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We resor to the covariant quantization treatment and investigate the
long-distance, low-energy, leading quantum corrections to gravitational
potential for scalarized neutron star (NS) binary systems, by treating

general relativity as an effective field theory. We neglect the extended
scales of two scalarized components and treat them as point particles,
which gravitationally interact with each other via the exchanges of both
gravitons and scalar particles, because of the settled scalar fields inside
the stars. Accordingly, the gravitational potential includes both
Newtonian potential and scalar-modified Newtonian-like part. We, in
the non-relativistic limit, calculate the non-analytic corrections to the
modified gravitational potential directly from the sum of all exchanges
of both gravitons and scalar particles to one-loop order. The appropriate
vertex rules are extracted from the effective Lagrangian. Our
calculations demonstrate that either the graviton exchanges or the
exchanges of scalar particles contribute to both classical relativistic
corrections and quantum corrections to the gravitational potential of the
scalarized NS binaries. We also discuss the results in relation to future
cosmological observations.
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Introduction:-
According to classical gravitational theory, the Newtonian potential
Gm;m,
VNewt = — ¢ ’ €Y)
is approximately valid for the gravitational interactions in compact binary, such as neutron star (NS) binary (G is the
Newtonian gravitational constant. m; and m, are the masses of two components in the binary system.). With a
definition of bound state potential in the framework of general relativity, the relativistic corrections, arising from

. . v? . . . . G . . .
higher order effects in Z—Zand nonlinear terms in the field equations of ordercTn: (m = my,m,), in a Hamiltonian

treatment were completed [1], which was obtained in the form of
Gm;m,; G(m;+m,)

Va = aq c2r ’ (2)

where a.; is a numerical constant which would depend on the precise definition of the potential. The classical
relativistic corrections to the Newtonian potential of two bodies also were discussed [2, 3], with general agreement
with the above result, although in unavoidably ambiguously defining the potential.
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The theory of general relativity has been widely accepted in describing the gravitationally bound systems consisting
of two compact extended objects. The post-Newtonian approximation to general relativity [4, 5], i.e. systematically
solving the Einstein equations with nonrelativistic sources, is employed as the conventional approach to calculating
the initial inspiral of the system as it slowly loses energy to gravitational radiation [6]. In order to investigate the
gravitational radiation power spectra emitted by nonrelativistic bound systems, the dynamics of two components,
which are treated as point particles, in a binary system coupled to gravity was described in an effective field theory
framework [7], in which the observables appearing in long-wavelength physics are consistent with general
coordinate invariance of general relativity.

General relativity, with low energy degree of freedoms and gravitational interactions, is a consistent effective field
theory [8], which allows, in principle, its quantization to be carried out without knowledge of microphysics details.
By using the effective field theory approach with background field quantization [9, 10], the leading long-distance
quantum corrections to the one-particle-irreducible potential were calculated [8, 11], which result in a finite
correction,

Gm;m, Gh
un = aquTm' (3)

where aq, is a numerical constant. However, many works dedicated to the choices between various definitions of
the potential depending on the physical situation and the way of defining the total energy. By using the Arnowitt-
Deser-Misner formula for the total energy of the gravitational system, the Wilson loop description for the
gravitational potential has been done [12, 13]. The quantum corrections to Newtonian potential for an arbitrary
gravitational field that includes the back-reaction produced by a quantum scalar field of mass was considered by
deriving an in-in effective equations [14]. For the simplicity and intuitiveness, a number of authors employed the
scattering amplitude itself to define the potential [2, 15-18]. The obtained particular effect, from summing one-loop
Feynman diagrams with off-shell gravitons, applies to point particle masses [18]. The quantum gravitational effects
of a pair of localized polarizable objects, associated with two-graviton exchange from the induced gravitational
quadrupole moments due to quantum fluctuations in the metric, was computed [19].

Several observations of binary pulsar systems, i.e. Hulse-Taylor system, PSR 1913+16 [20, 21], and PSR
J1738+0333 [22] indicated an excess orbital decay, which directly translates to a dipole radiation constraint on the
deviations from the quadruple formula. It was relived by considering that a nontrivial scalar configuration comes
about in strong-field regime [23]. In analogy with the spontaneous magnetization of ferromagnets below the Curie
temperature, an NS, with compactness above a certain critical value, will occur spontaneous scalarization [24]. NSs,
with a mass of 1.4 M, in binary system would develop strong scalar charges even in absence of external scalar
solicitation for strong couplings [25], which enhances the gravitational interactions with the companion star and
induces its scalarzation [26]. The iterative interplay between two scalarized components generates a gravitational
scalar counterpart, besides the gravitational tensor radiation, which was assigned to a dynamical scalarization of the
system [27]. As a consequence, the gravitational interactions of two scalarized components in a scalarized NS binary
include exchanges of both gravitons and scalar particles. In this work, we investigate the NS binary systems with
orbital separations of about 10° m, which is expected to coalesce and merge in the Hubble time. Consequently, the
relative momentum between two star components can be neglected, and we just consider the velocity-free
gravitational potential, which depends on only the orbital separation of the system. Accordingly, the Newtonian
gravitational interaction is modified by the gravitational scalar interactions, which reads [24]
Gmim, Gwiw,
VScal = - T - ’ (4)

r
where w; and w, denote the scalar charges developed inside the two scalarized components [28].

The exchanges of both gravitons and scalar particles involve scattering process, i.e. the gravitational scattering of
two scalar particles, the gravitational scattering of gravitons by scalar particles, and graviton-graviton scattering. In
this paper, we shall, treating the components as massive scalar point sources, employing the background field
method [9, 10], and using the scattering amplitude to define the gravitational potential, investigate the quantum
corrections to the modified Newtonian potential Eq. (4) in scalarized NS binaries. The paper is organized as follows.
Firstly, we will review the effective field theory quantization for gravitation and describe the gravitationally
scalarized NS binaries in the effective field theory framework. Then we will give the definition of potential, extract
the Feynman rules from the effective action, and look at the calculations of Feymann diagrams. Finally, we
summarize our findings and discuss the results.
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Effective Field Theory Description For Gravitational Scalarized NS Binary

Neglecting the extended scales, we treat the star components in scalarized NS binary systems as massive scalar point
particles. We ignore the dynamics, which causes orbital decay and thus gravitational radiation from the system, and
just consider the velocity-free and separation-dependent gravitational interaction between two stars, which is
referred to be the ““static" system. The action that describes the statics scalarized binary reads

S= j d4X(Lg + stinary)

2 1 1 1
= [ @SR - 78 0,000 — 5 mie? - J030?). (5)

Here, the quantities ¢ = ¢, ,,m = m; ,, ® = w;, denote the scalar fields, masses, and scalar charges carried by the
components in the system, respectively, and ¢, is the gravitational scalar counterpart developed during the
dynamical scalarization [27]. Ly and Lgpinary represent the effective covariant Lagrangian of the gravitational tensor
terms and the terms of massive scalar configurations settled in the scalarized star components, respectively. k =
V327G is the gravitational coupling. g = — det(gw) denotes the determinant of the gravitational tensor metric g,,.
R = g R, is the Ricci scalar, and the curvature tensor reads,

Ry = 0T — 04 + TOTL —TATL,  (6)

Ao
g
Fp%v = T (6ugva + avg;w - acg;w)- (7)

In order to treat action (5) as an effective field theory, one must include all possible higher derivative couplings of
the fields in the gravitational Lagrangian [8]. We consequently write an effective Lagrangian for gravitational tensor
terms and scalar configurations in describing the gravitationally scalarized binary as

2R

LET = =t G RE+ RWR,, + -+, (8)
1 1

L == ng 0,90, — > (m? + w?d2)@? + TLRW 0,0 8, + TR 0, 0 ¢ + T3R(M? + w22 ) >

sbinary —
+.(9)

Here, the coefficients c,, c,, -+ are dimensionless constants that determine the scale of the energy expansion of pure
gravity [29], and €,,¢C,,C3, - are energy-scale dependent coupling constants determined currently by binary
observational measurements. In our calculations we choose the metric convention in flat space-time n,, =
diag(1,—-1,-1,-1).

We expand the metric as a background part g,,,, and a quantum contribution kh,,,,,

1
8w = By + xhy,, g =g" — kh" + k2hih + -, 1/—g=,/—g(1+§1<h+---),(10)
where h*V = g”“g"ﬁhag and h = g"h,,,. For the simplicity of graviton propagator, a gauge fixing term [30, 31],
with the form of [32]
1 —
2 (0/—8e"™)* (11)
should be introduced, which then gives the bare graviton propagator

iP, i(] T + Nyt — NuvN )
D ( ) uvap po'lvB upliva uvtlaB ,(|2)

where q is the momentum. In calculating quantum corrections at one loop, we need to consider the Lagrangian to
quadratic order. Consequently, the expansion of Lagrangian up to the necessary order can be written as follows,

1
L) = =5 (0,0 0" ¢ + m*¢* + w?Pj¢?), (13)

1
L(h?) = — E (haBth“B,Y - ZhvB.ahva.B + ZhBB,ahva.v - hBB,ahW.a)' (14)
K 1
Lhe?) =2 [h““ 0,00y — Eh““(as@ dpp + m?@? + w2¢§q>2)] ,(15)
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L(h*) = ;[h;\ (hyB,ahva.B - %haﬁ.vha&v - hBB,ahvow + %hBB,ahW.a> + huv(ha&uhaﬁ,v - Zhuﬁ.ahva.ﬁ
+ 2hyg by + 2hagabuay — Zhag el + Zhgushaay — 2hgsehaay + 2Nge sha
— 4hguahpe)|, (16)
K2 1
Lhe?) == [h““h"“ 3,00, — 5 hh 0,9 0y
+ (%h““hﬁﬁ - %h“ﬁhaﬁ) (0o Dap + m2p? + wch;(pz)] .17

_ ahaB
aBY = g,

where h

In some given NS hinaries, the gravitational scalar counterparts can become massive [27], with a mass of mq.
Accordingly, the gravitational scalar interactions in these systems between two scalarized components realize by the

exchange of massive scalar fields with the massive scalar propagator m, which results in analytic
s
contributions to the gravitational potential. Owing to an exponential Yukawa suppression, the propagations of
2
massive mode, with obvious representation as qz—lmz = —ﬁ(l + % + ---) in momentum q, are screened in the
—illg S S

range of binary orbit [27]. So the analytical contributions are local effects. The non-analytic effects, arising from the
propagations of massless modes of both gravitons and scalar fields, dominate in magnitude over the analytic
corrections in the low energy limit of the effective field theory on large distance. In order to compute the leading
long range, low energy quantum corrections to the potential (4), we just consider the non-local, non-analytic
contributions to the potential.

Results Form The Feynman Diagrams
According to the discussion in section | and dimensional analysis, we can figure out the modifications to the
potential (4) of the form

Gmim, Gw;w, Gm,

Gh
V(l‘) = — CZI' +aqu@+---,(18)
where m, contains both gravitational masses (m,, m,) and the masses of scalar contributions (w;¢g4, w,¢4). What

we shall do in this section is to calculate the numerical coefficients a.) and aq, for an appropriate definition of
potential.

In our calculations, we only consider the non-analytic contributions from the one-loop diagrams, which contain two
or more massless propagating particles. The general form for diagrams contributing to the scattering matrix in the

momentum (q) space representation is
4

M(qQ)~A+Bg% + -+ a— B.ix*In(—q?) + BZK‘LL + 83K‘*L +-.(19)

q* /_qZ /_qz
Here, A, B, -++, in the terms with power series of momentum q, correspond to analytic pieces, which only dominate
in high-energy regime of the effective field theory and are of no interest to our calculations. The
coefficientsa, 81, B, B3, ---associate with the long range, non-analytic interactions, where ,, B, B3 associated terms
yield the leading post-Newtonian and guantum corrections to the gravitational potential. The resulting amplitudes
are transformed to produce the scattering potential, by performing Fourier transformation and using the following
integrals,

d®q ... 1 1
e'dl — = —

(2m)3 |q|2  4mr

dq .1 1
a3 T T gz

; (2m) [q] 2m?r

d°q .. 1

.f(ZTt)3 T In(jql*) = C2mr3’ (20)

Definition of bound-state potential
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Because the NS binaries are gravitational bound systems, we consider the expectation value for the matrix iT and
use the scattering amplitude itself to define the gravitational potential. The full scattering amplitude are calculated in
order to represent the non-relativistic potential generated by the non-analytic pieces [15, 18],

(fliTli) = 2m)*8*(qy — 1 + 42 — @I[IM (@] = —iV(§)2ns(E — E"). (21)
Here, q4, 9, and q3, q, are the incoming and outgoing momentum, respectively. E — E’ is the energy difference

between the incoming and outgoing states. M (q) is the non-analytical part of the amplitude in momentum space
1

representation. V(q) = _Kz_M(q) Taking the non-relativistic limit and Fourier transformation, we can get the
corresponding coordinate space representatlon
1 d®q ...
\Y 9TM(Q). (22
O =7 | G M@ 22)

Vertex rules

From the effective Lagrangian (13)-(17), our calculations for the Feynman diagrams involve in two scalar-one
graviton vertex (he?), two scalar-two graviton vertex (h?@?), and three-graviton vertex (h3®). The two scalar-one
graviton vertex is given by

ik
¥ (ky, kp,m) = 5 [K¥KkY + kykh —nm(k, -k, —m?)], (23)

where k4, k, denote the four-momentum of the incoming and outgoing scalar particles, respectively. The two scalar-
two graviton vertex can be written as

1 1 1
T;waﬁ(kp k,,m) = iK? {[IWPAI;BG 2 (nuvlaﬁpo + nasl““p“)] X (klpkm + kZpklc) ) (Iuvaﬁ - En“vn“‘3>

X [0k, k) = w?l}, (24)
where I,yep = l(nmnvﬁ + NupNve) and the pairs of indices (uv) and (af) are associated with two graviton lines.
The three- grawton vertex is derived via the background field method which has the form [8]

apys (K@) == (Pasys [k“k“ +k-tk—q)’+q"q" - —n““q ]
+ 2450, (Iaﬁl;l; 173 — oI — TETA )
+ [ana" (napl¥h + Myslh) + aaa” (naplly — 1yl ) — @ (naplly — nysls)
— a0 (Nagl%3 — nys1%3)]
{2% [IaB Voo (k— ¥ + 1531 ySG(k DY — [ilpokt — 1 Igﬁokv] +ta ( aBG 5+ I“BI\%G)
+M"Vq,qa ( +17% 3gp)}

o Oy 1 v
+{[k2+(k—q> [t + 1810 — 51 Pagys| — [nagle® + LinysCe— a7} (25)

Tree diagram

The set of tree diagrams, coming from the exchanges of both gravitons and scalar particles in Fig. 1, are the well-
known lowest order potential in the non-relativistic limit. Because the scalar configuration couples to the star
matters inside each component, the exchanges of gravitons actually blend with that of scalar particles. We put them
into one single Feynman diagram in Fig. 1. However, the gravitational interactions between star matters realize via
the exchanges of gravitons, while the scalar configurations settled in the star components gravitationally interact
with each other by the exchanges of scalar particles [26], we separate the exchanges of gravitons from that of scalar
particles when calculating the contributions to the potential. By using the Feynman rules and choosing a
parameterization of the momentum, the piece of grawton exchanges with a momentum g, can be defined as

1]Vfg = T1 (k1,kz,m1) uvaB aﬁ(k3'k4'mz) (26)

where q = k; —k, = k3 —k,. The component with mass m, and scalar charges w; has incoming momentum k,
and outgoing momentum k,, and the other component with mass m, and scalar charges w, has incoming
momentum k5 and outgoing momentum k,, respectively.
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Fig 1:-The tree diagram contributes to the scalar-modified Newtonian potential.

The graviton-graviton scattering yields the Newtonian potential, while the gravitational scalar interaction results
from the exchanges of scalar particles, which accompanies the graviton exchanges. The triple solid lines represent
the exchanges of gravitons and accompanied exchanges of scalar particles in a scalarized binary system, in which
the central thick line denotes the gravitons, and the thin lines on two sides are the scalar particles. The dash lines are
the scalar fields.

By contracting all indices for the tree level and performing Fourier transforms, we obtain the scattering potential
g Gm;m,
@) = ———,(27)
which gives the Newtonian law.

The settled scalar configurations inside the components enhance stars' masses [25] and subsequently the
gravitational attraction, which makes the scalarized system act as a source of emission of the gravitational scalar
counterpart [27]. Therefore, the vertex associated with the propagations of scalar fields between two stars involves
scalar mass dimensional quantities w,;¢, and w,¢,4, depending on the strength of gravitational scalar counterpart
¢4. The scalar configuration, i.e. the spontaneous scalarization of NS, is the byproduct for a more compact NS, with
compactness above a certain value. As a consequence, the exchanges of scalar particles between two scalarized star
components must accompany the exchanges of gravitons, which is given express to the vertex. The appearance of
the gravitational scalar counterpart in the scalar mass of the star components just affect the strength of the scalar
charges, by means of the coupling strength with the star material, and indirectly change the star masses, which
doesn't play the direct role in the exchanges of the scalar particles in scattering process. Accordingly, we define the
scattering of scalar particles with a propagating momentum [ as

. 1
M7 =1 (e, L) 570 (L ks, @2), (28)
In non-relativistic limit, we perform Fourier transformation

1 1 d3q .-
= - - iqt —>
V(r) 20, 20, f OOk eI M (), (29)

and find the results
G
V) = ——222 (30

’
r
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which arises from the scalar-modified classical Newtonian gravitational interaction between two scalarized stars.
The combined result of Fig.1 yields the modified Newtonian potential (4).

Box and crossed-box diagrams
The box (Fig. 2(a)) and crossed-box (Fig. 2(b)) diagrams just involve vertex (hg?). Each diagram contains the
exchanges both of gravitons and of scalar particles.
In the box diagram Fig. 2(a), the contributions are written as
a9 = d*l i iPuvap 1Ppoys i
@ T ] et la +D2—mi 1 (4 q)F (kg — D2 —m]
X T;lv(k1, kg +1, m1)T§)U(k1 + 1 ks, m1)T?B(k3, ks —1, mz)T}Is( ks —1,k,,my), (31)
for gravitational tensor interactions realized by the exchanges of gravitons, and as
d*l i i i i
@m* (1 -ky)? —mf (ks +1)2 —m3 12 (1 + q)?
x TV (ky, L w)t%(ky,1— q, ml)rfﬁ(l,k3, wz)‘t}"s( ks, 1+ g, w5), (32)
for the gravitational scalar interactions via the exchanges of scalar particles, which must associate with the
exchanges of gravitons.

M@ =

T E
(ml, wl)a - (mz, wz)
.l. I.
- kg ks ", o’ o

(a) (b)
Fig 2:-The set of box (a) and crossed-box (b) diagrams contribute to the non-analytic components of the potential.

The non-analytic contributions to the potential from the crossed-box in Fig. 2(b) are

a9 d4l i iPuvap 1Ppoys i

Mo T ) 2ot +D2—m2 2 (1 + )2 (ke +1)2 — m2

X T;w(kl’ k; +1, m1)T§m(k1 + 1 k,, m1)T?B(k3,k4 +1, mz)T}Ia( ky +1,k,4,my), (33)
for graviton exchanges and
d*l i i i i
@m*(-k)?*—mi (ks + D —m3 (1—q)*I
X TV (ky, L w)t%(ky,1— q, wl)rfﬁ(l —q, ks, wz)‘tfs( ks, 1, w,), (34)

for exchanges of scalar particles. The star with mass and scalar charge (m;, w;) has incoming momentum k; and
outgoing momentum k,, and the other component with (m,,w,) has incoming momentum k5 and outgoing
momentum k,, respectively.

For the calculations of diagrams, we employ the algebraic program and the contraction rules, which are discussed in
references [18, 33] in order to reduce the integrals, and we also use the integrals listed in the appendix in these two
references. The results from graviton exchanges are in agreement with that of [18], i.e.
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47 Gm;m, G
g _ 1442
VZ(a)+2(b) (I') = - g ¢ I'_Z (35)
The contributions from exchanges of scalar particles give
Gw,w, [2G(m; + my) G

Va@+2m (0 = — - 3T + Tz 30

Triangle diagrams
The triangle diagrams contributing to the non-analytic pieces arise from graviton exchanges involving in the
effective Lagrangian L(hg?) and L(h2@?) (see Fig. 3). The expressions are same as [18],
d*l i iP iP
g _ uvapB poys By
M =) Gy Ga A nEomg B Qe Gkt hmIntl 4 Lke mn ks ke ma), (37)
9 d*l iPuvep 1Ppoys i
3T ) 2mt B (+qf(-ke)? -
The non-analytic contributions to the potential is obtalned as
Gmym,| G(m;+m,) 28 G
g _ 11112 1 2
Va(ay+3my (0 = - 4 . +— p- .(39)

The pieces from the exchange of scalar particles have the following expressmns,

X TP (K, ks — 1L, my) T8 (K5 — 1Ky, my)Th¥P (ky, Ky, my). (38)

d*l i i
M3 = T D —mE AT g7 X (k1 0T (Lky, )T (11 4+ g, w,), (40)
1 1
d4l i i i
M) = X TP U1+ g 0) TP (L ks, 0)T (1 + g, ks, 3), (41)

QM2 (1+q)2 (ks + D)2 —
The non-analytic contributions to the potential are obtalned as
Gw,w, G(w1 + wy)

Viay+3m (1) = — . . + e} -(42)

4

(b)

Fig 3:-The set of triangle diagrams contribute to the non-analytic pieces of potential.

Circular diagram
By taking the symmetry into account, we write down the expressions of circular diagram (Fig. 4) involving in both
gravitons exchange and the exchange of scalar particles as follows, respectively,
ng _ if d41 i“PuvaB iP poys
Co*d+q@? P2
oy =L [T L eog b o e Y, Ky o). (44
My 2o+ q2 X1 1 Kz, 01)T 3, Ky, 02). (44)

X wpc(kp ks, m1)TaBy8 (k3, kg, my), (43)
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Fig 4:-The circular diagram contributes to the non-analytic components of the potential.

Performing the same contractions and integrals as reference [18], we obtain the corrections to the potential,

22Gm;m, G
g _ 1442
V() = —Z?G - Gr—z,(45)
w103
Vi) = p z (46)

One-particle reducible diagrams
There are two classes of set of one particle reducible (1PR) diagrams (see Fig. 5). One class of set are the massive
loop diagrams (Fig. 5(a) and Fig. 5(b)), whose expressions contributing to non-analytic corrections, can be written
as,

= d*l 1Puyps 1Prcag 1Poeys i
5@ 2m* ¢ 12 (1+q2(0—ky)?—m3

X Tllw (k1, ks, m1)TgG}LK(¢€) (-] Q)T?B(k& ks —1, mz)T\l(8 (k3 —1Lky, mz); (47)

"

. (a) . ks .
. (b)
[ A [ A
(c) (d)

Fig 5:-Two classes of the set of one particle reducible diagrams yield non-analytic corrections to the potential. The
solid lines denote the gravitons.
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a9 d*l i Puvpe 1Poorx 1Pysap
5(b) @em*d+k)?-—mi 12 (1+q? g2

X TV (ky, Ky + L, m)T (kg + 1 ky, m)TPM YD (<1, )1 (ky, ky, my), (48)
which yield the contributions to the potential,

Gm;m,[ G(m;+m,;) 5 G
- ——|.(49
r r 3mr? (49
The other class of set contains diagrams involving both pure graviton exchanges and the incident mixed scalar-
graviton exchanges (Fig. 5(c) and Fig. 5(d)). It is represent in the loop, which denotes the exchanges of scalar
particles, for the incident mixed scalar-graviton exchanges. By noting that a symmetry factor of 1/2!, the pure
graviton exchanges can be defined as follows,
1 d*l P, iP iP
A nvpo M AkaB 1 peyd uv poAk(pe) afys
My = Ef ' ¢ Z (% q)? x 17 (ky, kg +1,my)Ts 4, —qt, " (ks ky, my), (50)
1 dY iP iP iP.
carnd uvée pOAK ySap uvy$s Y8Ak(de) ap
IMS(d) - zf (21_[)4 12 (l + q)z q2 X Tz (k1I kZ; ml)rg (_1; q)Tl (k3’ k4—l mZ)’ (51)
and the contributions from the mixed scalar-graviton diagrams are defined as
10 d1 i i P

g —
Vs(a)+s) () =-

. (3

iIMI = 2 GO EdT e @ x ) (kq, ky, m)T (L1 + gy B, -1- q wy).(52)
1 d*l iR i i

Ml =5 | G g Far g X G+ @ et (-1 - s,k my), (53)

By performing the algebra analysis, we obtain the following corrections to the potential, respectively,
g _26Gmym; G
Vs(o)+5(a) (r) = ﬁz r r_z'z(542)
1 G(w“my* + wy,°my“) G
- ( 1 2 2 1 )_3(55)
r

m —
Vs(c)+5(d)(r) = T o2 m,m,

Vacuum polarization diagrams
By considering the gauge choice Eq. (11), which yields a Faddeev-Popov ghost along with the graviton loop, we
more intuitively separate the graviton loop from scalar loop for the vacuum polarization diagrams. In the graviton
loop diagram in Fig. 6(a), a ghost loop exists. Accordingly, the vacuum polarization Fig. 6(a) for graviton and ghost
loop diagram has the expression
ipuveo ipyded
iMG(a) = Tpv (k1; kZJ ml) q2 Hpcy& q2 T(xB(kC%! k4_, mz)' (56)

where the vacuum polarization tensor Il,s,s [34, 35] satisfies the Slavnov-Taylor identity
AuAvDyvpe (D peys (D Dysap(q) = 0. It gives the contributions to the potential

43 Gmym, G
Vﬁ(a)(r)z_ﬁ ; Zr—z.(57)
g a » a
k, " ke
(M, w,) =) (M, w,) s —_
k
! . Ky
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Fig 6:-The set of vacuum polarization diagrams contribute to the non-analytic corrections to the potential. The
graviton loop diagram contains a ghost one, which is marked by the double line in (a).

While the corrections from the scalar loop diagram Fig. 6(b), which involves in a symmetry factor of 1/2!, can be
written as

Mo = lf d4l iBvpo ilpoys ilooys 1Pysap
Wralent @@ P+’
x 1) (ky, ko, m)T (L1 4+ Q1) (=1, =1 = Q5P (ka, ko, my). (58)
We find the results from scalar loop vacuum polarization diagram,

1 Gmlmz G

Vs(b)(l‘)=—m - r—z-(59)

Summary And Discussions:-
Adding up all the non-analytical contributions, we get the final corrected gravitational potential
Gm;m, [1 N 3G(m; +m,) 81 Gh ]

r

Vi) = - c?r 20Tt c3r?

m1m2+m2 mq 5
23 oyme tanms | G
ﬁ-i_ 62 c3r2 - (60)

Gy, - [Z(m1 + m,)

G

It can be found that the gravitational interactions involving exchanges of either gravitons or scalar particles
contribute to both classical relativistic post-Newtonian corrections and quantum corrections. In order to look at the
corrections clearly, we rewrite the corrected potential (61) as follows,

Gmm, Gw;w, 3G’mm,(m;+m,) 2G%w;w,(m;+m,) 4G w,w,(w; + w,)

V(r) =—

() r c?r? 3c?r? c?r?
81 Gmym, Gh 23Gw;w, Gh  G(w;’m,? + w,°m;?) Gh 61
20m r 3% 3m r c3r? 6T%m,; m,r c3r2'( )

We can see different types of terms in the rewritten expression (61). The first two terms are modified Newtonian
potential for a scalarized binary system, which represent the lowest order interactions of the two stars and dominate
the potential at low energies. The next three terms denote the classical relativistic corrections to the gravitational
potential, which are the leading post-Newtonian corrections in general relativity with the scalar charged stars. The
classical relativistic corrections arise from just pure particle exchanges. The pure graviton exchanges contribute to
the corrections to Newtonian piece, while the pure scalar exchanges produce the contributions to the scalar modified
part of the potential. The last three terms represent the leading 1-loop corrections to gravitational potential of
scalarized binaries from a quantum point of view. Looking at the quantum corrections, we notice that the
contributions arising from graviton exchanges combine into one term, while that resulting from the exchanges
involving scalar particles are split up into two terms. There is one term where the two scalar charges are multiplied
together, which comes from the combined contributions of pure scalar exchanges. The last term originates from the
mixed graviton-scalar particle exchanges in 1PR diagrams, in which the exchanges of scalar particles in the loop
always accompany that of gravitons, which are represent by triple lines in diagrams Fig. 5(c) and Fig. 5(d). The two
scalar charges are squared and separated in the mixed graviton-scalar particle exchanges, because of the different
binding energy of two star components, and the dependence of the scalar charges on the stars' density [28], even in
double NS systems.

By considering the dependence of scalar charges on the stars' masses, the scalar charges, which is parameterized by
the sensitivities (s = 0.2 for NSs and s = 107* for white dwarfs), range from 10~* — 0.1 [26]. Therefore, the

gravitational scalar effect of the potential is @~10‘18 — 10713 m/r in scalarized double NS systems, which is

more smaller in NS binaries with white dwarf or main sequence companion stars. In the Sl units, we can estimate
the effect of quantum corrections, i.e. %~10‘70m2, which is indeed small and seemingly impossible to be detected

by astronomical observations. However, the quantum effects are on long distance. Taking the rotational effects of
compact NSs, which give rise to space-time ripples and fluctuations of energy density, we expect that the constraints
on stochastic gravitational waves and the observations of dark energy can give verifications and constraints to such
quantum corrections.
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