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Field-theoretic approach to large-scale structure formation
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We develop a field-theoretic description of large-scale structure formation by taking the nonrelativistic
limit of a canonically transformed, real scalar field which is minimally coupled to scalar gravitational
perturbations in longitudinal gauge. We integrate out the gravitational constraint fields and arrive at a
nonlocal action which is only specified in terms of the dynamical degrees of freedom. In order to make this
framework closer to the classical particle description, we construct the corresponding 2PI effective action
truncated at two loop order for a nonsqueezed state without field expectation values. We contrast the
dynamical description of the coincident time phase-space density to the standard Vlasov description of cold
dark matter particles and identify momentum and timescales at which linear perturbation theory will

deviate from the standard evolution.
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I. INTRODUCTION

It lies in the nature of physics that surprising effects
happen on the transition between one physical scale to
another. In order to study whether such transitioning
effects are important one ought to start from the most
fundamental description that is available and descend in a
controlled way to the scale that is relevant for the problem.
Cosmological theories are in particular sensible to such
transitions since they attempt to describe various scales
and its associated effects range from quantum field
physics during inflation up to the evolution of large-scale
structures and cold dark matter at later times which is what
we are interested in. Even if one assumes only a real scalar
particle with gravitational interactions in a nonrelativistic
limit, there is still room to choose the state which should
describe this cold dark matter, be it a classical stochastic
state with or without squeezing, or a condensate. In [1,2],
we showed that a nonsqueezed, classical stochastic state
leads to pointlike cold dark matter characteristics on large
scales and is thus the field-theoretic generalization of the
standard Vlasov description [3,4]. The condensate
description corresponding to a coherent state, on the other
hand, is referred to as fuzzy dark matter [5—-10]. It also
resembles pointlike cold dark matter dynamics on large
scales but there are, however, significant small scale
effects [11-14]. Are such small scale effects an exclusive
features of a condensate state, do they occur for other
states, how do they differ?
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In order to account for these questions we are after a field-
theoretic description of cold dark matter that originates from
the QFT tree-level action of a real scalar field with minimal
coupling to gravity where we focus on scalar gravitational
perturbations in longitudinal gauge in an Friedmann-
Lemaitre-Robertson-Walker (FLRW) universe. We would
like to emphasize that using an action of genuine quantum
nature does not imply that quantum effects are considered
important, field-theoretic effects, however, may be and we
will give examples of such effects in this paper. One of the
key ingredients in this work is the generalization of the
canonical field transformation developed in [15] where
the nonrelativistic limit of a self-interacting real scalar field
in Minkowski space-time is addressed. We perturb the gen-
eral relativistic theory (1) and rewrite it in terms of the
diagonal field representation (8). We then take the non-
relativistic limit assuming that the mass m of the scalar is the
largest scale apart from the Planck scale M p. The resulting
action (50) contains the classical, nonrelativistic particle
description as a special case on large scales. We show this by
constructing the corresponding 2PI effective action truncated
at two loop order for a virialized state, namely a state that is
neither squeezed nor that it has a nonvanishing condensate.
Viriliazed states can contain a large number of particles, if
they descend from a mixed density matrix.

The work we present in this paper is in line with
our previous works [1,2]. However, the main differences
are first, that we perturbatively integrate out the gravita-
tional constraint fields which leads to an additional
exchange interaction and second, that we set up a general
framework where we a priori do not assume that spatial
gradients V are small compared to the particle momenta p
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which is important if one would like to study small scale
effects.

Let us also mention that the development of the frame-
work in this paper is also motivated by the problem of
solving cold dark matter dynamics beyond the linearized,
single-stream perfect fluid approximation. Similar to the
statistical field theory based on classical pointlike particles
[16,17] and as an extended approach to the condensate based
Schroedinger model [18-21], we reformulate the problem of
cold dark matter dynamics by resorting to a more funda-
mental description which may be more suitable to get a
different analytical and numerical access.

We work in units where ¢ =1 with a mostly plus
signature (—, +, +,+).

II. GRAVITY THROUGH EXTERNAL FIELDS

Let us start by writing down the action for a massive, real
scalar field in its canonical form with couplings to gravity
in Arnowitt-Deser-Misner (ADM)-variables [22],

S(b:[tzdl/): dx
- N . m?
X {H(p(ﬁ - 571/2 <}’_1H3¢ + 7700 + ﬁ¢2>
- NiH¢8i¢] , (1)

where N and N’ are lapse and shift functions, vij is the
spatial metric, y its determinant and 7z, is the canonical
momentum associated with ¢. We now neglect vector and
tensor perturbations in the metric and consider scalar
perturbations in the longitudinal gauge with the gravita-
tional potentials ®; and ¥, in which we also linearize
with a small perturbation parameter &,

N=N(1+®;), N =0,

Yij = 0251'/'(1 —-2¥%), 71/2 = 03[1 -3%;], (2)
O(‘Dg,lpc) = 85 < 1. (3)

This leads us to
ty o1
S¢z/ dt/z d3x[H¢¢—§N(1+<I>c)<a‘3[1+3‘1’c]ni
m2
+all =¥5570,40 p + a1 — 3] hzqﬁ )] (4)

We switch to conformal time adny = Ndt whose derivative
is denoted by a prime (a¢H = ¢') and perform a first
canonical transformation (leaving the path-integral measure
unchanged) by defining

. =agp, 115 = a™ ', + Hap. (5)

We integrate by parts and find upon dropping temporal
boundary terms

_ [T 3
Sy~ Sy, = i dn g d’x
1 n

x {ngfpg — % { [1+ ®g + 3% (I15)?

= 2[®g + 3¥G|HpIT + [1 + O — V5167 0,06,

+[1+ ®g - 3%] eff 2

+ [(H + 2H*) @6 — 3H"PG]¢§H . (6)

where we identify the effective mass

mgff = m?a® — W*H' — h*H>. (7)
We now propose a straightforward generalization of the
nonlocal field redefinition worked out for Minkowski
space-time by [15],

1

l//E *Ql/z((ﬁ + i IH(/))

[\
5\‘

mg; — h2A (8)

where the spatial Laplacians are given by
A =519,;. (9)

and the time-dependent phase £ is defined as

£(n) Eexp(—i/”m%(mdﬁ>. (10)

The transformation (8) is akin to going to creation and
annihilation operator variables in which one may diago-
nalize the Hamiltonian in the free theory. Moreover, it
removes Zitterbewegung generated by the mass term. The
operator Q has the interpretation of a particle energy. The
reverse transformation of (8) reads

I7)
c = 7/\5 +5* *,
P =1 2gllw +EW)
I = - \/ (&// Exy).

We note, that the corresponding measure in the path-
integral is in the Hamilton formulation related to the real
and imaginary parts of v,

(11)

D¢ DITj, o DRey Dimy. (12)
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Thus, we have a canonical transformation between the
fields @, 1T, and Rey, Imy. Moreover, one obtains the

expected, equal-time commutation relation for the corre-
sponding quantum operators in the nonrelativistic theory,
|

b} Q
Sp. = Sy[@g. Y] = /;7 d’?/ d*x il//*l//’—meffl//<
‘ m z, h Megf

2

N

= Im(Ey)
Megr

_ Mgy

(@ + 3¥g]

n
- [(H’ + 2H2)¢>G
Megp

A

= Im(Ey)
Mgt

1 2@ + 3‘PG]H[ mnge(&//)] [

The transformation (8) was designed to obtain a non-
relativistic description in 72||A|| < m2; such that one can
perturbatively correct it in a controlled way. Spatial
derivatives V = V5 acting on matter fields y(X) will be
mapped on particle momenta p and long-distance gradients
Vg~ hk once two-point functions of fields such as

(' (n, X)yw(n, y))> are mapped to a particle phase space
density f(1, . X). Thus, assuming #2||A|| < m2; corre-
sponds to assuming physical momenta p and inverse
distance scales L~' ~ k of the underlying physical problem
to be much smaller than the scale set by the mass mg;.

Let us subsume these scale relations in the following
expansion parameter

/]
O(M) =e, < 1.
m

We will only keep leading order contributions in &, and
also drop multiplicative higher-order terms of the type 8

(15)

€2, that involve the gravitational perturbation parameter.

Moreover, we want to consider the case where the mass m

is much bigger than the Hubble rate or its logarithmic
derivative

WH nH'

(@) =egm < 1, 16

(ma 'Hma) H/m (16)

In what follows, we shall keep only leading order con-

tributions of order ey, and drop multiplicative higher-

order terms of order eé . e% /m involving the gravitational

potential. However, we keep terms of order eé - €y/m Since
they come with phase-factors whose time derivative can
reduce the order by one power. We then have

2
—3H’\PG][ mnge(sw)} -

(13)

Plugging in the transformation (8) into the action (6),
we find

(. x'). 9" (. y")] = 18 (', 7).

1m’ m>

-1 * _ effI 2 Aeff
>l// 2 Mg m{c‘fngz 1//]
meff 2
+ [ — 3] /72 Re(Ey)
n i [Megp Mefp
®; —¥Y5)0" [ ——0Re(Ey) | —0Re(&

meff( G G) o) e(&y) S e(Ew)

(14)

m nA  ma
[OPSR SN PV 3 s ko] * _ o)
Sy[®g, ¥l /m dn/zﬂdx{lwarw (—2ma o )w

ma
—+ 37“PGR6(521//2)

—H(%—<I>G—3‘PG> Im(Ezy/Z)}. (17)
What we have achieved so far is a different viewpoint on
the nonrelativistic limits we discussed in [1] and [2] by
assuming small gradients and a small expansion rate of
scale factor with respect to the mass. If we promote the field
w to an operator, we find that we treated the equal-time
correlators

(1 (x

D). ([ (090).
(@I,0)). (@)

)b(y)). (18)
for the equal-time correlators
WP ). W),
WEyO). W @e (). (19)

In [1,2] we concluded that only a particular combination of
suitably transformed correlators constitutes a phase-space
density of classical particles, the other ones being highly
oscillatory and suppressed if they are initially small. The
situation is similar in the new variables and amounts to
neglecting (i (x)@(y)) and (y*(x)y"(y)) in comparison to
(Wr(x)pt(y)) and (@' (x)@(y)). It is usually the case that if
one drops these squeezing contribution, one can show that
if they are not present initially, the evolutions will generate
them only under special circumstances. Apart from the
limits we have taken so far, we can consider this require-
ment on the quantum state as another requirement to obtain
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a description of classical particles from a real scalar
quantum field. We refer to such a state as a virialized state
since the kinetic energy in field space expressed through the
IT,I1-correlator is of the same order as the potential energy
expressed through particle energy squared times the ¢¢-
correlator. A virialized state corresponds to a spherical
blob in the phase-space diagram of the real scalar field.
This state is more general than a thermal state since no
relationship is assumed between phase-space occupancy of
different field momenta. Thus, assuming the oscillatory
correlators to be small initially, we can omit them from the
dynamical description,

Sy |®g. Y]

virialized state [ 12 nA
1d”/ dn/d3xn//l//+l// =Ty |
2ma h

and the operator equation corresponding to this action reads
(for classical gravitational fields),

hA, ma
2ma h

001.5) =~ )|t 21)
Choosing a coherent quantum state such that the connected
piece of the two-point functions are negligible and classical
fields are a good enough approximation leaves us with the
dark matter description coined fitzzy dark matter. However, as
we advocated in [1,2], we do not have to restrict ourself to one-
point functions since choosing a more-general state allows
a priori for vorticity and anisotropy without additional course
graining. For such a more general state with nonvanishing
connected two-point functions, we can define a Wigner
transformation (which corresponds to the spatially covariant
one in [2] to zeroth order in gravitational perturbations),

f(ani’pi)
1

—ipk S i i ~ i i .
= G [ L7 P X200 (1 X1~ 27,

(22)

where we made use of a local normal ordering prescription

” that essentially subtracts the state-independent quan-
tum contribution of the two-point function such that a
gradient expansion in zp;0y: is possible (in other words,
we have a hierarchy of scales ma > p > hdy together
with ma > H, for more details see [2]). The dynamical
equation for the phase-space density f approaches the
Vlasov equation for cold dark matter to leading order in the
spatial gradient expansion

0 Pk 2 i iy~
an " maoxr Ml + O] 5 el X 5
x f(n, X", p;) = 0. (23)

III. INTEGRATING OUT
GRAVITATIONAL FIELDS

Instead of treating the gravitational perturbations as part
of a classical (possibly stochastic) background metric, we
treat them now as quantum fluctuations and integrate them
out. This approach enables one to be more accurate in
comparison to the one-loop semiclassical expansion and
leaves only the true degrees of freedom in the description of
the theory. The starting point for the gravitational part is the
Einstein-Hilbert action in the ADM formulation

t .. .
S, = / Cdi /2 B[y, — NHY — NiH|
t.
+ / Ydt | dPaH. (24)
I3 0%,

where the spatial boundary term Hp specified in [23] is of
no relevance for us and the Hamilton and momentum
constraints of the gravitational sector are given by

> 2
(9) :_MP 1/2 p(n-1) i IT; 1‘[1 1 25
o wm! W 2 @
1
e S 20

which should not be confused with the conformal Hubble
rate H. In the gravitational Hamiltonian densities (26), we
made use of the reduced Planck mass M p and the canonical
momentum IT¥ conjugate to the spatial metric y; - We also
denoted the trace of the canonical momentum as IT = y,; 11

and introduced the covariant derivative ®)V on spatial
sections. As a first step to a nonrelativistic limit of
gravitating matter in an expanding universe, we will
approximate the gravitational action (24) as in the semi-
classical case with scalar perturbations in the longitudinal
gauge. In addition to the decomposition of lapse, shift and
spatial metric in (2), we also need to compose the canonical
momentum of the spatial metric which we do as follows,

- . 1 1
HI/ = 5”61_2Ha (1 + ETG + EH\};) . (27)

A few comments on this split into a homogeneous back-
ground N, a, TI, and the path-integral perturbations @,
Y;, Iy are in order. The obvious difference to the
semiclassical analysis lies in the fact that we are treating
inhomogeneous perturbations not any more as part of the
classical (external) background which allows one to go
beyond semiclassical one-loop approximation and include
in principle quantum effects. This, however, does not mean
that these perturbations necessarily correspond to quantum-
sized effects. Whether such effects are important depends
on the initial conditions: so are vacuum fluctuations the
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essential ingredient for inflationary models, whereas they
are in most scenarios not at all for nonrelativistic setups
with a highly populated state (“many particles”). Let us also
mention some boundary conditions of the perturbations
O;, Y5, Iy, We will assume that a well chosen back-
ground will keep any zero-mode fluctuations negligible
such that the perturbations ®;, W5, Ily decay at spatial
infinity at least as 1/r. For the same reason we will ignore
the boundary term in (24). Having said this, we will
already make a choice for the background field I1, such

|

S[@6, Y. My w] =S, [ @6, Yo, p] + S, (@, V. Tly] - S,

hA
/rhdn/ ExS iyry + ma
2ma h

that it evolves according to the background equations of
motion
M3
2
—a"H.
h

After these remarks we expand the gravitational action (24)
in conformal time for longitudinal scalar perturbations up
to quadratic order (cf. [24,25]), drop the zero order
contribution S'g from the gravitational part and add the
matter action (17),

(1>G>l;/+3‘I’GRe(52 2) - H(;—@G—3‘I’G>Im(€2y/2)}

3
Mp / " an / d3x{ —6a’(H?> +2H")¥s + 64> H(Tly + ¥g) (HYg + W5) + 5a2H2 (Ty +¥;)?
m Zr/

+6a>H*® (1 +Tly) — 26 P AY; — 36> H? W% + 4’ DAY }

We make the important remark that we did not expand the
matter field y around a background value. The main reason
why we do this lies in the observation that the perturbative
expansion in (29) is valid if we supply the matter fields with
appropriate boundary which are more general than a
spatially homogeneous expectation value. We will shortly
come back to this issue.

If we now vary with respect to @5, we get the following
constraint

3 h ma
a*A¥g + —a2H2(1 +Ily) — MYW 4
2M2 HIm(Ey?) =0, (30)

which means at the level of path integrals, that we generate
a delta function by integrating over ®;. We have

S[@g. Yoy, y] = S[¥s.w

(29)
Ey(y) 24%;
= — = 1
YU 3aH? 3 HE (31
where we defined
h m H h
Ey(y) = M2 7 —y'y = 3aH’? —;M—%Im(gzllfz)- (32)

Let us also define

, m h H h
El (l//) = aHZ =+ 2CZH —EWRC(gZI/IZ) —;Wlm(gzlllz)

(33)

We are now in the position to integrate out the gravitational
fields ®; and W by plugging the constraint equation (31)
back into the action (29),

hA
/ dn/ dzx[u;/ v 4yt 2—1//——7-[Im(52 w?)

/"‘dn/ dBx [ 6aE, (y)¥o

+602H ((BaH?*)"Ey(w) —

3
+ Easz(@aHZ)_lEo(W) —2(3H%)~'AY6 + ¥6)?

2(3H*) "' A + Yo) (HY G + ¥5)

—2aPWGAY; — 382 HAYL |, (34)

Since both, E, and E; multiply terms linear in the gravitational perturbations, their homogeneous limit will be related to the
Einstein equations as we will see shortly. We simplify certain expressions and integrate by parts to make manifest that the

gravitational potential is an auxiliary field,
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M2 hA
S[¥6. v =/ dﬂé d*x {lww +y 2—w——HIm(52 2)}
m N

Mp [n E5(w)
il s d Bx |20
" 2n /,7 ’7/2,7 x{ 61

2
aH? [5 AEy(w) + 6H7E\ () = 2H Eo(y) + 2HEy(y) | ¥

2 !
+ 5 Z‘PGAZlPG - 2612 %TGA‘PG - ZaZ‘I’GA‘PG - 3a2H2lPZG:| . (35)

HZ

Varying the Hubble action (35) with respect to the gravita-
tional potential W; yields the following constraint equation,

2
gdzAzlPG - ZCIZHIA‘PG - 2a2H2A‘PG — 3@27'{4\}‘6

1
—a|3AE(w) +3HE () = H'Eg(w) + HE (v) | =0,

(36)

If we want to integrate out the gravitational potential via the
constraint equation (36), we have to invert the Laplace
operator and assume that the quantities E, (), E; () vanish
at least as 1/r at spatial infinity since we made the same
assumptions for the gravitational perturbations. In other
words, we have to impose

ER(y) = lim Egly(3)] 0. (37)
and
ERw) = lim Filw() =0. (38)

We were implicitly always dealing with path integrals in this
derivation and remark that the conditions (37) and (38) are in
fact operator equations which involve more than the zero
mode of the field y. Subtracting the gravitational background
fields, we have'

Poo = ES () + 302

— i | @0 [ @i
L im(&2 ()i () } (39)

S[¥e.w] - Sly

P, =EP () — aH? - 2aH

— - | @0 [FRe(E i@ =7))

e i) (40)

Taking expectation value and inserting the conditions (37)
and (38), we recover the semiclassical Einstein equations at
spatial infinity,

3aH? = (Do), (41)

—aH? —2aH =(P,). (42)

We realize that the operators p. and f’oo should not
fluctuate around their expectation values. Rigorously
speaking, only if even by small amounts, they of course
do. However, in a more rigorous treatment, we would
also have to include zero-mode fluctuations in the
gravitational sector which we assumed to negligible from
the very beginning. This then resolves the apparent
inconsistency.

We can conclude that the boundary conditions (37) and
(38) can be met if we adjust the background metric
(which is a priori free to choose) to satisfy Eqgs. (41) and
(42) which are determined by the two-point functions
of the matter field y at spatial infinity. With these
adjustments, we are in the position to integrate out the
gravitational potential W in the action (35) by complet-
ing the squares,

AN 1
/ " / &x|iyy' +y' —y — = HIm(E2?)
2ma 2

’I? 3 2
/ / &Px {3H2 4H2[ AEy(y) + 2H'Eq(y) + 6H2E () + 2H? Eg ()
m

x A [3 AEy(w) + 2H'Ey(y) + 6H?E, () + 2H2Eo(u/)} } (43)

'Note, that we decided to give here a simpler treatment than for example in [2], where we gave some remarks on the renormalization

of coincident limit operator products in a similar setup.
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where we introduced the operator

A}, = A -3(H* +H')A - 18H*. (44)
While Eq. (43) represents the sought-for action, for the
purpose of this paper, and to make progress, we focus on
the sub-Hubble limit of action (43) and introduce another

perturbation parameter

2 !
Qii) =egn < 1 (45)

We have
A7 = A2[1+3(H2 + H)A™ + O(eh )] (46)

We assume that the back reaction between super- and sub-
Hubble modes is negligible and work to leading order in
en/k- Upon integration by parts we find

|

nA
w]~ S, —/ dn/ d*x |:ll//l//+l// —y
2ma
—EHIm(Ezu/z)

M%) -1
S (Bolw) + 6E () A Eo(w) . (47)

Before we plug in the concrete expressions for £, and E,
let us for convenience rescale the fields as

y — 7'y, (48)

such that the two-point function has the dimensions of a
number density. We then define

M?
= 2 7Pk 4
po =3aH o (49)

and find

A
_h/ dn/ d3x{n,l/ v+t Zh—w——'HIm(é'2 2)

— [u/u/ po—@lm(ff2 2)]A l{ww /)o—@lm(r‘?2 2)}

4M2

m?> [ 1 dp,
S0 3Re(22) -3
203 [Hd (&)

The action (50) is one of the principal results of this work
and it serves as the starting point for a more general
discussion of scalar field cold dark matter since it makes
less assumptions about the underlying state, we only
assumed that its momenta are mainly distributed in a
nonrelativistic but also sub-Hubble window after the back-
ground contributions at spatial infinity have been sub-
tracted. Let us identify some future lines of research. By
starting from (50) one can approach the theory in the 2PI
formulation which captures the dynamics and interplay of
the various contributions to the state, namely: the con-
densate (y) (“fuzzy cold dark matter”), the two-point
function (yj") corresponding to a virialized state (“particle
cold dark matter” plus field-theoretic corrections) and
squeezed two-point functions (W), ('), Assuming
mostly fuzzy cold dark matter, one can study its back-
reaction on particle dark matter and vice versa. Moreover,
a field-theoretic description of cold dark matter can also
lead to new insights on how dark matter behaves on
different scales and, due to this reformulation, hopefully
even to new techniques on how to tackle nonlinear
evolution on large scales.

m(fzwz)} AT [w*w —po— %Im(fzwz)] } (50)

IV. 2P1 FORMULATION FOR
A VIRIALIZED STATE

In order to make the relation between the field-theoretic
and the particle picture more concrete, we will study for
simplicity an nonsqueezed state having no condensate which
we call a virialized state. We postpone the more general case
for the future. Since interaction terms couple the various state
contributions, they cannot be consistently set to zero but they
remain, however, small if we assume a large mass in
comparison to the Hubble rate as one can see in (50),

1ol @01 () o,
(51)

From the point of view of Lagrangians, nonvanishing con-
densates are natural when the scalar field couples linearly to
external sources (an example being the axionic coupling to
gauge theory), the two-point function framework without
condensate is more natural when the scalar field couples
quadratically to external sources (such as in the theory of
scalar electrodynamics). First of all, we note that the equations
of motion for the scale factors (41) and (42) reduce to

1) > [ i)
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M2
po=3aH*—Lx
am

[ @t @iy meomst. (52)
Thus, the scale factor has to evolve as in a matter dominated
universe
e
a(n) = a;—, (53)
U

and we choose a; = 1. Moreover, it will be convenient to
define

p=—F= 5 (54)

Using these relations, the approximation (51) and writing out
the inverse Laplace operator, we find that the action (50)
reads,

2 3 . ﬁ
Sy,zh dn dx Lu/*y/’+—21//*Ay/

3po Py [Po v (Dw () = 1lpg v Dw () - ]}
813 1% =7 ’

+
(55)

where we for simplicity suppressed the #-dependence. In the
Schwinger-Keldysh formulation, we then have the following
effective action truncated at two loops with M3? o ! being
the loop counting parameter of gravity,

ij - -\ . x - - h o~
riic) = [ dn / ax ["a / Py S Dl 0. %ol F)iGHE (1.7 ) = iy Trllog iG]

c,d=+

- ihzg / d*xy. AUy [iGS5 (X1, %0)iGSS (x5, x4) + IGSS (x1, X%2)iGSS (x5, x4)

+ 2iG§5 (1, x2) iG55 (X3, X4) + 2iGSS (x1, x3) iG55 (X0, x4) | [V§ (1, -0, x4

where we defined the (formally divergent) derivative
operator

7 ﬂAA
. 5 0 —la,, + >
Dy, =2 st -me G -5)
2 Lo, + 0
3 0 1

sl ] ¢

- km—myﬁ—w,<ﬂ>

which acts on the four propagators

<= rgiiopon maon)
7= e mireson]
0= Jipon wowon)  ©
o= [ oy wowi ©

)+ VE(xrs s xg)], (56)

|
where T and T denote time ordering and antitime
ordering, respectively. We will soon drop the squeezed
state propagators to be consistent with (52). The diver-
gent part of the derivative operator (57) should be
thought of part of the interaction term since it removes
homogeneous contributions of the spatially nonlocal
coupling. The two vertices Vy and Vy we use in (56)
are both symmetric under exchange of the first and last
pair of coordinates and correspond to Hartree and
exchange interaction (cf. Figs. 1 and 2), respectively,

In
xy T3
m? 1 E
M3 |31 — 25|

zh zl
FIG. 1. The Hartree vertex is local in time but nonlocal in space.

The separation between X, and X5 (as well as between X, and X,)
is denoted by a dashed line.
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CAC TR T ot xh
_ ;3¢ 8(m =m)o(m = n3)5(m — na)
4rppo X = %3]
X 5% = %) (X3 = Xy), (62)

V%(r]], ---,7]4,)?1, ...,)_54)
;3¢ 8(m =m)én —n3)d(m —na)
4zfpy 1% = %5
X8 (F ~ 25 (% - ). (63)

L3 Ly

Setting the variation of the 2PI effective action (56) with

respect to Gf;i to zero and multiplying the resulting  FIG.2. The exchange vertex is obtained from the Hartree vertex

equation again by qujd, we obtain by exchanging the spatially separated coordinates X, and X,.
|

iaﬂ +/3Ax’7_2 - 3,5_1[A;1<1>} 0 l jk ’7,x,’7 ’y

. . e e 0 174 -
—isg d4z1d4zzd413V;,+E(x1,Z3,11,12)[1Gi§(21,22)+lG§i(Zl’Zz)][1 O} iG5{(z3,1,y)

Ve p(x1, 21,23, 22)iGS5 (21, 2 0 i .
_ li d4zld422d4Z3 |: H+E( 1 1 3 2) 22( 1 2) ) . :| lG;‘g(Z:&, 7’1/,)’)
2n 0 Vo (21, X1, 22, 23)iG{5 (21, 22)
= ic65i5(n — )8 (X - ¥). (64)

In the equations for iGi"Zi and iGg‘f it is consistent within our approximation scheme (51) to drop the squeezing contributions
iG$4. We then have the following equations for iG5;" (17, X, 7/, ¥) and iG3; (1, ¥, 5, X), which we will combine into a particle
density (cf. Fig. 3),

[i0, = () *pALIGH" (0. %.11.5)

3 o o o | o
+ . / dz TR [iGIF(n.Z.0.7) +iGT,T (1.7.1.2) = 2po)iGE= (0. %, 1. 5)
1 o o o
+8ﬂﬂp0/d32||55—2|| [iG3T (0,70, %) +iGhT (0,70, %))iG3," (0, 7,1, ¥) % 0. (65)

[iaﬂ/ + (I/Il)_zﬂAy]iG;Fli (’/I? -)_C'v ’/Il’ y)

3 1 . o . ., ) o, o
/d3z IG5 (. 70 2) + IG5 (. 7. 2) = 2po)iGE T (. %0, 5)

- 8afpo 15 -2
3 / 1
- Br———[iGEE(n, Y. 1.2) + iGEE (0. 5.1, 2)iGF (0. %, 1, Z) = 0. 66
Sﬂﬂpo ||y_Z||[ 21 ( ) 12 ( )] 21 ( ) ( )

We will make use of the following statistical (Hadamard) two-point function

F1.5.5) = Fa1.%1.5) = 3 IG5 (1. 50.5) + G5 (1.5,
=S 0390 ) (67)
The spectral density
ipha (1.5 5) = iGaf (1.5.0/.5) = 1G5 %o, 3)) = i 07 0.3). 0 ), (68)
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FIG. 3. The 2PI equation for the full two-point function G, from the two-loop effective action (56). Dashed lines in the (spatial) loop
denote spatial nonlocality. Lines with two arrows denote the two-point functions G, and G,, which are initially absent for nonsqueezed
states. For brevity we omitted three diagrams with identical topology but reversed flow in the loop.

will drop out once we evaluate the coincident time limit. We use collective (average) and difference coordinates
to define

Fn.X.)=F(n.f =n.3=X+7/2.5 =X -7/2). (69)

Adding up the equations for G;]F in (65) and (66) we find in the coincident time limit,

o 0 .. 3 [d: . .
[i(’)ﬁ—Zﬂn‘z?-a—] F(n X,r)—|—4ﬂﬂp0/ . [F(7.2+ X 4+ 7/2,0) — F(n.Z + X — 7/2,0)]F (. X.7)
3
+83 /d [F(n,X+(r+Z)/2 z)+F(;1,X+(r+Z)/2 -2)|F (:1,)?+Z/2,7+Z)
ppo) z
i [ R - G-2/2.9) + Fp X - (-2 -3IF0. K+ 2/2.7-7) =0 (710)
87ppy) <z ’ ' ' ’ ' ’ '

The two-loop effective action (56) contains only quartic interactions such that the resulting scalar self-mass in Eq. (70)
contains no dissipative contributions (the imaginary part of the self-mass vanishes) which is why the equations close for
equal-time two-point functions. We see that the homogeneous and isotropic equation is solved by a function Fy,, (r) which

1s constant in time and constant in the collective coordinate X,

Fhom(nv)_(>7 ?) = Fhom(r) with Fhom(o) = Po> (71)

which matches the initial conditions at spatial infinity (52). Let us switch to momentum space and introduce the
inhomogeneous Wigner transformation,

-

F(n.k,p) =

1 ir Y iz > -
2 h)ﬁ/d3Xe_Zk'X/d3re_ﬁf"rF(’1,X, ). (72)
Vs

We emphasize that were are counting both momenta, small scale momentum p and large scale momentum &, in units of
energy. We then have

[i@n—Z(hn)_zﬂl;-p} (l’],k D —ﬁ—y/cp /dguF n,w, i)
£0

X [P+ i+ (k= w)/2)|[2F(n.k =%, p —w/2) = |+ ii — (k = w)/2)||2F(n, k =, p + w/2)
P =i+ (K= #)/2)|2F(n.k = #. p = /2) = |p — ii — (k= )/2)[|2F (5. k = . p + 10/2)
+ 2w 2(F(n. k=, p—w/2) — F(n.k —w, p +w/2))] = 0. (73)
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Our next goal is to expand around a homogeneous
Maxwellian distribution and see which differences we
get (at least in the linear theory) in comparison to classical
particle cold dark matter. It will turn out to be convenient if
we rescale all momenta and times

o pal?, k—=ka'?, a=mkgT, n—nr=—r! (74)
2H,;

such that the quantities on the right-hand side of (74) are
dimensionless. The dimensionless time 7 is nothing but the
square-root of the scale factor a. The parameter a is the
geometric mean between the particles mass m and temper-

We will see that the parameter £ will decide on which
timescales the exchange interaction term can become
important if we are working on scales k < p. Moreover,
we rescale the coincident Hadamard function as

F — a=3pyF, (76)
so that the p-integral over its inhomogeneous part
yields the density contrast. We also assume further, that

is only a function of the moduli k¥ and p as well as its
scalar product

-

ature parameter kT with kj being the Boltzmann constant. F(r, k, p)=F(t,k,p,u), u= pr . (77)
Thus, the parameter « corresponds to the averaged particle pk
moment (p?) where the expectation value denotes here d dit as®
the integral against a particle distribution in momentum and expand 1t as
space which we choose to be a Maxwellian distribution. 32837 )2
Moreover, it will be handy to define the parameter F(t.k, p.u) = (2n)7/26°(k)e™"/> 4+ 6F (v, k, p. ).
(78)
. aff mkgThn; kT (75)
Cntyp R 2m WM, We have
|
[i0; — 2272k pp|SF (z, k, p, p)
6 p* K pku K2 K2
+— 2 3ﬂexp[———— sinh | —= /d3 ———+ ———— | 6F (7, k, u, yy.,
E T R Falprar A e
n §21/25F(T, i p,ﬂ){DaWSOHF[}_I/jHﬁ —k/2|] DawsonFLZ_l/jHl3 + k/2||}}
¢ 1P —k/2|| 1P+ k/2|
2§/d3 /d"uéFr W, U fhyy )
< [P+ @ + (k= W)/2)[|26F (r.k = . p — w/2) = ||p +ii = (k = w)/2)[|76F (v, k = w. p +w/2)
+ 1P = ii + (k= %)/2)[|26F (. k - ,ﬁ = W/2) = ||p —ii — (k= W)/2)|26F (z.k = . p + w/2)
+ 2w (8F (1. k — W, p — w/2) — 6F(r.k — . p + w/2))] =0, (79)
where we made use of the Dawson integral
> 1 3
DawsonF(z) =e™* “e dy=ze % |F, (80)
0 22°°
where | F'; is the confluent hypergeometric function of the first kind. Let us define
F(z,k) = /d3uF(T, ko, py,), (81)

and contrast Eq. (79) with the perturbed Vlasov description in the truncated Eq. (23). We realize that the terms

*We note that the perturbatlons oF should in principle be multiplied by stochastic variables a; such that the perturbations of the two-
point functions F(n, k p) are stochastic variables in a cosmological context.
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6
V[6F] = [i0, — 2t 2EkpulSF (1, k, p, p) + i

3 > Lo > L,
—l—E/d3w5F(r,w)w‘2(5F(r,k—w,p—w/2)—5F(T,k—w,p—|—w/2)),

should correspond to the full nonlinear Vlasov equation if
we work in the limit where particle momenta are much
bigger than large-scale momenta (p ~ 1> k) which is
amply satisfied for a cold dark matter scenario with
galactic scales around ~Mpc > a~'/2. There are, however,
differences and we first note the appearance of a “sinh”
in place of the partial derivative 9 acting on the back-
ground phase-space density. As we will see, the sinh
|

E[6F]) = 3 (27)73/% exp {—%2 - k—z] sinh [&} / d*u [

8 2

&k
3 3 3
+ 2_5 dw | d u(sF(T, w, ’/hﬂw,u)

-

x (|7 + @ + (k—W)/2)||726F (z.
1P =i + (k=W)/2)||26F (z, k

Since, we are for the moment interested in scales larger or at
most comparable to galactic scales, we will assume from now
on the limit k£ < 1 and postpone the study of this type of
corrections for future research (however, we expect small
scale effects similar to ones for fuzzy dark matter as described
for example in [11]). There is another term originating from
linearly expanding the exchange interaction term (63),

DawsonF[2~!/2||p — 72/2“]
15 - &/2]|
_ DawsonF[2™'/2||j +- §/2||]}
15 +E/2| |

As we will discuss shortly, it gives rise to late-time correc-
tions and is not k> / p> suppressed in contrast to all other terms
originating from the exchange interaction.

We would now like to proceed studying (79), however,
without taking moments in p to avoid arguing about the
smallness of higher moments. Therefore, it is convenient to
convert (79) into an integral equation for the density
contrast by defining

F[oF] = 221/251%, k, p,ﬂ){

(84)

){(Tv k’ ]77/4) = 27_1§kp/,£
n T§21/2{DawsonF[2‘1/f||13 —k/2||]
¢ 17 - &/2l|
DawsonF[2~1/2||p + ];/2”]}

1P+ /2|

(85)

k2

2
(27[)—3/2 exp {_ % — —} sinh [p_;c,u] 5F(T, k)

8

(82)

term yields the same results for the linear theory on
galactic scales if other terms can be neglected. The second
difference is the nonlinear term in (82) which, however,
may be converted into a partial derivative for k/p < 1
as it appears in the Vlasov equation. In addition to
the Vlasov-like terms in (79), we note the appearance of
exchange interaction corrections which are of order

~k2/p2,

K? K?

== TS
17 +al* [l —all?

— W, = W/2) = ||p +ii — (k—W)/2)||26F (v.k — W, p +W/2)
— W, p=/2) = ||p =i — (k= W)/2)||26F (z,k — W, p +W/2)].

6F(T’ k’ uu“k.u)

(83)

I
with the series expansion in k < 1 ~ p,

x(z. k. p,p) = 20 kpp
6uk
+%[2'/2(1 + p?)DawsonF[271/2p] — p]
p

+ O(k%). (86)
We note that the p-dependent factor in the expansion of the
late-time term (86),

3
w(p) = e [2'/2(1 + p?)DawsonF[27/2p] — p],

(87)
is of order 1 for p~1 (cf. Fig. 4) and thus, phase
corrections due to the exchange interaction term become
only important at late times if we work in the limit k£ <« 1.
The transition time from which on the late time phase factor
dominates is given by

kyT

Nieans = ENp = h—H,"”

(88)
which is a very large time even on cosmological scales
unless the particle temperature is extremely small. We now
make use of the phase definition (85) and integrate Eq. (79)
in time. As just discussed below (79), we neglect the p?/k*
corrections due to the exchange interaction terms and are
left with
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SF(z.k) / & pexpliz(z. k. po) — iz (z1. k. p ) lF (k. poj)

+i/d3pexp[i;((1, k,p,p)] /TdfeXP[—iZ(f’ k,P,M)]{

T,k —

-3 [ [ @

TW”/"WL:)(F(—_' W

2 2 k
% (27)32 exp {— % - —} sinh [%} SF (%, k)

—Ww/2) — 6F (7, k — (89)

Case & > a(n), Hartree interaction phase dominates. First, we study the integral equation (89) for dimensionless times 7
which are much smaller then the parameter £ (despite this, they can still correspond to galactic time scales 7g,, ~ 10°71%,),

kgT
E=8" 1=

WH,
We can then write Eq. (89) as

8F (z, k)z/d3p exp[2i(z7!

— 1)¢kpuldF (k, p, p)

a(n). (90)

6 [* _ 2k2E2 (v — 7)) . [K*E
—i—ka[ dz exp {— Jor } sm{

~ =ikl [ 5F$2W)Sin[kwﬂkwg_(1_a]éF(%,l?—sz,ﬁ). o)

6 T
—§/d3p/ dz exp[2i(z7!
1

We discover two scales in expression (91). The first scale
appears in the oscillatory terms,

kose (1) = \/ma(n) x ha(n = /ma(n)ky(n)

149"~ a? n(T\'"?
= a(n) a7 = e < 5) , (92)
where we introduced the Hubble scale
ki (n) = ha(n)H(n) = KH(n). (93)

The scale k.. in (92) is the geometric mean between the
scale of relativistic effects and the sub-Hubble scale

Xit(p)
1.4}

121
1.0
0.8
0.6 -
0.4

0.2

. . T p
2 4 6 8 10

FIG. 4. The function y;, defined in (87) dominating the late-
time behavior of the phase factor (85) in the k < 1 expansion.

(-7

7T

] SF (7, k)

(94)

and we suspect that structure formation is inhibited at these
scales due to oscillatory solutions. The second important
scale in expression (91) appears in the exponential for the
linear term. The question, whether this exponential is
important may be answered by referring to the scale

1/2

g e (k%) = ) (%) 2

1/4 12
= Kosc (’7) a(éZiL = kose (’7) <§> .

(95)

Relative to sub-Hubble scales, the scale k. is in reach for
light and warm particles. Since we are working in the limit
&> 7 in this paragraph, we have

kose > ke, (96)
such that the exponential suppression in the linear term in
(91) begins before oscillatory contributions become im-
portant. It is of course tempting to study the full k-
dependence in the linearized version of equation (91).
However, we are not aware of a solution in terms of the
exponential and sinusoidal kernel

Kk, 7.7 = exp [— 2"2{2;‘ %)T sin [kz‘f(;_ %)} . (97)
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and leave it for future research. For cold dark matter it is
now a reasonable scenario to assume’

k < ke(n;) < ke(n), (98)

in which case

[ @ pexslaite! = Vkpulor (k. pos) = 67, (k)
fort> 1, k<kg. (99)

Moreover, the exponential suppression in (91) is negligible
in this scenario

2k2 2(+ _ 7\2
exp {—%} 1 fork<ks. (100)

Since we are working out the case £ > 7 in this paragraph,
the sine can also be expanded around zero. We then have

5Fyy (7. k) ~ 6F, (k) + 6 / i k) §Fyn (7. k),
1 T

(101)

which is solved at late times by the standard linear cold
dark matter evolution

8F (1. k) = 2 aln)SF (k). for k < koen).  (102)

Although the form (91) differs slightly from the Vlasov
description (23), the study of nonlinear evolution is still
highly nontrivial and we leave the discussion of approx-
imations and perturbative expansions for the future. Let us
now discuss the other limit that brings the exchange
interaction term into play.

Case £ < a(n), exchange interaction phase dominates.
For this case, we approximate the phase-factor by (86) and
drop the free-streaming contributions ~z~!. We will be able
to say something about the linear evolution. Unfortunately,
we are not in the position to perform the full momentum
integral for the linear term as we could in the case
& > a(n), which is why we have to restrict ourselves to

k < ke. (103)

The linearized integral equation (89) then reads
3
SFin(7, k) = 6F (7, k) —5—/ di(t —7)6F (T, k), (104)
1
and is quickly solved in terms of the scale factor by

For the cold dark matter paradigm we have the limit
m/(kgT) 2 102 where WIMPs are far away from this limit
with m/(kgT) 2 10** [26].

OF\in(n, k) = 6F(k COS{

a>>a,

(105)

o)
]3]

We conclude that there is no linear growth for a small
enough parameter £ such that at late times £ < 7 (on scales
k < ko). Thus, the effect of the exchange interaction term
is to hinder the growth of linear perturbations for large
distances at late time where late times are defined to be
greater than the transition 7,,s given in (102) which
depends on the temperature of cold dark matter. If we
demand as a rough estimate that the observed power
spectrum for linear modes does not oscillate around a
constant value, field-theoretic corrections yield a lower
bound on the temperature of cold dark matter,

aloday ﬂ

kgT Z ~ 10738 GeV, (106)

ay

where a; is the scale factor at the beginning of the matter
dominated epoch and H the Hubble rate today.

V. CONCLUSION AND OUTLOOK

We present a new formalism for deriving the non-
relativistic limits starting with a covariant QFT tree-level
action in which a real scalar field couples minimally to
gravity. The key ingredients are to introduce an approxi-
mate diagonal field representation (8) for cosmological
space-times and integrate out the gravitational constraint
fields in a perturbative expansion. We focus on scalar
perturbations in the longitudinal gauge but the formalism
can be straightforwardly adapted to include also tensor and
vector gravitational perturbations and even modified gravi-
tational theories to study their nonrelativistic limits in a
controlled way. We derive a general nonrelativistic, non-
local action (50) for gravitational interacting matter on sub-
Hubble scales that makes no reference to a particular state
in the sense that it can contain a condensate, as well as
squeezed contributions [all correlators in (19)].

Let us summarize the assumptions and approximations
which are needed to arrive at the final action (50). First of
all, we neglect vector and tensor perturbations in the metric
and linearize around a homogeneous, spatially flat FLRW-
metric with scalar perturbations in the longitudinal gauge
with gravitational potentials ®; and ¥,

O(CDG,lPG) = 85 < 1. (107)
Second, by expanding around these potentials, we assume
that gravitational boundary terms and zero-mode fluctua-
tions around the classical and a priori free-to-choose
FRLW-metric to be negligible. However, for a consistent
perturbative expansion of the action we ultimately pick the
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classical FRLW-metric in such a way that the boundary
conditions (41) and (42), which are nothing but the
homogeneous semiclassical Einstein equations, are satis-
fied. Third, we are working in a nonrelativistic limit with

C’)(hHVH) =, < 1.

- (108)
Spatial derivatives V = V; acting on matter fields y(X)
will be mapped on particle momenta p and long-distance
gradients V3 ~ hk once two-point functions of fields such
as (' (n,X)w(n,y))) are mapped to a particle phase-space
density f(n, p.X). Thus, assuming #||V| < m corre-
sponds to assuming physical momenta p and inverse
distance scales L~! ~ k of the underlying physical problem
to be much smaller than the scale set by the mass m.
Moreover, we consider the case where the mass m is much
bigger than the Hubble rate or its logarithmic derivative

n H
o124,

ma’ Hma (109)

) = epm < L.
Finally, we focus on the sub-Hubble limit relevant for
structure formation and introduce the perturbation parameter
H> H )
O(—,— :ng<< 1. (110)
[al 1al)

For the scope of this paper we study the derived action
(50) for a nonsqueezed state without condensate contribu-
tions and derive the corresponding 2PI two-loop effective
action. Because this two-loop action contains only quartic
interactions it is nondissipative, which allows us to get
closure for the dynamics of the coincident two-point
functions. The resulting equations have a form of classical
kinetic equations. By performing an inhomogeneous
Wigner transformation, we derive the dynamics of the

dark matter phase space density (79) and compare it to the
standard Vlasov equation describing particle cold dark
matter. For large galactic scales and masses, we recover a
description close to particle cold dark matter which is
confirmed by the linear evolution (102). This is, however,
the case only if the particles temperature is much bigger than
the Hubble scale, since otherwise the exchange interaction
(absent in the Vlasov description) becomes important at late
times. Another important result of this work is that we
identify two scales at which we suspect density perturbations
to deviate significantly from the standard CDM evolution.
These are the scale k.. (92) between the relativistic and the
sub-Hubble scale and the scale k; (95) related to the ratio
between dark matter temperature and its mass. These results
were derived in the limit where particle momenta p are much
bigger than the large scale momentum k (or in other words
where the distances of the system under study are much
bigger than de Broglie wavelength). However, the general
formula (79) can be used to study also the case k ~ p where
we expect new effects due to the exchange interaction term
(63) to kick in.

Another route of investigation is to start from the more
general nonrelativistic action (50) we derive in Sec. III and
to study the interplay between different state contribution,
i.e., the influence of particle dark matter on fuzzy dark
matter and vice versa.
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