the case of the one-particle Schrodinger—Newton equation and shows exponential dependence
on R in the case of the wide wavefunction approximation. In the case of the Born—-Oppenheimer
approximation, f is a rather complicated function that can be found in the appendix.

The resulting critical mass for a width of the centre-of-mass wavefunction of 0.5 ym is
plotted as a function of the hollow-sphere radius in figure 1. The curve that the figure shows for
the wide wavefunction approximation coincides well with the results we obtained in the purely
numerical analysis in [22]. For the Born—-Oppenheimer-type approximation the plot shows a
radius dependence of the collapse mass that is almost linear. This is in agreement with the result
by Di6si [15], who estimates the width of the ground state for a solid sphere to be proportional

to (RIM)*".

5.3. Narrow wavefunctions in the Born—Oppenheimer scheme

With the Born—Oppenheimer-type approximation scheme just derived we now possess a tool
with which we can consider the opposite geometric situation to that in Case A, namely for
widths of the centre-of-mass wavefunction y that are much smaller than the extensions
(diameters of the support) of the matter distribution o i.e., for well localized mass centres inside
the bulk of matter.

Let us recall that in Newtonian gravitational physics the overall gravitational self-energy of
a mass distribution p is given by

Up):= - % / d'x / &’ % . (41)
If p = p + p’, we have by the simple quadratic dependence on p
Ulp + p"):=Ufp) + Ugp') + L(p. p'), (42)
where
I, p)i=—G f &’ / gy PRPX) 43)
Ix — x|

represents the mutual gravitational interaction of the matter represented by p with that
represented by p’. In the special case p’ = T,p, where T; denotes the operation of translation by
the vector d,

(Typ) (x):=p(x — d), (44)
we set
L(d):=1(p, Tp). (45)

13
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Figure 1. Critical mass for a hollow sphere as indicated by the behaviour of the second
moment. We used a wave-packet width of 0.5 ym.

It is immediate from (43) that f R’ - R has a zero derivative at the origin 0 € R,

1,(0) = 0, (46)
and that it satisfies the following equivariance
I(Rd) = 1,,,(d) (47)

for any orthogonal 3 x 3 matrix R. The latter implies the rather obvious result that the function
d — [, (d) is rotationally invariant if p is a rotationally invariant distribution, i.e., the interaction
energy depends only on the modulus of the shift, not its direction.

For example, given that p is the matter density of a homogeneous sphere of radius R and
mass M,

3M
—— for ||x|| <R
px) =4 agry O IXl (48)

0 for [|x| >R,

the gravitational interaction energy between two such identical distributions a distance
d:=||d || apart is

2 3 5
GM’ %_2(%) +%(%) _%(%) or <2k
1) = - > (49)

X
for d > 2R.

SH

The second line is obvious, whereas the first line follows, e.g., from specializing the more
general formula (42) of [16] to equal radii (R, = R,) and making the appropriate redefinitions in

order to translate their electrostatic to our gravitational case. This formula also appears in [24].
Using the definitions (43) and (45), we can rewrite the right-hand side of (39) as convolution of

lyl> with 1 )

14
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Vit ¢ = f &’ I,(c = ¢) ly(r; ) . (50)

Since in equation (3) this potential is multiplied with y(z, ¢), we see that only those values of
’ . . L2 . . . . .
1 ) (¢ — ¢’) will contribute where |y (¢; ¢')|"w(t; ¢) appreciably differs from zero. Hence if y is
concentrated in a region of diameter D then we need to know /, (¢ — ¢’) only for|le¢ — ¢'|| < D.
Assuming D to be small we expand /, in a Taylor series. Because of (46) there is no linear term,

so that up to and including the quadratic terms we have (using that |y (¢; ¢’)* is normalized with
respect to the measure d’c’)

V2t 0) = L,(0) + 310) - (c®c—2¢® () + (e ® ¢)). (51)

Here 1 ;(0) denotes the second derivative of the function /,: R’ - R at 0 € R (which is a

symmetric bilinear form on R’) and ( - ) denotes the expectation value with respect to . We
stress that the nonlinearity in y is now entirely encoded into this state dependence of the
expectation values which appear in the potential. If, for simplicity, we only consider centre-of-
mass motions in one dimension, the latter being coordinatized by ¢ € R, then (51) simplifies to

VP (55 ¢) ~ 1,00) + 31/ 0)(¢ = 2¢ (e) + () (52a)

2
=1,(0) + 1/ 0)(c = () + ;O = (e)?). (52b)
The first term, 7,(0), just adds a constant to the potential, which can be absorbed by adding

—(i/72)1,(0) 1 to the phase y. The second term is the crucial one and has been shown in [23] to

give rise to interesting and potentially observable effects for Gaussian states.
More precisely, consider a one-dimensional nonlinear Schrodinger evolution of the form
(1a) with v, given by the second term in (52) and an additional external harmonic potential for

the centre of mass, then we get the following nonlinear Schrodinger—-Newton equation for the
centre-of-mass wavefunction,

n o’ Mol Mol 2 t 53
2M?+E a)cc +5 a)SN(C_<C>) l//(70)7 ( )

110y (t; ¢) = ( —

where wgy := /1’ (0)/M is called the Schrodinger-Newton frequency. This equation has been

considered in [23], where the last term on the right-hand side of (52b) has been neglected for
a priori no good reason. Note that (c*) and (c)* contain the wavefunction and hence are
therefore not constant (in time). Now, in the context of [23] the consequences of interest were
the evolution equations for the first and second moments in the canonical phase-space variables,
and it shows that for them only spatial derivatives of the potential contribute. As a consequence,
the term in question makes no difference. The relevant steps in the computation are displayed in
appendix C.

Based on the observation that equation (53) evolves Gaussian states into Gaussian states, it
has then been shown that the covariance ellipse of the Gaussian state rotates at frequency

@), = @’ + g, whereas the centre of the ellipse orbits the origin in phase with frequency a).
This asynchrony results from a difference between first- and second-moment evolution and is a

15
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genuine effect of self-gravity. It has been suggested that it may be observable via the output
spectra of optomechanical systems [23].

6. Conclusions and outlook

Although the many-particle Schrodinger—-Newton equation (5) does not exactly separate into
centre-of-mass and relative motion, we could show that for some well-motivated approxima-
tions such a separation is possible. As long as the extent of an object is negligible in comparison
to the uncertainty in localization of its centre of mass the one-particle equation (3) is a good
model in both approximation schemes considered.

In the opposite case of a well localized object, i.e. one that has a narrow wavefunction
compared to its extent, the gravitational potential takes the form (52), which yields a closed
system of equations for the first and second moments and therefore the effects described in [23].
The nonlinear Schrédinger equation resulting from the potential (52) is also considered in [24],
where it is used for comparison of Schrodinger—Newton dynamics with models of quantum
state reduction and decoherence.

The modification (38) provides a valid correction of the one-particle Schrodinger—-Newton
equation for objects of finite but small radii. This equation was considered in [25] and studied
numerically in [22]. It remains unclear for which ratio of the object’s extent to the width of the
wavefunction the Born—Oppenheimer-type approximation (39) starts to be superior to the wide
wavefunction approximation. It may even be the better approximation throughout the whole
range of possible object sizes and wavefunctions, since a Born—-Oppenheimer-like approxima-
tion is implicitly assumed also for the wide wavefunction when the mass density is taken to be
that of a solid object.

In passing we make the final technical remark that the analysis of the critical mass for the

hollow sphere shows that this mass increases linearly with the radius R of the sphere. Given a

3 .
"4 a relation

fixed mass, this implies that the width of the stationary solution increases like R
already found by Didsi [15].

The interface between quantum mechanics and gravity theory remains one of the most
interesting and profound challenges with hopefully revealing experimental consequences,
which we are only beginning to explore. In this context one should also mention that nonlinear
one-particle Schrodinger equations are of course also considered for Einstein—Bose
condensates, in which case inclusion of self-gravity adds a Schrodinger—Newton term in
addition to that nonlinear term obtained from the effective potential within the Hartree—Fock
approximation (Gross—Pitaevskii-Newton equation). Such equations are derivable for particle
numbers N — oo without further hypotheses and may open up the possibility to test self-gravity
effects on large quantum systems. Recent experiments have demonstrated the high potential of
atom interferometry on freely falling Einstein—-Bose condensates [26] and it seems an interesting
question whether this may be used to see self-gravity effects on such systems.
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Appendix A. Comparison of approximations for spherically symmetric mass
distributions

For both the wide wavefunction approximation (38) and the Born—Oppenheimer-type
approximation (39) one must solve integrals of the type

I(a) = /d* _A0 (A.1)

Ir—aj’

In a spherically symmetric situation these take the form

2z r
I(a) = f rdr/ dcosef do P
\/r + a* — 2ra cos 0

:f/:dr r2pc(r) +47r/ drrpc(r), (A.2)

a

where we write a for the absolute value [a], etc. If now we assume that p is the mass density of a
hollow sphere of radius R, i.e.

M
p(r) = > 6(r—R), (A.3)
Az r

these integrals simplify to

% ifa <R
I(a) = M (A.4)
— ifa > R.
a
With this the wide wavefunction approximation (38) results in
Vi e R = = GM [ & (i OF Il - €'l (AS)
On the other hand, the Born—Oppenheimer approximation (39) leads to
VO ¢ R) = -G f & (s )P / & p) Ille —¢ =l (A6)

In order to be able to obtain an analytical result we consider the initial Gaussian wave
packet

p(it=0;¢) = (7raz)_3/4 exp(—%) , (A.7)

a
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for which these potentials take the form

0. o  GM a _(c+R?) (=R’
Vale Ry === {ﬁcR[eXp( e ) exp( @ )]

Ll
A2l

Vy(c; R) = = GMZ{ - (% + 8—R2) exp( - %)

a

a (1 1 )[ ( (c+2R)2) ( (c—2R)2)]
+ — - —|lexp| - ———|—-e&xp| - —F——
Jom R\2c 4R a a
+l erf(c+2R)+erf(c_2R)]
C a a

+l(1_L_“_2)[erf(c+2R)—erf(c_2R)]}. (A.9)
R 4R 8cR a a

Note that both potentials agree in the limits

2
lim V) ,(c; R) = — oM erf(ﬁ) and limV} ,(c; R) = 0. (A.10)
R—-0 ’ s a R— ’

As a measure to compare these potentials with each other and the one-particle
Schrodinger—-Newton equation we use the second moment Q(f) = f d’c ||’ [w(t; ¢))’. For a
real wave packet its first-order time derivative can be shown to vanish. Therefore the sign of the
second-order time derivative Q at t = 0 determines if a wave packet initially shrinks or increases
in width. In general, the second-order time derivative is

2

. 27 2
o) = / d%(v V(s ©F + Va5 (3 (s ©F + ¢ V Iy c>|2)), (A.11)
which for the spherically symmetric Gaussian state (A.7) takes the form

37%° 8 S o2
Ma’ " JaMa’® /0 de exp( - ?) Ve (3a2c2 - 204) (A.12)

0@t =0) =

=52
M-a T a

3% 2GMf(R). A13)

a

The critical mass defined by O(t = 0) = 0 is then given by

-1/3

1/3
w34 g R
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The function fis f= 1 for the one-particle Schrodinger—-Newton equation. For the hollow
sphere potential in the wide wavefunction and Born—Oppenheimer-type approximations, (A.8)
and (A.9), respectively, this function can be calculated as

1 (2) ool - )
(230 -C)
von{ -2 )( - 5))( 3 2))

2 2
a

Appendix B. Divergence of the solid-sphere potential in the wide wavefunction
approximation

Given a spherically symmetric situation the wide wavefunction approximation (38) takes the
form

Viey = (' * @) (@) = 4x [ de' Py @F dlle = 1), (B.1)

where for the potential @ we want to consider the following three cases:

e Coulomb potential (i.e. the case of the Schrodinger—Newton equation (3)):

Be)= -, (B.2)
c
e hollow sphere of radius R:
I .
s =1 & TR (B.3)

@D(c) ifc 2 R,

e solid sphere of radius R:

_3 . < ifc <R
D(c) = 2R 2R} (B.4)
D(c) ifc > R.
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First we want to study the behaviour of V, = V(c = 0) for a Gaussian wave packet

ly (o) = iexp(—cz). For convenience we omit all pre-factors. Equation (B.1) then reads:

V, = / de ¢? exp(—c?) @ (c) (B.5)
0
R co
- / de ¢ exp(—c?) (c) + / de ¢ exp(—c?) B(c) (B.6)
0 R
R _p2
_ f de ¢ exp(—c?) d(c) — w. (B.7)
0
For the three different potentials one obtains
R —R?
Vo= [ de e exp(-c) (o) - FPRD
0
__ 1, ep(=R) _exp(=R’)
2 2 2
1
=—_, B.8
> (B.8)
R —R?
Vo= [ de ¢ o= o) - SEERD
0
2 2
=exp( R") 3 ﬁerf(R)—eXp( R
2 4R
J7
= - — erfR . B9
R (R) (B.9)
3 R 1 R exp(—R?)
V:—/d2 @ +—fd4 _eyy - ST
=7/, c ¢ exp(—c’) D,(c) . c c exp(—c’) 5
3z 3 2 3Jrm
= - erf(R) — — exp(—R") — erf(R). B.10
SR (R) T xp(—R") [OR? (R) (B.10)

In the limit R — 0 the function erf (R)/R converges to 2/</z. Thus, (B.9) converges to —1/2 and
yields the same value as one gets for @. For (B.10) both the second and third terms diverge but
the sum of both terms converges and altogether V| also converges to the value of —1/2. So
everything seems fine.

But now consider the behaviour of V(c) in a small neighbourhood of ¢ = 0, i.e.
V. = V(c = ¢). For the hollow sphere this changes nothing of course, since the potential is
constant within radius R. The potentials @ and @ can be expanded around ¢ = 0 and yield

D(c+e)=D(C) + ¢ i2 +0(¢%), (B.11)
C

3

Ble+ €)= D) +e 5+ 0. (B.12)
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This gives the additional contributions

R
V.=V, +e f de exp(—c?) (B.13)
0
=V, +e ? erf(R), (B.14)
€ K 3 2
V.=V, + — f de ¢ exp(—c?) (B.15)
T TR
2
= vy, = e T exp(—RY) + % (B.16)

to the potentials. For the Coulomb potential everything is fine since erf (R) — 0 for R — 0.
Hence, both the Coulomb and the hollow sphere potential obtain no further contributions at this
order and it can be easily checked that this also holds for all higher orders in &.

For the solid sphere potential, however, things are not fine at all. Not only does the term
proportional to exp(—R’) in the limit R — 0 yield a contribution —e/2, which already makes it
differ from the Coulomb potential; the last term is even worse because it diverges in this limit.
Therefore, we cannot take this model seriously for small radii of the solid sphere and we are
better off taking the hollow sphere potential as a toy model for the density of a molecule.

Appendix C. Evolution equations for first and second moments in the narrow
wavefunction limit

Here we will explicitly derive the self-contained system of evolution equations for the first and
second moments given in [23]. It has been noted there that since this system is closed, Gaussian
states will remain Gaussian under evolution. We will show that the difference of our
equation (52) from equation (53) given in [23] has no influence on this set of equations.
For this we consider the Schrodinger equation
2

4
2M

i = Ly + Hy, (C.1)

where

H = gxz — kX - (X) + a(x)” + p <x2>

p,=—10,
k=keoy + koy = Ma)éM + Ma)sﬁ\,.

In principle, in the case of equation (52) we have a = 0, f = kg /2, while in the case of
equation (53) a = ky /2, f = 0. But note that

9,(x); =0, (C.2a)
0.(x*) = 0. (C.2b)
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Therefore, independent of the choice of a and f the derivatives of H, are
O.H, = kx, — kgy (X);, (C.3a)

AH, = 3k. (C.3b)

We will see that H, will enter into the evolution equations for the first and second moments only
through these derivatives. Thus, for the different equations (52) and (53) we obtain the same
evolution equations for the first and second moments, which are:

0(x), = /d3x x[.(y/*l// + l//l//*) = ﬁ /d3x xi(t//*Ay/ - U/Ay/*) (C.4a)
:_ / d'x( 0,(xwr™) + (0w*)9,00v) (C.4b)
ﬁ &x( - yray + woy®) /d3xt// (-id)y (C.4¢)

=% (C.4d)
9,(p), = —i / &x(y* 9y + wrow) (C.5a)
ﬁ dx ( (Ay™*)ow + w*dl.Ay/) — (0H,) (C.5b)

_ W / Ex((0y™)00u + w*oAy) - (oH,) (C.5¢)
ﬁ &x( -y o4y + y*oay) — (0H,) (C.5d)

= —k(X);, + kg (X), (C.5e)

= —kew(X); (C.5)

01<X2> = /d3x Xz(l//*lj/ + 1//1//*) = ﬁ d’x Xz(l//*Al// — z//Ay/*) (C.6a)
ﬁ &x ( (ajy/>aj<xixil/,*) + (djw*)aj(xixiy/)) (C.6b)

:j / de( — xy oy + x,.l//c)iw*) (C.6¢)

zi / dx(y (- i0)w + w*(— i0)(xw)) (C.6d)

= (xB) + (B X)) (C.60)
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0, <p2> =— fd3x(1//*Ay/ + t//*Al//)

i . .
= b fd3x ((Al//*)Al// - 1//*AA1//) + 2i fd3x ™ (al.Hl)a,,y/ +1 <AH1> (C.7a)
=2i / &y (ky, — key (X)) + 3ik (C.7b)
- 2% f &y, (= i0)w + 2kgy (X), / &x ¥ (— i0)y + 3ik (C.7¢)
= =2k (x-P) + 2k (x) - (P) + k(x - p) — k(p - X) (C.7d)
=—k((x-p)+ (P X))+ 2ken (x) - (P) (C.7e)
0,(x-p)=0a(p x)= / Ex(yrx (—i0)w + yx( —i0)) (C.8a)
1
= ->0 / dx x((Ay™)ow — y*odw) — (x0H,) (C.8b)
1 1
= o [ax(ou)owow) + o / &x xyody — (x0H,) (C.8¢)
1 :
=0 f x((0w*) o + x,(0) 20w + xy*oAy) - (x0H,) (C.8d)
1
= &x( =y Ay — yro,(vd0w) + xyrody) — (xoH,) (C.8¢)
- - % [ @ wray - (xom) (C.8f)
2
p
= <M—> — k(X7) + kg (x)° (C.82)

The same evolution equations are obtained by operators X and p that in the Heisenberg
picture fulfil

ox = % (C.9a)
op = —keyX — kgy(X — (X)). (C.9D)

This was used in [23] to describe the effect of the Schrodinger—Newton equation on Gaussian
states.

References

[1] Rosenfeld L 1963 Nucl. Phys. 40 353-6

[2] Carlip S 2008 Class. Quantum Grav. 25 154010

[3] Giulini D and GroBardt A 2012 Class. Quantum Grav. 29 215010

[4] Wald R M 1994 Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics (Chicago
Lectures in Physics) (Chicago, IL: The University of Chicago Press)

23


http://dx.doi.org/10.1016/0029-5582(63)90279-7
http://dx.doi.org/10.1088/0264-9381/25/15/154010
http://dx.doi.org/10.1088/0264-9381/29/21/215010

New J. Phys. 16 (2014) 075005 D Giulini and A GroBardt

[5] Anastopoulos C and Hu B L 2014 Problems with the Newton—Schrddinger equations arXiv:1403.4921
[6] Anastopoulos C and Hu B L 2014 Newton—Schrédinger equations are not derivable from general relativity +
quantum field theory arXiv:1402.3813
[7] Page D N and Geilker C 1981 Phys. Rev. Lett. 47 979-82
[8] Eppely K and Hannah E 1977 Found. Phys. 7 51-68
[9] Mattingly J 2005 Is quantum gravity necessary? The Universe of General Relativity (Einstein Studies vol 11)
ed A J Kox and J Eisenstaedt (Cambridge, MA: Birkhduser) pp 327-38 chapter 17
[10] Mattingly J 2006 Phys. Rev. D 73 064025
[11] Albers M, Kiefer C and Reginatto M 2008 Phys. Rev. D 78 064051
[12] Salzman P J and Carlip S 2006 A possible experimental test of quantized gravity arXiv:gr-qc/0606120 (based
on Salzman P 2005 Investigation of the time dependent Schrodinger—Newton equation PhD Thesis
University of California at Davis)
[13] Giulini D and GroBardt A 2011 Class. Quantum Grav. 28 195026
[14] Hornberger K, Gerlich S, Haslinger P, Nimmrichter S and Arndt M 2012 Rev. Mod. Phys. 84 157-73
[15] Didsi L 1984 Phys. Lett. A 105 199-202
[16] Iwe H 1982 Z. Phys. A 304 347-61
[17] Grawert G 1977 Quantenmechanik 3rd edn (Wiesbaden: Akademische)
[18] Heisenberg W 1949 The Physical Principles of the Quantum Theory (Mineola, NY: Dover) lectures delivered
1929 at the University of Chicago
[19] Christian J 1997 Phys. Rev. D 56 484477
[20] Adler S L 2007 J. Phys. A: Math. Theor. 40 755-63
[21] Schrodinger E 1927 Ann. Phys. 82 265-72
[22] Giulini D and GroBardt A 2013 Class. Quantum Grav. 30 155018
[23] Yang H, Miao H, Lee D S, Helou B and Chen Y 2013 Phys. Rev. Lett. 110 170401
[24] Colin S, Durt T and Willox R 2014 Crucial tests of macrorealist and semi-classical gravity models with freely
falling mesoscopic nanospheres arXiv:1402.5653
[25] Jadskeldinen M 2012 Phys. Rev. A 86 052105
[26] Miintinga H et al 2013 Phys. Rev. Lett. 110 093602

24


http://arXiv.org/abs/1403.4921
http://arXiv.org/abs/1402.3813
http://dx.doi.org/10.1103/PhysRevLett.47.979
http://dx.doi.org/10.1007/BF00715241
http://dx.doi.org/10.1103/PhysRevD.73.064025
http://dx.doi.org/10.1103/PhysRevD.78.064051
http://arXiv.org/abs/gr-qc/0606120
http://dx.doi.org/10.1088/0264-9381/28/19/195026
http://dx.doi.org/10.1103/RevModPhys.84.157
http://dx.doi.org/10.1007/BF01421517
http://dx.doi.org/10.1103/PhysRevD.56.4844
http://dx.doi.org/10.1088/1751-8113/40/4/011
http://dx.doi.org/10.1002/(ISSN)1521-3889
http://dx.doi.org/10.1088/0264-9381/30/15/155018
http://dx.doi.org/10.1103/PhysRevLett.110.170401
http://arXiv.org/abs/1402.5653
http://dx.doi.org/10.1103/PhysRevLett.110.093602

	1. Introduction
	2. The many-particle Schr&#x000F6;dinger�&#x02013;�Newton equation
	3. Centre-of-mass coordinates
	4. Schr&#x000F6;dinger�&#x02013;�Newton effect on the centre of mass
	5. Approximation schemes
	5.1. Wide wavefunctions
	5.2. Born�&#x02013;�Oppenheimer-type approximation
	5.3. Narrow wavefunctions in the Born�&#x02013;�Oppenheimer scheme

	6. Conclusions and outlook
	Acknowledgements
	Appendix A.
	Appendix B.
	Appendix C.
	References



