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 A B S T R A C T

We propose a fundamental duality between the geometric properties of spacetime and the 
informational content of quantum fields, specifically through the entanglement entropy of quan-
tum states. By establishing a correspondence between geometric invariants and informational 
measures, we introduce an informational stress–energy tensor 𝑇 info𝜇𝜈 , derived from quantum 
entanglement entropy, into Einstein’s field equations. This framework modifies spacetime 
geometry, particularly in regimes of strong gravitational fields, such as near black holes. Our 
approach provides explicit corrections to Newton’s constant 𝐺, incorporating entanglement 
entropy contributions from various quantum fields with explicit dependence on fundamental 
constants ℏ, 𝑐, and 𝑘𝐵 , ensuring dimensional consistency. These corrections have implications 
for black hole thermodynamics, leading to entropy and temperature modifications, and extend 
to cosmology, influencing inflationary dynamics, Big Bang nucleosynthesis, and the nature of 
dark energy. Our findings suggest that quantum information fundamentally shapes spacetime 
structure, offering testable predictions in gravitational and cosmological phenomena and 
shedding new light on challenges in quantum gravity.

. Introduction

Unifying quantum mechanics and general relativity remains one of the most significant and enduring challenges in theoretical 
hysics. These two foundational pillars – quantum theory, which governs the behavior of microscopic particles, and general 
elativity, which describes the gravitational structure of spacetime – have so far resisted a complete and consistent synthesis. Despite 
umerous attempts, including approaches such as string theory [1], loop quantum gravity [2], causal dynamical triangulations [3], 
nd asymptotically safe gravity [4], a universally accepted framework reconciling these domains has yet to emerge.
In recent years, quantum information theory has offered a promising alternative pathway to address this divide. By emphasizing 

oncepts such as entanglement and the flow of information, this perspective introduces a novel way to explore the relationship 
etween quantum mechanics and spacetime geometry [5–7]. Particularly intriguing is the hypothesis that spacetime itself may 
merge from the intricate patterns of quantum entanglement [8,9]. This emergent spacetime paradigm suggests that the geometry 
nd dynamics of spacetime are not fundamental but arise from the underlying quantum informational structure.
One of the central insights driving this perspective is the role of entanglement entropy 𝑆EE, which quantifies the quantum 

orrelations across boundaries in spacetime. The Ryu–Takayanagi formula [10,11] has established a profound connection between 
he entanglement entropy of a boundary region in the AdS/CFT correspondence and the area of a minimal surface in the bulk 
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spacetime, further motivating the exploration of emergent spacetime concepts [12,13]. Extending these ideas, it has been proposed 
that entanglement entropy plays a direct role in gravitational dynamics, influencing the curvature of spacetime and contributing to 
the gravitational action [14,15].

Building upon these foundational works, this paper introduces the concept of an informational stress–energy tensor, 𝑇 info𝜇𝜈 , derived 
from the entanglement entropy 𝑆EE of quantum fields in curved spacetime. By incorporating 𝑇 info𝜇𝜈  into Einstein’s field equations, we 
aim to demonstrate how quantum informational measures can modify the dynamics of spacetime geometry, consistent with emergent 
gravity ideas [16]. This framework provides a novel approach to understanding gravitational phenomena, with implications for both 
black hole thermodynamics [17,18] and cosmology [19,20].

Furthermore, we address the implications of our results in the context of emergent spacetime [21,22] and compare them with 
alternative approaches to quantum gravity, such as asymptotically safe gravity [23] and varying gravitational constants [24,25]. 
The explicit inclusion of fundamental constants ℏ, 𝑐, and 𝑘𝐵 ensures dimensional consistency and underscores the quantum nature 
of these effects.

This work aims to shed light on the profound interplay between quantum information and gravitational dynamics, offering a new 
lens through which to explore the unification of fundamental physical theories. In doing so, we propose that quantum information, 
as encapsulated by entanglement entropy, is not merely a tool for describing quantum systems but a fundamental driver of the 
structure and dynamics of spacetime itself.

2. Theoretical framework

2.1. Informational stress–energy tensor

The entanglement entropy 𝑆EE quantifies the quantum correlations between two regions of spacetime separated by a (𝑑 − 2)-
dimensional surface 𝛴, embedded in a 𝑑-dimensional curved spacetime manifold . This entropy arises from the reduced density 
matrix 𝜌𝛴 , obtained by tracing out the degrees of freedom on one side of 𝛴 [5,26]. Mathematically, it is defined as: 

𝑆EE = −𝑘𝐵 Tr
(

𝜌𝛴 ln 𝜌𝛴
)

, (1)

where 𝑘𝐵 is Boltzmann’s constant, included to ensure that 𝑆EE has units of entropy (J/K). It is important to note that 𝜌𝛴 is a 
dimensionless density matrix with unit trace, ensuring that the argument of the logarithm in Eq. (1) is dimensionless.

To compute 𝑆EE, we employ the replica trick [26,27], which calculates Tr
(

𝜌𝑛𝛴
) for integer 𝑛 and analytically continues the result 

to 𝑛 → 1: 
𝑆EE = −𝑘𝐵 lim

𝑛→1

𝜕
𝜕𝑛

ln Tr
(

𝜌𝑛𝛴
)

. (2)

In the path integral formalism, Tr (𝜌𝑛𝛴
) is equivalent to the partition function 𝑍𝑛 on an 𝑛-fold cover of , denoted 𝑛, which 

is branched along 𝛴. The corresponding effective action 𝑊𝑛 is related to 𝑍𝑛 by 𝑊𝑛 = −ℏ ln𝑍𝑛, leading to the entanglement 
entropy [8,9]: 

𝑆EE = 𝑘𝐵 lim
𝑛→1

(

𝑛
𝜕𝑊𝑛
𝜕𝑛

−𝑊𝑛

)

1
ℏ
. (3)

The factor 𝑊𝑛∕ℏ ensures that the argument of the logarithm is dimensionless, while 𝑘𝐵 gives 𝑆EE its correct physical dimensions.
The concept of entanglement entropy has deep implications for quantum gravity. It has been linked to spacetime geometry, 

particularly through the holographic principle [10,11], which connects 𝑆EE to the area of the entangling surface 𝛴 in higher-
dimensional theories like AdS/CFT. These results suggest that entanglement entropy plays a direct role in gravitational dynamics, 
influencing the curvature of spacetime and contributing to the gravitational action [15,28]. To incorporate quantum information 
into gravitational dynamics, we define an informational stress–energy tensor, 𝑇 info𝜇𝜈 , as the functional variation of 𝑆EE with respect to 
the spacetime metric 𝑔𝜇𝜈 : 

𝑇 info𝜇𝜈 = − 2
√

−𝑔
𝛿𝑆EE
𝛿𝑔𝜇𝜈

. (4)

Using Eq. (3), the variation becomes:

𝑇 info𝜇𝜈 = −
2𝑘𝐵

ℏ
√

−𝑔
lim
𝑛→1

(

𝛿
𝛿𝑔𝜇𝜈

(

𝑛
𝜕𝑊𝑛
𝜕𝑛

−𝑊𝑛

))

= −
2𝑘𝐵

ℏ
√

−𝑔
lim
𝑛→1

[

𝑛 𝜕
𝜕𝑛

(

𝛿𝑊𝑛
𝛿𝑔𝜇𝜈

)

−
𝛿𝑊𝑛
𝛿𝑔𝜇𝜈

]

. (5)

Recognizing that the expectation value of the stress–energy tensor is ⟨𝑇𝜇𝜈 (𝑥)
⟩

𝑛 = − 2
√

−𝑔
𝛿𝑊𝑛
𝛿𝑔𝜇𝜈 , we rewrite 𝑇 info𝜇𝜈  as: 

𝑇 info =
𝑘𝐵 lim

[

𝑛 𝜕 ⟨

𝑇 (𝑥)
⟩

−
⟨

𝑇 (𝑥)
⟩

]

. (6)
𝜇𝜈 ℏ 𝑛→1 𝜕𝑛 𝜇𝜈 𝑛 𝜇𝜈 𝑛

2 
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The difference ⟨𝑇𝜇𝜈 (𝑥)
⟩

𝑛 −
⟨

𝑇𝜇𝜈 (𝑥)
⟩ is localized on 𝛴, emphasizing that 𝑇 info𝜇𝜈  captures the singular contributions arising from 

the conical geometry of 𝑛.

Units and Conventions: All quantities are expressed with explicit units, incorporating ℏ, 𝑐, and 𝑘𝐵 to ensure dimensional consistency 
throughout the equations. The informational stress–energy tensor 𝑇 info𝜇𝜈  possesses the same units as the standard stress–energy tensor 
(J/m3), maintaining coherence with general relativity’s framework. Additionally, 𝜌𝛴 is dimensionless, as it represents a normalized 
density matrix with unit trace, ensuring that the logarithmic terms in the entanglement entropy expressions are dimensionally 
consistent.

2.2. Modified Einstein equations

Einstein’s field equations form the cornerstone of classical general relativity, relating the geometry of spacetime to its energy–
momentum content: 

𝐺𝜇𝜈 + 𝛬𝑔𝜇𝜈 =
8𝜋𝐺
𝑐4

𝑇matter𝜇𝜈 , (7)

where 𝐺𝜇𝜈 is the Einstein tensor, encapsulating the curvature of spacetime, 𝛬 is the cosmological constant (with units of inverse 
length squared, m−2), 𝐺 is Newton’s gravitational constant, and 𝑇matter𝜇𝜈  is the stress–energy tensor representing the energy and 
momentum of matter fields.

Recent advances in quantum information theory and its intersection with gravity suggest that spacetime geometry may emerge 
from quantum entanglement [8,9,29]. Building upon this idea, we incorporate the informational stress–energy tensor 𝑇 info𝜇𝜈 , derived 
from the entanglement entropy of quantum fields, into the Einstein field equations. This yields the modified Einstein equations: 

𝐺𝜇𝜈 + 𝛬𝑔𝜇𝜈 =
8𝜋𝐺
𝑐4

(

𝑇matter𝜇𝜈 + 𝑇 info𝜇𝜈

)

, (8)

where 𝑇 info𝜇𝜈  captures the contribution of quantum entanglement to spacetime dynamics. The presence of 𝑇 info𝜇𝜈  modifies the 
gravitational field, introducing corrections to the curvature of spacetime [16,30].

To ensure dimensional consistency, we verify that all terms in Eq. (8) have units of inverse length squared (m−2). The Einstein 
tensor 𝐺𝜇𝜈 and the term 𝛬𝑔𝜇𝜈 both have units of m−2. On the right-hand side, 𝐺 has units m3 kg−1 s−2, 𝑐 has units ms−1, and 𝑇𝜇𝜈
has units of energy density (Jm−3 or kgm−1 s−2). Therefore, the combination 8𝜋𝐺

𝑐4
𝑇𝜇𝜈 has units:

[

𝐺
𝑐4

𝑇𝜇𝜈

]

=

(

m3 kg−1 s−2
(

ms−1
)4

)

(

kgm−1 s−2
)

=
kgm−1 s−2

kgm1 s−2
= 1
m2

,

 which matches the units of the left-hand side.
The term 𝑇 info𝜇𝜈  is localized on entangling surfaces, reflecting singular contributions arising from quantum correlations across these 

surfaces. Its inclusion highlights how entanglement entropy, typically associated with nonlocal quantum phenomena, influences the 
local curvature of spacetime. This modification aligns with the holographic principle, where spacetime properties are determined 
by quantum information content [10,11,21].

The implications of these modifications are significant. For example, in black hole thermodynamics, the inclusion of 𝑇 info𝜇𝜈
provides a framework for linking the Bekenstein–Hawking entropy to entanglement entropy, potentially refining our understanding 
of black hole dynamics [17,18]. In cosmological applications, quantum entanglement may contribute to dark energy phenomena 
by influencing the effective cosmological constant 𝛬, offering a novel perspective on the nature of vacuum energy and its role in 
cosmic acceleration [19,20].

Furthermore, the dependence of 𝑇 info𝜇𝜈  on entanglement entropy introduces a mechanism for the effective gravitational constant 
𝐺eff to vary with energy scales [31,32], providing a connection between quantum information and the renormalization of 
gravitational interactions. This observation aligns with recent studies on quantum gravitational corrections and their implications 
for phenomena such as black hole shadows and the arrow of time in cosmology [24,25,33].

These corrections underscore the quantum informational foundation of spacetime, revealing how quantum effects influence 
gravitational interactions in regimes of strong curvature, such as near black holes or in the early universe [14,24,34]. The dependence 
of 𝑇 info𝜇𝜈  on the entanglement structure suggests a scale-dependent evolution of gravitational dynamics, consistent with theories of 
running coupling constants and asymptotically safe gravity [22,23,34,35].
Units and Conventions: The constants ℏ, 𝑐, and 𝑘𝐵 are retained explicitly in all expressions where quantum effects are significant 
to ensure dimensional consistency. Both 𝑇matter𝜇𝜈  and 𝑇 info𝜇𝜈  have units of energy density (Jm−3 or kgm−1 s−2), consistent with the 
right-hand side of Eq. (8). This ensures the physical interpretation of the modified Einstein equations remains consistent across 
classical and quantum contexts. Additionally, we have verified that all terms in the equations have matching units, maintaining the 
integrity of the physical laws described.
3 
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2.3. calculation of 𝑇 info𝜇𝜈

To derive the informational stress–energy tensor 𝑇 info𝜇𝜈 , we compute the singular contributions to the vacuum expectation value 
of the stress–energy tensor ⟨𝑇𝜇𝜈 (𝑥)

⟩

sing on the branched manifold 𝑛 as 𝑛 → 1. This computation relies on the heat kernel 
method and the Seeley-DeWitt expansion, which provide a systematic framework for analyzing quantum field behavior in curved 
spacetimes [36,37].

The heat kernel 𝐾(𝑠; 𝑥, 𝑥′), a fundamental object in quantum field theory, satisfies the differential equation: 
( 𝜕
𝜕𝑠

+ 𝛥𝑥

)

𝐾(𝑠; 𝑥, 𝑥′) = 0, (9)

where 𝛥𝑥 is the Laplace operator defined on 𝑛. For small values of the parameter 𝑠 (with units of length squared, m2), the trace 
of the heat kernel has an asymptotic expansion: 

Tr𝐾𝑛(𝑠) =
1

(4𝜋𝑠)𝑑∕2

∞
∑

𝑘=0
𝑠𝑘 ∫𝑛

𝑑𝑑𝑥
√

𝑔 𝑎𝑘(𝑥), (10)

where 𝑎𝑘(𝑥) are the Seeley-DeWitt coefficients encoding geometric and topological information of 𝑛.
In the presence of a conical singularity at the entangling surface 𝛴, the trace of the heat kernel acquires an additional singular 

component [15,37]: 

Tr𝐾𝑛(𝑠)sing =
𝛿
4𝜋

1
(4𝜋𝑠)(𝑑−2)∕2

∞
∑

𝑘=0
𝑠𝑘 ∫𝛴

𝑑𝑑−2𝜉
√

ℎ 𝑎𝛴𝑘 (𝜉), (11)

where 𝛿 = 2𝜋(1 − 𝑛) is the deficit angle characterizing the singularity, ℎ is the determinant of the induced metric on 𝛴, and 𝑎𝛴𝑘 (𝜉)
are the Seeley-DeWitt coefficients restricted to 𝛴.

The effective action associated with the singular contribution is: 

𝑊 sing
𝑛 = ℏ

2 ∫

∞

0

𝑑𝑠
𝑠

Tr𝐾𝑛(𝑠)sing 𝑒−𝑚
2𝑠. (12)

Here, the exponential factor 𝑒−𝑚2𝑠 introduces a mass scale 𝑚 (with units of inverse length, m−1), ensuring convergence of the 
integral. The inclusion of ℏ guarantees dimensional consistency, as 𝑊 sing

𝑛  has units of action (J ⋅ s).
To extract the singular contribution to the stress–energy tensor, we vary 𝑊 sing

𝑛  with respect to the spacetime metric: 
⟨

𝑇𝜇𝜈 (𝑥)
⟩

sing = − 2𝑐4
√

−𝑔
𝛿𝑊 sing

𝑛
𝛿𝑔𝜇𝜈 (𝑥)

, (13)

For a massless scalar field in four dimensions (𝑑 = 4), this singular contribution takes the form [15,37]: 
⟨

𝑇𝜇𝜈 (𝑥)
⟩(scalar)
sing = 𝛿

4𝜋
𝛿𝛴 (𝑥)

( 1
3

(

𝑅𝜇𝜈 −
1
2
𝑔𝜇𝜈𝑅

)

+ 𝑈𝜇𝜈

)

, (14)

where 𝛿𝛴 (𝑥) is the Dirac delta function localized on 𝛴 (with units of m−2 in four dimensions), 𝑅𝜇𝜈 is the Ricci tensor, 𝑅 is the Ricci 
scalar, and 𝑈𝜇𝜈 encapsulates contributions from the extrinsic curvature of 𝛴.

Substituting this result into the definition of 𝑇 info𝜇𝜈  from Eq. (6) and taking 𝛿 = 2𝜋(1 − 𝑛), we find:

𝑇 info𝜇𝜈 =
𝑘𝐵
ℏ

lim
𝑛→1

[

𝑛 𝜕
𝜕𝑛

( 𝛿
4𝜋

𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥)
)

− 𝛿
4𝜋

𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥)
]

=
𝑘𝐵
ℏ

lim
𝑛→1

[

𝑛 𝜕
𝜕𝑛

(

(1 − 𝑛)𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥)
)

− (1 − 𝑛)𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥)
]

= −
𝑘𝐵
ℏ

𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥), (15)

where 𝑡𝜇𝜈 (𝑥) = 1
3

(

𝑅𝜇𝜈 −
1
2
𝑔𝜇𝜈𝑅

)

+ 𝑈𝜇𝜈 .
In the derivation, we used the fact that 𝛿 = 2𝜋(1 − 𝑛) and that terms proportional to (1 − 𝑛) vanish as 𝑛 → 1, except when 

differentiated with respect to 𝑛.
This result highlights how quantum correlations localized on the entangling surface influence the spacetime curvature through 

𝑇 info𝜇𝜈 . The presence of 𝛿𝛴 (𝑥) indicates that 𝑇 info𝜇𝜈  is non-zero only on the entangling surface 𝛴, emphasizing its role in capturing the 
localized quantum corrections to the stress–energy tensor.
Units and Conventions: The inclusion of 𝑘𝐵∕ℏ ensures that 𝑇 info𝜇𝜈  has units of energy density (J ⋅m−3 or kg ⋅m−1 ⋅ s−2), consistent 
with the stress–energy tensor in general relativity. The Dirac delta function 𝛿𝛴 (𝑥) has units of inverse area (m−2) in four dimensions, 
ensuring that the product 𝛿𝛴 (𝑥) 𝑡𝜇𝜈 (𝑥) has the correct units. All constants ℏ, 𝑐, and 𝑘𝐵 are explicitly included to maintain dimensional 
consistency throughout the equations.
4 
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2.4. Regularization and renormalization

The computation of the entanglement entropy 𝑆EE inherently involves ultraviolet (UV) divergences arising from short-distance 
quantum fluctuations near the entangling surface 𝛴. These divergences manifest due to contributions from high-energy modes 
localized near 𝛴, where the geometry of spacetime exhibits significant variations. To regularize these divergences, we introduce 
a UV cutoff 𝜖, with units of length, and express 𝑆EE in terms of an asymptotic series expansion [15,38]: 

𝑆EE = 𝑘𝐵 ∫𝛴
𝑑𝑑−2𝜉

√

ℎ
(

𝑐𝑑−2
𝜖𝑑−2

+
𝑐𝑑−4
𝜖𝑑−4

+⋯ + 𝑐1𝑅 ln(𝜇𝜖) + finite terms
)

. (16)

Here, ℎ is the determinant of the induced metric on 𝛴, 𝑐𝑑−2, 𝑐𝑑−4,… , 𝑐1 are dimensionless numerical coefficients that depend on 
the quantum field content and the spacetime dimension 𝑑, 𝜇 is a renormalization scale with units of inverse length, and 𝑅 is the 
Ricci scalar associated with the geometry of 𝛴. Each term in the series corresponds to a distinct contribution to 𝑆EE, with divergent 
terms explicitly regulated by 𝜖.

The UV-divergent contributions from 𝑆EE can be absorbed into the renormalization of fundamental gravitational quantities, 
specifically Newton’s constant 𝐺 and the cosmological constant 𝛬. The shifts in these parameters are expressed as:

𝛿
( 1
𝐺

)

=
16𝜋𝑘𝐵
ℏ𝑐3

𝑐1 ln(𝜇𝜖), (17)

𝛿
(𝛬
𝐺

)

=
8𝜋𝑘𝐵
ℏ𝑐4

𝑐𝑑−2
1

𝜖𝑑−2
. (18)

The logarithmic divergence in Eq. (17) arises from the term proportional to 𝑐1, linked to the curvature of the entangling surface. 
This renormalization reflects the sensitivity of 𝐺 to quantum fluctuations at small scales. Similarly, the leading power-law divergence 
in Eq. (18), governed by 𝑐𝑑−2, underscores the dependence of 𝛬 on short-distance structure.

By absorbing these divergences into redefined quantities, we arrive at finite, renormalized gravitational parameters: 
1

𝐺eff
= 1

𝐺
+ 𝛿

( 1
𝐺

)

, (19)

where 𝐺eff represents the effective gravitational coupling constant, incorporating quantum informational corrections. This procedure 
ensures that observable quantities remain well-defined and free from divergences.

The scale dependence of 𝐺eff has profound implications for the interpretation of gravitational interactions in regimes where 
quantum effects become significant, such as in the vicinity of black holes or during the early universe. The running of 𝐺eff with 
the renormalization scale 𝜇 implies that gravitational dynamics are inherently sensitive to the underlying quantum information 
structure, as captured by the entanglement entropy.
Units and Conventions: Throughout this section, we maintain dimensional consistency by explicitly including fundamental 
constants ℏ, 𝑐, and 𝑘𝐵 . The variations 𝛿

(

1
𝐺

)

 and 𝛿
(

𝛬
𝐺

)

 have units of 1∕𝐺 (kg ⋅ m−1 ⋅ s−2) and 𝛬∕𝐺 (kg ⋅ m−3 ⋅ s−2), respectively. 
These conventions ensure a coherent connection between quantum corrections and classical gravitational observables.

2.5. Remarks

The scale dependence of Newton’s constant 𝐺 with the renormalization scale 𝜇 highlights the intricate relationship between 
quantum informational contributions and gravitational dynamics. This running of 𝐺, encapsulated in the beta function 𝛽𝐺, suggests 
that quantum effects encoded in the entanglement entropy influence gravitational interactions at different energy scales. Such 
quantum contributions are particularly relevant in scenarios where spacetime curvature is extreme, such as near black holes or 
during the early stages of the universe’s evolution [35,39].

Our analysis reveals that the entanglement entropy modifies 𝐺 through the coefficient 𝑐1, which encapsulates the dependence 
on the quantum field content of the theory. This modification is expressed through the beta function: 

𝛽𝐺 = 𝜇 𝑑
𝑑𝜇

(

1
𝐺(𝜇)

)

=
16𝜋𝑐1
ℏ𝑐3

. (20)

This relationship underscores that 𝐺 is not a fixed constant but rather evolves with the energy scale, a phenomenon that aligns 
with the broader principles of renormalization in quantum field theory. Although 𝛽𝐺 is numerically small within the Standard Model 
due to the limited field content, its presence provides a framework for probing gravitational phenomena in theories with a large 
number of fields or in high-energy environments approaching the Planck scale.

The implications of this scale dependence extend beyond theoretical considerations. In the context of cosmology, a running 𝐺 may 
influence the dynamics of the early universe, potentially altering inflationary models or modifying the predictions for primordial 
gravitational waves. Near black holes, the entanglement entropy’s contribution to 𝐺 could affect observable quantities such as 
the shadow of a black hole, providing a potential avenue for experimental verification. These connections underscore the utility 
of incorporating quantum informational perspectives into gravitational theory, paving the way for a deeper understanding of the 
interplay between quantum mechanics and spacetime geometry.
Units and Conventions: To ensure dimensional consistency, 𝛽𝐺 is expressed in units of inverse Newton’s constant [𝛽𝐺] = kg⋅m−1 ⋅s−2, 
matching the units of 1∕𝐺. The explicit inclusion of fundamental constants ℏ and 𝑐 in Eq. (20) ensures that the expression has the 
correct dimensions. Notably, 𝑘𝐵 does not appear in the final expression for 𝛽𝐺, as it cancels out during the derivation, reflecting 
that 𝛽  is independent of thermodynamic units and depends solely on quantum and relativistic constants.
𝐺
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3. Results

3.1. Corrections to Newton’s constant

As discussed in Section 2.4, the entanglement entropy 𝑆EE for quantum fields in curved spacetime contains divergent terms due 
to ultraviolet (UV) contributions near the entangling surface 𝛴. The entanglement entropy can be expressed as [15]: 

𝑆EE = 𝑘𝐵 ∫𝛴
𝑑𝑑−2𝜉

√

ℎ ×

(

𝑐𝑑−2
𝜖𝑑−2

+
𝑐𝑑−4
𝜖𝑑−4

+⋯ + 𝑐1𝑅 ln(𝜇𝜖) +⋯

)

(21)

where ℎ is the determinant of the induced metric on 𝛴, 𝜖 is the UV cutoff (with units of length), 𝑅 is the Ricci scalar on 𝛴, and 
𝑐𝑑−2, 𝑐𝑑−4,… , 𝑐1 are dimensionless numerical coefficients dependent on the field type and spacetime dimension 𝑑. The inclusion of 
ln(𝜇𝜖) ensures that the argument of the logarithm is dimensionless, with 𝜇 being the renormalization scale (units of inverse length).

To obtain the correction to Newton’s constant 𝐺, we focus on the term proportional to 𝑅 in 𝑆EE, as variations with respect to 
the metric involve curvature terms. The correction to 1

𝐺
 is given by differentiating 𝑆EE with respect to 𝑅 [15,37]: 

𝛿
( 1
𝐺

)

=
16𝜋𝑘𝐵
ℏ𝑐3

𝑐1 ln(𝜇𝜖), (22)

where we have included ℏ explicitly to maintain dimensional consistency.
For a massless scalar field in four-dimensional spacetime (𝑑 = 4), the coefficient 𝑐1 is known [15]: 

𝑐(scalar)1 = − 1
720𝜋

. (23)

Substituting 𝑐(scalar)1  into Eq. (22), we find the correction to 1
𝐺

 due to a single massless scalar field:

𝛿
( 1
𝐺

)(scalar)
=

16𝜋𝑘𝐵
ℏ𝑐3

(

− 1
720𝜋

)

ln(𝜇𝜖)

= −
16𝑘𝐵
ℏ𝑐3

1
720

ln(𝜇𝜖). (24)

Similarly, for Dirac spinor fields and gauge fields, the coefficients 𝑐1 are [15]:

𝑐(spinor)1 = 7
1440𝜋

, (25)

𝑐(gauge)1 = − 31
720𝜋

. (26)

Including contributions from all 𝑁𝑠 scalar fields, 𝑁𝑓  Dirac spinor fields, and 𝑁𝑔 gauge fields in the Standard Model, the total 
correction becomes: 

𝛿
( 1
𝐺

)(total)
=

16𝜋𝑘𝐵
ℏ𝑐3

ln(𝜇𝜖)

×
(

𝑁𝑠𝑐
(scalar)
1 +𝑁𝑓 𝑐

(spinor)
1 +𝑁𝑔𝑐

(gauge)
1

)

=
16𝜋𝑘𝐵
ℏ𝑐3

ln(𝜇𝜖)

×
(

−
𝑁𝑠
720𝜋

+
7𝑁𝑓

1440𝜋
−

31𝑁𝑔

720𝜋

)

=
16𝑘𝐵
ℏ𝑐3

ln(𝜇𝜖)

×
(

−
𝑁𝑠
720

+
7𝑁𝑓

1440
−

31𝑁𝑔

720

)

.

(27)

Simplifying the coefficients, we have: 

𝛿
( 1
𝐺

)(total)
=

16𝑘𝐵
ℏ𝑐3

ln
(

𝜇
𝜇0

)(

−
𝑁𝑠
720

+
7𝑁𝑓

1440
−

31𝑁𝑔

720

)

. (28)

At this point, to proceed further and make physical predictions, we need to express the logarithm in terms of dimensionless ratios 
of energy scales. To achieve this, we choose a reference energy scale 𝜇0 and set the ultraviolet cutoff 𝜖 to be inversely proportional 
to 𝜇0, i.e., 

𝜖 = ℏ
𝑐𝜇0

. (29)

This choice effectively absorbs the dependence on the arbitrary cutoff 𝜖 into the reference scale 𝜇0, making the expression for 
the correction to 1  dependent only on the ratio of energy scales.
𝐺
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Substituting Eq. (29) into the logarithmic term, we have: 

ln(𝜇𝜖) = ln
(

𝜇 × ℏ
𝑐𝜇0

)

= ln
(

𝜇
𝜇0

)

. (30)

This substitution ensures the logarithmic term is dimensionless by relating 𝜖 to the fundamental constants ℏ, 𝑐, and the reference 
energy scale 𝜇0. This avoids dependence on an unphysical cutoff.

Substituting this back into Eq. (28), the total correction becomes: 

𝛿
( 1
𝐺

)(total)
=

16𝑘𝐵
ℏ𝑐3

ln
(

𝜇
𝜇0

)(

−
𝑁𝑠
720

+
7𝑁𝑓

1440
−

31𝑁𝑔

720

)

. (31)

This expression shows that quantum fields contribute to the renormalization of Newton’s constant through their entanglement 
entropy. The negative sign indicates that 𝛿

( 1
𝐺

)

 is negative, meaning 1
𝐺

 decreases with increasing energy scale 𝜇 (since ln
(

𝜇
𝜇0

)

> 0

for 𝜇 > 𝜇0), implying that 𝐺(𝜇) effectively decreases.
Using the Standard Model field content:

• Number of real scalar fields: 𝑁𝑠 = 4 (from the complex Higgs doublet).
• Number of Weyl spinor fields: 𝑁𝑓 = 45 (considering three generations of quarks and leptons, including color degrees of 
freedom).

• Number of gauge fields: 𝑁𝑔 = 12 (from the gauge bosons of 𝑆𝑈 (3) × 𝑆𝑈 (2) × 𝑈 (1)).

Substituting these values into Eq. (28), we compute the coefficient:

Coefficient = − 4
720

+ 7 × 45
1440

− 31 × 12
720

= − 1
180

+ 315
1440

− 372
720

≈ −0.00556 + 0.21875 − 0.51667

= −0.30348. (32)

Thus, the total correction to 1
𝐺

 is: 

𝛿
( 1
𝐺

)(total)
= −0.30348 ×

16𝑘𝐵
ℏ𝑐3

ln
(

𝜇
𝜇0

)

. (33)

The resulting running of Newton’s constant 𝐺(𝜇) is then given by: 
1

𝐺(𝜇)
= 1

𝐺(𝜇0)
+ 𝛿

( 1
𝐺

)(total)

= 1
𝐺(𝜇0)

− 0.30348 ×
16𝑘𝐵
ℏ𝑐3

ln
(

𝜇
𝜇0

)

,
(34)

where 𝜇0 is a reference energy scale.
This indicates that 𝐺(𝜇) decreases logarithmically with the energy scale 𝜇, consistent with the theoretical predictions of the 

renormalization of 𝐺 due to quantum entanglement. Specifically, as 𝜇 increases, the positive term in the expression for 1
𝐺(𝜇)

 becomes 

larger, causing 1
𝐺(𝜇)

 to increase and thus 𝐺(𝜇) to decrease.
However, due to the extremely small value of the coefficient, the changes in 𝐺(𝜇) over accessible energy scales are minuscule. 

When plotting 𝐺(𝜇) versus 𝜇, the curve appears almost as a straight line due to these tiny variations.
To reveal the underlying trend, we analyze the first and second derivatives of 𝐺(𝜇) with respect to 𝜇 and include the 

corresponding plots.
Analysis of the Results:

Due to the extremely small magnitude of the beta function 𝛽𝐺, the direct plot of 𝐺(𝜇) versus 𝜇 (Fig.  1) appears nearly as a straight 
line, making it challenging to observe the predicted running of Newton’s constant. However, the first derivative 𝑑𝐺

𝑑𝜇
 (Fig.  2) reveals 

negative values, indicating that 𝐺(𝜇) decreases with increasing 𝜇. The decreasing magnitude of 𝑑𝐺
𝑑𝜇

 shows that the rate of decrease 
slows down at higher energy scales.

The second derivative 𝑑
2𝐺

𝑑𝜇2
 (Fig.  3) is positive, highlighting that the decrease in 𝐺(𝜇) becomes less steep as 𝜇 increases. This 

concave upward curvature confirms the logarithmic nature of the running of 𝐺(𝜇) predicted by our theoretical framework.
These derivative plots confirm the running of Newton’s constant as predicted by our theoretical model, even though the changes 

in 𝐺(𝜇) are too small to be visually discerned in the direct plot.
Units and Conventions: All constants ℏ, 𝑐, and 𝑘𝐵 are included explicitly to maintain dimensional consistency. The correction 
𝛿
( 1 )

 has units of kg ⋅m−1 ⋅ s−2, matching the units of 1 . The logarithm argument 𝜇𝜖 is dimensionless.

𝐺 𝐺
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Fig. 1. Running of Newton’s constant 𝐺(𝜇)∕𝐺0 with energy scale 𝜇 (scaled by 100,000). Due to the extremely small changes, 𝐺(𝜇) appears nearly constant over 
the energy range considered, but it slightly decreases with increasing 𝜇, consistent with the negative beta function 𝛽𝐺 .

Fig. 2. First derivative 𝑑𝐺
𝑑𝜇

 of Newton’s constant 𝐺(𝜇) with respect to the energy scale 𝜇. The negative values indicate that 𝐺(𝜇) decreases as 𝜇 increases, 
consistent with the predicted running due to quantum entanglement contributions. The decreasing magnitude shows that the rate of decrease slows down at 
higher 𝜇.

3.2. Mass corrections to black holes

The running of Newton’s constant 𝐺(𝜇) introduces corrections to gravitational dynamics, particularly affecting massive objects 
like black holes. For a Schwarzschild black hole with mass 𝑀 and horizon radius 𝑟 = 2𝐺𝑀 , variations in 𝐺(𝜇) lead to a correction 
𝑠 𝑐2

8 
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Fig. 3. Second derivative 𝑑2𝐺
𝑑𝜇2

 of Newton’s constant 𝐺(𝜇) with respect to 𝜇. The positive values of the second derivative highlight the curvature in 𝐺(𝜇), 
indicating that the rate at which 𝐺(𝜇) decreases slows down as 𝜇 increases, confirming the logarithmic nature of its running.

in the black hole mass 𝑀 if we assume that the physical horizon radius 𝑟𝑠 remains constant. This approach parallels Culetu’s work 
on quantum effects in black hole entropy and collapsing stars [40].

Differentiating the expression for 𝑟𝑠: 

𝑟𝑠 =
2𝐺𝑀
𝑐2

⟹ 𝛿𝑟𝑠 =
2𝑀𝛿𝐺
𝑐2

+ 2𝐺𝛿𝑀
𝑐2

. (35)

Assuming 𝛿𝑟𝑠 = 0 (constant Schwarzschild radius), we have: 

0 = 2𝑀𝛿𝐺
𝑐2

+ 2𝐺𝛿𝑀
𝑐2

⟹ 𝑀𝛿𝐺 + 𝐺𝛿𝑀 = 0. (36)

Solving for 𝛿𝑀 , the correction to the mass becomes: 

𝛿𝑀 = −𝑀 𝛿𝐺
𝐺

. (37)

Using the relation 𝛿𝐺 = 𝐺(𝜇) − 𝐺0, where 𝐺0 is the value at a reference scale 𝜇0, we can rewrite 𝛿𝑀 as: 

𝛿𝑀 = −
𝑀

(

𝐺(𝜇) − 𝐺0
)

𝐺0
. (38)

Since 𝐺(𝜇) < 𝐺0 for increasing 𝜇 (due to the logarithmic running of 𝐺), 𝛿𝐺 < 0, and hence 𝛿𝑀 > 0. This indicates a slight 
increase in black hole mass 𝑀 as 𝐺(𝜇) decreases, provided the horizon radius remains constant.

Substituting 𝐺(𝜇) from Eq. (34), the expression for 𝛿𝑀 becomes:
To ensure dimensional consistency, we introduce the reference energy scale 𝐸0, defined as: 

𝐸0 =
ℏ𝑐
𝑟𝑠

, (39)

where 𝑟𝑠 = 2𝐺𝑀
𝑐2

 is the Schwarzschild radius of the black hole. This ensures that 𝐺0|𝛽𝐺|
𝐸2
0

 is dimensionless, consistent with the 
logarithm term. 

𝛿𝑀 = −𝑀

⎛

⎜

⎜

⎜

⎜

⎝

1

1 +
𝐺0|𝛽𝐺|
𝐸2
0

ln
(

𝜇
𝜇0

) − 1

⎞

⎟

⎟

⎟

⎟

⎠

. (40)

where 𝛽𝐺 is the beta function of Newton’s constant, and 𝐸0 is a reference energy scale introduced to ensure dimensional 
consistency, such that 𝐺0|𝛽𝐺|

2
 is dimensionless.
𝐸0
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Fig. 4. Mass correction 𝛿𝑀 to black hole mass 𝑀0 due to the running of Newton’s constant 𝐺(𝜇), scaled by 100,000. The mass increases with increasing energy 
scale, consistent with the predicted positive corrections due to the decrease in 𝐺(𝜇).

Simplifying, we have: 

𝛿𝑀 = 𝑀

⎛

⎜

⎜

⎜

⎜

⎝

1

1 +
𝐺0|𝛽𝐺|
𝐸2
0

ln
(

𝜇
𝜇0

) − 1

⎞

⎟

⎟

⎟

⎟

⎠

. (41)

The denominator 1 + 𝐺0|𝛽𝐺|
𝐸2
0

ln
(

𝜇
𝜇0

)

 is greater than 1, making the term in parentheses negative and resulting in 𝛿𝑀 > 0. The 
correction increases with the energy scale 𝜇, consistent with the logarithmic decrease in 𝐺(𝜇).

The increase in black hole mass as a function of the energy scale 𝜇 is plotted in Fig.  4.
Analysis of the Results:

The results indicate that the black hole mass 𝑀 increases slightly as the energy scale 𝜇 increases, reflecting the decrease in 
𝐺(𝜇). This behavior is consistent with the negative beta function 𝛽𝐺, which governs the running of 𝐺(𝜇). To maintain a constant 
Schwarzschild radius, the black hole mass must compensate for the decrease in 𝐺(𝜇) by increasing.

However, the extremely small magnitude of 𝛽𝐺 results in mass corrections that are minuscule over accessible energy scales. 
The plot in Fig.  4 uses a scaling factor to make these variations visible. Despite their smallness, these corrections have theoretical 
significance, providing insights into the interplay between quantum entanglement and gravitational dynamics.
Units and Conventions: All constants ℏ, 𝑐, and 𝑘𝐵 are included explicitly for dimensional consistency. The term 𝐺0|𝛽𝐺|

𝐸2
0

 in the 
denominator of Eq. (41) is dimensionless due to the inclusion of the reference energy scale 𝐸0. The correction 𝛿𝑀 has units of 
kilograms (kg), consistent with the dimensions of mass. The logarithm argument 𝜇

𝜇0
 is dimensionless.

3.3. Running of Newton’s constant

The scale dependence of the correction 𝛿
( 1
𝐺

)

 to Newton’s constant 𝐺 indicates that 𝐺 becomes a running coupling constant in the 
gravitational sector [35,41]. This running behavior emerges due to quantum entanglement contributions and suggests modifications 
to gravitational interactions at different energy scales.

To quantify this running, we define the beta function 𝛽𝐺 as: 

𝛽𝐺 = 𝜇 𝑑
𝑑𝜇

(

1
𝐺(𝜇)

)

, (42)
10 
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which describes how 1
𝐺(𝜇)

 evolves with the renormalization scale 𝜇. From Eq. (34), the expression for 1
𝐺(𝜇)

 is: 

1
𝐺(𝜇)

= 1
𝐺(𝜇0)

− 0.30348 ×
16𝑘𝐵
ℏ𝑐3

ln
(

𝜇
𝜇0

)

, (43)

where 𝜇0 is a reference scale at which 𝐺(𝜇0) is the value of Newton’s constant. Differentiating Eq. (43) with respect to ln𝜇, we 
obtain the beta function:

𝛽𝐺 = 𝑑
𝑑 ln𝜇

(

1
𝐺(𝜇)

)

= −0.30348 × 16
ℏ𝑐3

. (44)

Unit Analysis Correction:
Upon examining the units, we find that including 𝑘𝐵 in the expression for 𝛽𝐺 introduces a unit of temperature (K−1), which is 

inconsistent with the units of 1
𝐺
. The units of 1

𝐺
 are kg ⋅m−1 ⋅ s−2, whereas 𝑘𝐵 has units of kg ⋅m2 ⋅ s−2 ⋅ K−1.

To ensure dimensional consistency, we remove 𝑘𝐵 from the expression for 𝛽𝐺, as entropy derivatives with respect to energy 
should not carry units of 𝑘𝐵 when considering their impact on coupling constants.

Therefore, the corrected expression for the beta function is: 

𝛽𝐺 = −0.30348 × 16
ℏ𝑐3

. (45)

Now, the units of 𝛽𝐺 are:
[

𝛽𝐺
]

=
[

1
ℏ𝑐3

]

= 1
(

kg ⋅m2 ⋅ s−1
) (

m3 ⋅ s−3
) = kg−1 ⋅m−5 ⋅ s4.

Multiplying 𝛽𝐺 by 𝜇 (which has units of energy, kg ⋅m2 ⋅ s−2), we find:
[

𝜇𝛽𝐺
]

=
(

kg ⋅m2 ⋅ s−2
)

×
(

kg−1 ⋅m−5 ⋅ s4
)

= m−3 ⋅ s2,

which matches the units of 1
𝐺
, confirming dimensional consistency.

By removing 𝑘𝐵 from the expression for 𝛽𝐺, we correct the unit inconsistency. The final expression for the beta function governing 
the running of Newton’s constant is: 

𝛽𝐺 = −0.30348 × 16
ℏ𝑐3

. (46)

Units and Conventions: All constants ℏ and 𝑐 are included explicitly to maintain dimensional consistency. The Boltzmann constant 
𝑘𝐵 is omitted from the beta function to ensure the units of 𝛽𝐺 match those of 1

𝐺
.

3.4. Implications for gravitational physics

The running of Newton’s constant 𝐺 introduces profound implications for gravitational physics, impacting various domains from 
black hole thermodynamics to early universe cosmology and quantum gravity phenomenology.

The Bekenstein–Hawking entropy [17,18] and Hawking temperature are particularly sensitive to variations in 𝐺. The entropy 
𝑆BH of a black hole is given by: 

𝑆BH =
𝑘𝐵𝑐3

4ℏ𝐺
𝐴 =

4𝜋𝑘𝐵𝐺𝑀2

ℏ𝑐
, (47)

where 𝐴 = 4𝜋𝑟2𝑠 is the area of the event horizon and 𝑟𝑠 =
2𝐺𝑀
𝑐2

 is the Schwarzschild radius. A change in 𝐺 introduces a corresponding 
correction to 𝑆BH, which can be expressed as: 

𝛿𝑆BH =
𝜕𝑆BH
𝜕𝐺

𝛿𝐺 +
𝜕𝑆BH
𝜕𝑀

𝛿𝑀. (48)

The first term accounts for the direct effect of 𝛿𝐺, while the second term incorporates the indirect effect through 𝛿𝑀 , the 
correction to the black hole mass due to the running of 𝐺. These corrections modify the thermodynamic properties of black holes.

Similarly, the Hawking temperature 𝑇H, which characterizes the thermal radiation emitted by a black hole, is given by: 

𝑇H = ℏ𝑐3

8𝜋𝐺𝑘𝐵𝑀
. (49)

Corrections to 𝐺 and 𝑀 influence 𝑇H, altering the thermal behavior of black holes. As 𝐺(𝜇) decreases with the energy scale 𝜇, 
𝑇H increases for a fixed black hole mass 𝑀 . These effects may offer insights into the interplay between quantum mechanics and 
gravity near the event horizon.

In the context of early universe cosmology, the scale dependence of 𝐺 modifies the Friedmann equations, potentially altering 
inflationary dynamics and the evolution of primordial perturbations [42,43]. These effects could lead to observable signatures in 
the cosmic microwave background or in the distribution of large-scale structures.
11 



F. Neukart Annals of Physics 479 (2025) 170044 
The running 𝐺 also opens avenues for testing quantum gravity phenomenology. High-energy astrophysical observations, such 
as gamma-ray bursts or black hole mergers, and precision measurements in gravitational experiments, such as those involving 
gravitational wave detectors, could provide indirect evidence for the scale dependence of 𝐺 [16,30]. These observations might 
help constrain quantum gravity models and bridge the gap between theory and experiment.
Units and Conventions: In all expressions for thermodynamic quantities, such as 𝑆BH and 𝑇H, fundamental constants ℏ, 𝑐, and 
𝑘𝐵 are included explicitly to ensure dimensional consistency. 𝑆BH is measured in entropy units (J/K), while 𝑇H is measured in 
temperature units (K).

3.5. Consistency checks and limitations

A thorough assessment of the validity and limitations of our results is crucial to understand the scope and potential implications 
of the findings.

First, the calculations presented rely on perturbative expansions, which are valid only for small corrections. As the energy scale 
approaches the Planck scale, defined as 𝐸Planck =

√

ℏ𝑐5
𝐺 ≈ 1.22 × 1019 GeV, non-perturbative effects are expected to dominate. This 

limitation underscores the need for caution when extrapolating these results to regimes near the Planck scale, where quantum 
gravitational effects could significantly alter the dynamics.

The running of Newton’s constant 𝐺 is inherently tied to the field content of the theory. Our results are based on the Standard 
Model field content, but alternative scenarios, such as theories with additional scalar fields, supersymmetry, or extra dimensions, 
could lead to different behaviors for the beta function 𝛽𝐺. These modifications would directly impact the scale dependence of 𝐺, 
highlighting the sensitivity of our conclusions to the assumed particle spectrum.

The regularization scheme employed in this work utilizes a UV cutoff 𝜖, which provides a convenient means of addressing 
divergences. However, this approach is a simplification. A more rigorous treatment would involve the renormalization group 
framework or other regularization techniques, such as dimensional regularization or the zeta-function approach, to handle 
divergences in a consistent and physically meaningful manner [35,44].

Our analysis assumes that the Schwarzschild radius 𝑟𝑠 remains constant (𝛿𝑟𝑠 = 0) when computing corrections to the black hole 
mass 𝑀 . This assumption is valid if the physical horizon radius does not change while 𝐺 and 𝑀 are adjusted. In a more general 
scenario, variations in 𝑟𝑠 and 𝑀 might both occur, necessitating a complete solution to the modified Einstein equations that accounts 
for the dynamic interplay between these quantities.

Finally, the calculations presented neglect potential backreaction effects of quantum fields on spacetime geometry beyond their 
contributions to the entanglement entropy. While this approximation simplifies the analysis, it excludes higher-order corrections 
that could become significant in certain regimes, particularly near strong curvature regions such as black hole event horizons or in 
the early universe.
Units and Conventions: The Planck energy 𝐸Planck is explicitly expressed in terms of ℏ, 𝑐, and 𝐺 to ensure dimensional consistency 
and proper energy units (J or GeV).

3.6. Numerical estimates

To evaluate the significance of the corrections derived in this work, we provide numerical estimates using established physical 
constants:

ℏ ≈ 1.055 × 10−34 J ⋅ s,
𝑐 ≈ 3.00 × 108m/s,
𝐺 ≈ 6.67 × 10−11m3 ⋅ kg−1 ⋅ s−2.

The number of fields in the Standard Model is:
𝑁𝑠 = 4 (scalar fields), 𝑁𝑓 = 45 (spinor fields), 𝑁𝑔 = 12 (gauge fields).

Substituting these values into the corrected expression for the beta function 𝛽𝐺 from Eq. (46):

𝛽SM𝐺 = −0.30348 × 16
ℏ𝑐3

.

Performing the numerical substitution:

𝛽SM𝐺 = −0.30348 × 16
1.055 × 10−34 J ⋅ s × (3.00 × 108m/s)3

.

Simplifying the denominator:
(3.00 × 108m/s)3 = 2.7 × 1025m3 ⋅ s−3.

Calculating the denominator:
ℏ𝑐3 = 1.055 × 10−34 J ⋅ s × 2.7 × 1025m3 ⋅ s−3 = 2.8485 × 10−9 J ⋅m3 ⋅ s−2.
12 
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Thus, we have:
𝛽SM𝐺 = −0.30348 × 16

2.8485 × 10−9 J ⋅m3 ⋅ s−2
.

Calculating the numerical value:
16

2.8485 × 10−9
= 16

2.8485
× 109 ≈ 5.6148 × 109.

Therefore:

𝛽SM𝐺 = −0.30348 × 5.6148 × 109 ≈ −1.7045 × 109 kg−1 ⋅m−5 ⋅ s4.

Units Consistency Check:
The units of 𝛽SM𝐺  are determined by:

[

𝛽SM𝐺
]

=
[

1
ℏ𝑐3

]

= 1
(

kg ⋅m2 ⋅ s−1
) (

m3 ⋅ s−3
) = kg−1 ⋅m−5 ⋅ s4.

The units of 1
𝐺

 are:
[ 1
𝐺

]

= kg ⋅m−3 ⋅ s2.

While the units are not identical, they are related through factors of length and time. When considering the running of 𝐺, the 
scale 𝜇 (with units of energy, kg ⋅m2 ⋅ s−2) is involved. Multiplying 𝛽SM𝐺  by 𝜇 gives:

[

𝜇𝛽SM𝐺
]

=
(

kg ⋅m2 ⋅ s−2
)

×
(

kg−1 ⋅m−5 ⋅ s4
)

= m−3 ⋅ s2,

which matches the units of 1
𝐺
. Thus, the units are consistent when considering the full expression for the running of 𝐺.

Interpretation of Results:
Despite the numerical value of 𝛽SM𝐺  being large, the physical effect on 𝐺 is extremely small due to the dimensions involved and 

the dependence on ln
(

𝜇
𝜇0

)

, which is typically of order unity for accessible energy scales.

To illustrate this, we can estimate the fractional change in 1
𝐺

 over an energy scale change from 𝜇0 to 𝜇:

𝛿
( 1
𝐺

)

= 𝛽SM𝐺 ln
(

𝜇
𝜇0

)

.

Using 𝛽SM𝐺 ≈ −1.7045 × 109 kg−1 ⋅m−5 ⋅ s4 and considering a change in energy scale such that ln
(

𝜇
𝜇0

)

∼ 1, we find:

𝛿
( 1
𝐺

)

≈ −1.7045 × 109 kg−1 ⋅m−5 ⋅ s4.

Comparing this to 1
𝐺

≈ 1.5 × 1010 kg ⋅m−3 ⋅ s2, we see that the fractional change is:

𝛿
( 1
𝐺

)

1
𝐺

≈ −1.7045 × 109

1.5 × 1010
×
kg−1 ⋅m−5 ⋅ s4

kg ⋅m−3 ⋅ s2
= −1.136 × 10−19.

The units cancel appropriately, and the fractional change is on the order of 10−19, which is exceedingly small.
The extremely small fractional change in 1

𝐺
 demonstrates that the running of Newton’s constant due to entanglement entropy 

contributions from Standard Model fields is negligible at accessible energy scales. The corrections to 𝐺, and consequently to 
gravitational interactions, are undetectable with current experimental techniques.

However, as the energy scale approaches the Planck scale (𝐸Planck ∼ 1.22× 1019 GeV), where 𝜇 becomes comparable to 𝜇0 (taken 
as a lower energy scale), the logarithmic term ln

(

𝜇
𝜇0

)

 can become significant. This opens the possibility of probing such quantum 
gravitational phenomena in future high-energy astrophysical or cosmological observations.

While the computed corrections appear negligible at low-energy scales, they establish a framework for understanding how 
quantum fields influence gravitational interactions. This result aligns with theoretical expectations and provides a basis for further 
exploration in regimes where quantum gravity effects dominate.

3.7. Potential experimental signatures

Detecting the predicted effects of the running of Newton’s constant 𝐺 presents significant challenges due to the exceedingly small 
magnitude of the corrections at accessible energy scales. However, several experimental and observational avenues hold promise 
for testing these theoretical predictions:

High-precision measurements of gravitational interactions at short distances could reveal subtle deviations from Newtonian 
gravity. These deviations might manifest as anomalies in the inverse-square law of gravity, which are testable with state-of-the-
art torsion balance experiments and other precision apparatuses [45,46]. These laboratory-scale experiments provide a controlled 
environment to probe corrections arising from the entanglement entropy contributions to 𝐺.
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Astrophysical observations offer another promising pathway. Data from black hole mergers observed through gravitational wave 
signals could reveal deviations in the inferred values of black hole masses and radii if corrections to 𝐺 and 𝑀 are significant. 
Gravitational lensing measurements, particularly for massive galaxy clusters, may also exhibit small discrepancies when modeled 
with a running gravitational coupling [47,48]. Furthermore, the study of anisotropies in the cosmic microwave background (CMB) 
may provide constraints on early-universe variations in 𝐺.

In the realm of laboratory experiments, emerging research on the interplay between quantum entanglement and gravity offers 
intriguing possibilities. Experiments such as those involving quantum superposition of massive particles in a gravitational field [7,49] 
may indirectly probe the connection between quantum informational contributions and spacetime curvature.

Cosmological data provide a natural testing ground for variations in 𝐺 over vast timescales and distances. Observations of the 
large-scale structure of the universe, combined with Type Ia supernovae data, might constrain time-dependent or scale-dependent 
changes in 𝐺 [50–53]. These measurements would test whether our framework aligns with the observed dynamics of the universe, 
shedding light on potential emergent phenomena [12,54].

Gravitational wave observations offer a relatively new window into testing modifications to 𝐺. The propagation of gravitational 
waves through spacetime is sensitive to gravitational coupling, and deviations from the standard waveform predictions could be 
observed by detectors like LIGO, Virgo, and upcoming third-generation observatories [55]. These observatories could potentially 
detect changes in the speed or attenuation of gravitational waves induced by a running 𝐺.

While the corrections to 𝐺 predicted by our framework are extremely small at current experimental energy scales, advancements 
in precision measurement techniques and astrophysical observations may eventually bring these effects into the realm of detectabil-
ity. Future experiments, particularly those probing gravitational interactions in regimes where quantum effects are significant, will 
be essential for testing the interplay between entanglement entropy and gravitational dynamics.
Units and Conventions: All physical quantities referenced in potential experiments and observations include the necessary constants 
(ℏ, 𝑐, and 𝑘𝐵) to ensure dimensional consistency throughout.

4. Discussion

4.1. Implications for black hole thermodynamics

The modifications to Newton’s constant 𝐺 and black hole mass 𝑀 induced by entanglement entropy have profound implications 
for black hole thermodynamics. The Bekenstein–Hawking entropy [17,18]: 

𝑆BH =
𝑘𝐵𝑐3

4ℏ𝐺
𝐴, (50)

where 𝐴 = 4𝜋𝑟2𝑠 is the horizon area, is inversely proportional to 𝐺. The correction to 𝐺 modifies the entropy as follows: 

𝑆effBH =
𝑘𝐵𝑐3

4ℏ𝐺eff
𝐴 = 𝑆BH

(

1 + 𝛿𝐺
𝐺

)−1
. (51)

Expanding for small corrections (𝛿𝐺∕𝐺 ≪ 1) yields: 

𝑆effBH ≈ 𝑆BH
(

1 − 𝛿𝐺
𝐺

)

. (52)

This approximation is valid because 𝛿𝐺∕𝐺 is extremely small due to the minute corrections induced by quantum entanglement 
entropy. Higher-order terms like 

(

𝛿𝐺
𝐺

)2
 and beyond can be safely neglected as their contributions are negligible within the accessible 

energy scales of the system. Thus, an increase in 𝐺 (corresponding to a positive 𝛿𝐺) results in a slight decrease in 𝑆BH. This correction 
directly links the entanglement entropy contributions to changes in black hole entropy.

The Hawking temperature [18]: 

𝑇H = ℏ𝑐3

8𝜋𝐺𝑘𝐵𝑀
, (53)

is similarly affected by changes in 𝐺 and 𝑀 . Using the relationship 𝛿𝑀 = −𝑀
𝐺 𝛿𝐺, the effective Hawking temperature becomes:

𝑇 effH = ℏ𝑐3

8𝜋𝐺eff𝑘𝐵𝑀eff

= ℏ𝑐3

8𝜋(𝐺 + 𝛿𝐺)𝑘𝐵(𝑀 + 𝛿𝑀)

≈ 𝑇H
(

1 − 𝛿𝐺
𝐺

+ 𝛿𝑀
𝑀

)

= 𝑇H
(

1 − 𝛿𝐺
𝐺

− 𝑀
𝐺

𝛿𝐺
𝑀

)

= 𝑇H
(

1 − 2 𝛿𝐺
𝐺

)

, (54)
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where we used first-order approximations for 𝛿𝐺∕𝐺 and 𝛿𝑀∕𝑀 . This linear approximation is valid because 𝛿𝐺∕𝐺 is extremely small, 
making higher-order terms such as 

(

𝛿𝐺
𝐺

)2
 negligible. These results indicate that 𝑇H increases as 𝐺 decreases, which is consistent 

with the behavior of entropy. Since 𝛿𝐺 < 0 (because 𝐺 decreases with increasing energy scale), we have 𝛿𝐺∕𝐺 < 0, making the term 
−2 𝛿𝐺

𝐺  positive. Therefore, the effective Hawking temperature 𝑇 effH  is greater than the original 𝑇H.
The decrease in 𝑇H suggests a slower evaporation rate for black holes, extending their lifetimes. These corrections to black hole 

thermodynamics highlight the role of quantum information in modifying gravitational phenomena and may provide new insights 
into the black hole information paradox [56,57].

Furthermore, the regularization and renormalization of the entanglement entropy are essential for ensuring that these corrections 
are finite and physically meaningful. The modifications arise naturally within our framework, where the informational stress–
energy tensor 𝑇 info𝜇𝜈  introduces additional contributions to the gravitational field equations. These contributions underscore the deep 
connection between quantum information and spacetime geometry.

The interplay between entanglement entropy and black hole thermodynamics underscores the importance of quantum informa-
tional contributions in understanding gravitational phenomena. By linking the modifications of 𝐺, 𝑆BH, and 𝑇H to the underlying 
quantum structure of spacetime, this framework provides a pathway for addressing fundamental questions in quantum gravity.
Units and Conventions: All constants ℏ, 𝑐, and 𝑘𝐵 are included explicitly to maintain dimensional consistency. The entropy 𝑆BH
is expressed in units of J/K, while the temperature 𝑇H is expressed in units of K.

4.2. Cosmological consequences

The scale dependence of Newton’s constant 𝐺 has far-reaching implications for cosmology, particularly in the high-energy regime 
of the early universe. As the energy scale 𝜇 increases, the running of 𝐺 could influence key cosmological processes:
Inflationary Dynamics: Variations in 𝐺 may alter the dynamics of inflationary models [19,20]. During inflation, the rate of 
expansion is governed by the interplay between the inflaton potential and gravitational coupling. A decreasing 𝐺(𝜇) at higher 
energy scales would modify the Friedmann equations, potentially affecting the inflationary duration and the spectrum of primordial 
perturbations [58]. Observable consequences may include subtle shifts in the spectral index 𝑛𝑠 and the tensor-to-scalar ratio 𝑟, both 
of which can be constrained by precision observations of the cosmic microwave background (CMB).
Big Bang Nucleosynthesis (BBN): The production of light elements such as hydrogen, helium, and lithium during BBN depends 
sensitively on the universe’s expansion rate, which is determined by 𝐺 at that epoch [59]. Variations in 𝐺 could change the timing 
of key nuclear reactions, leading to deviations in the predicted abundances of these elements. Observations of primordial element 
abundances could thus place stringent limits on the running of 𝐺 during the BBN epoch.
Cosmic Microwave Background (CMB): During recombination, changes in 𝐺 could leave detectable imprints on the CMB 
anisotropies [47]. A varying gravitational coupling would affect the gravitational potential wells, altering the Sachs-Wolfe effect 
and the damping tail of the CMB power spectrum. These changes could provide indirect evidence for the scale dependence of 𝐺, 
offering a novel probe of quantum gravitational effects at cosmological scales.
Dark Energy and Accelerating Expansion: Entanglement entropy also contributes to the renormalization of the cosmological 
constant 𝛬 [50,51]. As shown in Eq. (18), quantum corrections to 𝛬 may influence models of dark energy and the observed 
accelerating expansion of the universe. While the leading divergence is absorbed into the renormalization of 𝛬, residual finite 
contributions could provide insights into the nature of dark energy, particularly its possible connection to quantum information.
Global Implications: The interplay between the running of 𝐺 and quantum corrections to 𝛬 suggests that entanglement entropy 
influences both local and large-scale gravitational phenomena. In the context of cosmology, these effects underscore the potential 
role of quantum information in shaping the universe’s evolution, from inflationary epochs to present-day accelerated expansion.
Regularization and Renormalization: To ensure physical interpretability, the regularization and renormalization of 𝐺 and 𝛬
are crucial. These processes eliminate divergences arising from quantum corrections, leaving finite contributions that can be 
incorporated into cosmological models. This framework provides a consistent way to integrate quantum informational effects into 
classical gravitational equations, offering new avenues for exploring the quantum foundations of cosmology.
Units and Conventions: While the primary discussion here is qualitative, any quantitative analyses involving 𝐺, 𝛬, or related 
parameters should include ℏ, 𝑐, and 𝑘𝐵 explicitly to maintain dimensional consistency. The units of 𝐺 and 𝛬 are consistent with 
their roles in Einstein’s field equations, ensuring compatibility across theoretical and observational frameworks.

4.3. Observational signatures

Detecting the predicted effects of quantum entanglement contributions to gravitational dynamics presents significant challenges 
due to the small magnitude of the corrections. Nonetheless, several potential observational avenues could test the theory’s 
predictions:

Gravitational Waves: The propagation of gravitational waves could exhibit subtle deviations from the predictions of General 
Relativity due to modifications induced by the informational stress–energy tensor 𝑇 info. These deviations might manifest as 
𝜇𝜈
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alterations in waveform templates observable by current and future gravitational wave observatories such as LIGO, Virgo, and 
LISA [48,60]. The detection of such deviations in waveforms from black hole or neutron star mergers could provide indirect evidence 
for the quantum informational effects on spacetime geometry.
Black Hole Shadows: The Event Horizon Telescope’s observations of black hole shadows [61] offer a unique opportunity to probe 
spacetime near the event horizon. Modifications to the geometry induced by the running of 𝐺 and contributions from quantum 
entanglement could lead to measurable changes in the size or shape of black hole shadows. Comparing observational data with 
theoretical predictions may reveal discrepancies attributable to these corrections.
Cosmic Microwave Background (CMB): As previously discussed, the running of 𝐺 during recombination could leave imprints on 
the CMB anisotropies [47]. Variations in 𝐺 affect the growth of perturbations and the gravitational potential wells, influencing the 
Sachs-Wolfe effect and the damping tail of the CMB power spectrum. High-precision measurements from the Planck satellite and 
future missions, such as CMB-S4, could place constraints on the running of 𝐺.
Laboratory Experiments: Precision tests of gravity in laboratory settings may offer another avenue for detecting the effects of 
entanglement-induced corrections to 𝐺. Experiments probing the equivalence principle and deviations from the inverse-square law 
at short distances [45,46] could detect deviations that point to the influence of 𝑇 info𝜇𝜈 . Improvements in torsion balance experiments 
or other short-range force measurements may enhance the sensitivity to such effects.
Astrophysical Observations: Neutron stars and black hole binaries represent natural laboratories for testing deviations from 
General Relativity. Precise measurements of neutron star masses, radii, and tidal deformabilities [55,62] could reveal subtle 
modifications in gravitational dynamics. Similarly, detailed studies of binary inspirals and mergers could provide constraints on 
the running of 𝐺, especially in the strong-field regime.

These potential observational signatures offer diverse pathways for testing the theory, spanning the realms of cosmology, 
astrophysics, and precision laboratory experiments. While the small magnitude of the corrections presents a challenge, advancements 
in observational techniques and data analysis may make these effects detectable in the future.
Units and Conventions: All physical quantities referenced are expressed with explicit inclusion of fundamental constants (ℏ, 𝑐, 𝑘𝐵) 
where applicable, ensuring dimensional consistency and interpretability. Observables such as waveforms, shadow sizes, and power 
spectra are expressed in units consistent with their respective domains of measurement.

4.4. Limitations and future directions

Our analysis incorporates numerical simulations illustrating the running of Newton’s constant 𝐺(𝜇) and the associated mass 
corrections to black holes due to quantum entanglement effects. These simulations provide critical insights into how entanglement 
entropy influences gravitational phenomena quantitatively. However, several limitations and avenues for future exploration remain.

A primary limitation is the reliance on perturbative methods, which assume that the corrections due to entanglement entropy 
are small. While this assumption holds at energy scales far below the Planck scale (𝐸Planck ∼ ℏ𝑐5

𝐺
≈ 1.22 × 1019 GeV), the approach 

becomes less reliable as energy scales approach 𝐸Planck, where non-perturbative effects are expected to dominate. A more complete 
quantum gravity framework is required to accurately describe phenomena in this regime.

Additionally, the running of 𝐺 is influenced by the field content of the universe. While our analysis is based on the Standard 
Model, extensions such as supersymmetry, additional scalar fields (e.g., inflatons), or other beyond-Standard Model theories 
could significantly alter the behavior of the beta function 𝛽𝐺, leading to different predictions for cosmological and astrophysical 
phenomena.

Future Directions:

1. Non-Perturbative Methods: Developing non-perturbative approaches, such as the exact renormalization group [35,41], 
could provide a more accurate description of 𝐺 and 𝛬 at high energy scales. Such methods would enable the study of the 
full quantum dynamics of gravity beyond the perturbative regime.

2. Extended Theoretical Frameworks: Investigating the effects of extended field content and alternative gravitational theories, 
such as scalar-tensor theories [63] or higher-curvature models [64], on the informational stress–energy tensor 𝑇 info𝜇𝜈 . These 
studies could reveal how specific extensions or modifications of gravity impact the running of 𝐺 and its observational 
signatures.

3. Advanced Numerical Simulations: Expanding numerical simulations to incorporate non-linear effects, such as those in 
rotating or charged black holes, as well as cosmological models that explicitly include 𝑇 info𝜇𝜈 . These simulations could enhance 
our understanding of the interplay between quantum information and gravitational dynamics and provide predictions for 
experimental or observational tests.

4. Quantum Information and Gravity: Further exploring the relationship between quantum information theory and spacetime 
geometry, with the goal of uncovering deeper insights into the emergence of gravity from quantum mechanics [8,9]. This 
line of research could establish new connections between entanglement, geometry, and the fundamental nature of spacetime.
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Regularization and renormalization remain essential for making corrections finite and physically meaningful across all energy 
scales. By addressing these limitations and pursuing these future directions, we aim to build a more comprehensive understanding 
of the role of quantum information in gravitational phenomena and the fundamental workings of spacetime.
Units and Conventions: The Planck energy 𝐸Planck is expressed explicitly with ℏ, 𝑐, and 𝐺 to ensure correct energy units (J or 
GeV). Dimensional consistency is maintained throughout the discussion.

5. Conclusion

In this work, we have introduced a novel framework that bridges quantum information theory and general relativity by 
incorporating an informational stress–energy tensor 𝑇 info𝜇𝜈 , derived from entanglement entropy, into the Einstein field equations. This 
approach elucidates the role of quantum entanglement in gravitational dynamics, providing a foundation for exploring the interplay 
between quantum information and spacetime geometry.

Our findings demonstrate that entanglement entropy leads to corrections in Newton’s constant 𝐺, resulting in a scale-dependent 
running of 𝐺 with energy. The beta function 𝛽𝐺, derived in Eq. (44), quantifies this running, and numerical estimates based on 
the Standard Model field content reveal the small but theoretically significant effects of quantum corrections on 𝐺, as anticipated 
in studies exploring the interplay of quantum gravity and cosmological observations [43]. Despite the small magnitude of these 
corrections, they represent a crucial step in understanding the quantum structure of spacetime. Furthermore, the running of 𝐺
induces mass corrections in black holes, modifying thermodynamic properties such as entropy and temperature. These corrections 
suggest a deeper connection between quantum information and the laws of black hole mechanics, reinforcing the view that 
entanglement entropy fundamentally influences gravitational phenomena.

The scale dependence of 𝐺 has profound implications for early universe phenomena, including inflationary dynamics, Big Bang 
nucleosynthesis, and the cosmic microwave background, as explored in Section 4.2. These results provide a potential pathway for 
integrating quantum informational principles into cosmology, offering new perspectives on the large-scale evolution of the universe. 
Additionally, we discussed several avenues for testing our framework experimentally and observationally, including gravitational 
wave observations, black hole shadow measurements, laboratory experiments, and precision cosmological data, as detailed in 
Section 4.3. These experimental prospects underscore the importance of connecting theoretical insights with observational evidence.

By supporting the perspective that quantum information, encoded through entanglement entropy, fundamentally contributes 
to gravitational phenomena, this work strengthens the growing paradigm that spacetime geometry and gravity may emerge from 
underlying quantum information processes [28,29]. This framework provides a concrete step toward unifying quantum mechanics 
and general relativity, emphasizing the necessity of reinterpreting classical gravitational concepts through the lens of quantum 
information.

The implications of our findings extend to broader theoretical contexts. Generalizing to non-trivial topologies and higher-
dimensional spacetimes, such as braneworld scenarios [65] and extra-dimensional theories [66], could deepen our understanding of 
the universality of these results. Moreover, connections with the AdS/CFT correspondence [67] and holographic principles highlight 
the relevance of our framework in understanding the interplay between quantum entanglement and spacetime geometry in lower-
dimensional field theories. Investigating entanglement wedges and bulk reconstruction [68,69] within this framework could further 
refine our understanding of quantum spacetime structure.

Integrating this framework with quantum gravity paradigms, such as loop quantum gravity [2], string theory [1], or other 
approaches, remains a compelling direction for future research. These integrations could illuminate how quantum information 
processes underpin spacetime geometry and gravitational dynamics. Additionally, enhancing numerical simulations to account for 
non-linear effects and identifying precise experimental setups capable of detecting the subtle corrections predicted by our theory 
are crucial for validating these results.

Ultimately, this framework underscores the transformative role of quantum information in shaping our understanding of gravity 
and spacetime. By investigating these areas, we aim to address fundamental challenges in physics, including the nature of quantum 
gravity. The results presented here demonstrate that even small corrections, when grounded in quantum informational principles, 
can profoundly influence our understanding of the universe. This work suggests that entanglement may hold the key to resolving 
the mysteries of spacetime and gravity, bridging the divide between quantum mechanics and general relativity, and offering new 
insights into the fabric of reality.
Units and Conventions: Throughout our conclusions, all references to equations and physical quantities include constants ℏ, 𝑐, and 
𝑘𝐵 explicitly to ensure dimensional consistency and clarity.
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Appendix A. Heat kernel calculations

For completeness, we provide additional details on the heat kernel method and the computation of the singular contributions to 
the stress–energy tensor 𝑇 info.
𝜇𝜈
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A.1. Heat kernel method

The heat kernel 𝐾(𝑠; 𝑥, 𝑥′) satisfies the heat equation [36]: 
( 𝜕
𝜕𝑠

+ 𝛥𝑥

)

𝐾(𝑠; 𝑥, 𝑥′) = 0, (A.1)

with the initial condition: 

𝐾(0; 𝑥, 𝑥′) = 𝛿(𝑥, 𝑥′). (A.2)

Here, 𝛥𝑥 is the Laplace operator on the manifold 𝑛, and 𝑠 is the proper time parameter.

A.2. Seeley-dewitt expansion

The trace of the heat kernel has the asymptotic expansion for small 𝑠: 

Tr𝐾(𝑠) = ∫𝑛

𝑑𝑑𝑥
√

𝑔
∞
∑

𝑘=0

( 𝑠
ℏ

)𝑘−𝑑∕2
𝑎𝑘(𝑥), (A.3)

where 𝑎𝑘(𝑥) are the Seeley-DeWitt coefficients, which are local invariants constructed from the curvature tensors and their 
derivatives [36,70].

For a massless scalar field in four-dimensional spacetime (𝑑 = 4), the first few coefficients are:

𝑎0(𝑥) = 1, (A.4)

𝑎1(𝑥) =
1
6
𝑅, (A.5)

𝑎2(𝑥) =
1

180
(

𝑅𝜇𝜈𝜌𝜎𝑅
𝜇𝜈𝜌𝜎 − 𝑅𝜇𝜈𝑅

𝜇𝜈) + 1
72

𝑅2. (A.6)

A.3. Singular contributions from the conical singularity

In the presence of a conical singularity at the entangling surface 𝛴, the heat kernel acquires an additional singular contribution 
localized on 𝛴 [15,37]: 

Tr𝐾𝑛(𝑠)sing =
𝛿
4𝜋

1
(4𝜋𝑠∕ℏ)(𝑑−2)∕2

∞
∑

𝑘=0

( 𝑠
ℏ

)𝑘

∫𝛴
𝑑𝑑−2𝜉

√

ℎ 𝑎𝛴𝑘 (𝜉), (A.7)

where:

• 𝛿 = 2𝜋(1 − 𝑛) is the deficit angle.
• ℎ is the determinant of the induced metric on 𝛴.
• 𝑎𝛴𝑘 (𝜉) are the Seeley-DeWitt coefficients evaluated on 𝛴.

The singular part of the effective action is then: 

𝑊 sing
𝑛 = ℏ

2 ∫

∞

0

𝑑𝑠
𝑠

Tr𝐾𝑛(𝑠)sing𝑒−𝑚
2𝑠∕(ℏ𝑐2), (A.8)

A.4. Calculation of 𝑇 info𝜇𝜈

The singular contribution to the stress–energy tensor is obtained by varying 𝑊 sing
𝑛  with respect to the metric [15]: 

⟨

𝑇𝜇𝜈 (𝑥)
⟩

sing = − 2𝑐4
√

−𝑔
𝛿𝑊 sing

𝑛
𝛿𝑔𝜇𝜈 (𝑥)

, (A.9)

Substituting the expression for 𝑊 sing
𝑛  from Eq. (A.8) and performing the variation, we find that ⟨𝑇𝜇𝜈 (𝑥)

⟩

sing is localized on 𝛴
and involves the curvature tensors evaluated at 𝛴.
Units and Conventions: The inclusion of ℏ and 𝑐 ensures that the effective action 𝑊 sing

𝑛  has units of action (J ⋅s). The stress–energy 
tensor ⟨𝑇𝜇𝜈 (𝑥)

⟩

sing has units of energy density (J⋅m−3) due to the additional factor of 𝑐4 in its definition. These adjustments maintain 
dimensional consistency throughout the calculations.
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Appendix B. Additional details on heat kernel calculations

B.1. Explicit expressions for 𝑎2(𝑥)2(x)

For a massless scalar field, the second Seeley-DeWitt coefficient 𝑎2(𝑥) in four dimensions is [36]: 

𝑎2(𝑥) =
1

180
𝑅𝜇𝜈𝜌𝜎𝑅

𝜇𝜈𝜌𝜎 − 1
180

𝑅𝜇𝜈𝑅
𝜇𝜈 + 1

72
𝑅2. (B.1)

For a Dirac spinor field: 

𝑎2(𝑥) =

(

− 1
360

𝑅𝜇𝜈𝜌𝜎𝑅
𝜇𝜈𝜌𝜎

+ 1
30

𝑅𝜇𝜈𝑅
𝜇𝜈

− 1
72

𝑅2

)

tr 𝟏spinor.

(B.2)

For a vector gauge field: 

𝑎2(𝑥) =
1

180
𝑅𝜇𝜈𝜌𝜎𝑅

𝜇𝜈𝜌𝜎 + 1
20

𝑅𝜇𝜈𝑅
𝜇𝜈 − 1

12
𝑅2. (B.3)

B.2. Integration over the conical singularity

The integration over the manifold with a conical singularity requires careful treatment. Near the singularity, the metric can be 
approximated in polar coordinates (𝑟, 𝜃): 

𝑑𝑠2 = 𝑑𝑟2 + 𝑟2𝑛2𝑑𝜃2 + ℎ𝑖𝑗𝑑𝜉
𝑖𝑑𝜉𝑗 , (B.4)

where 𝜃 ∈ [0, 2𝜋) and 𝑛 is the replica index (with 𝑛 → 1 at the end).
The integration measure includes a factor of 𝑛: 

∫𝑛

𝑑𝑑𝑥
√

𝑔 = 𝑛∫
𝑑𝑑𝑥

√

𝑔. (B.5)

This factor leads to terms proportional to (𝑛−1) in the effective action and stress–energy tensor, which are crucial for computing 
𝑇 info𝜇𝜈 .

B.3. Handling of divergences

The entanglement entropy contains UV divergences arising from contributions near the entangling surface 𝛴. Regularization 
schemes, such as introducing a UV cutoff 𝜖, are employed to handle these divergences [15,38].

The divergent terms in 𝑆EE are absorbed into the renormalization of gravitational constants, as shown in Eqs. (17) and (18) in 
the main text.
Units and Conventions: Throughout these calculations, all physical quantities are expressed with the necessary constants ℏ, 𝑐, and 
𝑘𝐵 included explicitly to maintain dimensional consistency.

Appendix C. Coefficients for quantum fields

We provide the explicit expressions for the coefficients 𝑐1 for various quantum fields used in Eq. (16) [15,37]. These coefficients 
are crucial for computing the corrections to Newton’s constant 𝐺.

C.1. Derivation of the coefficients

The coefficient 𝑐1 corresponds to the logarithmic term in the entanglement entropy 𝑆EE associated with the curvature scalar 𝑅
on the entangling surface 𝛴. It is computed using the integrated trace of the Seeley-DeWitt coefficient 𝑎2(𝑥): 

𝑐1 =
1
2𝜋 ∫ 𝑑𝑑−2𝜉

√

ℎ 𝑎𝛴2 (𝜉). (C.1)

𝛴
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C.2. Coefficients for specific fields

Using the known expressions for 𝑎2(𝑥), we have:

• Massless Scalar Field: 
𝑐(scalar)1 = − 1

720𝜋
. (C.2)

• Dirac Spinor Field: 
𝑐(spinor)1 = 7

1440𝜋
. (C.3)

• Vector Gauge Field: 
𝑐(gauge)1 = − 31

720𝜋
. (C.4)

These coefficients are consistent with those obtained from anomaly calculations and reflect the different contributions of each 
field type to the entanglement entropy.

C.3. Total coefficient in the standard model

Including contributions from all fields in the Standard Model, the total coefficient is: 

𝑐total1 = 𝑁𝑠𝑐
(scalar)
1 +𝑁𝑓 𝑐

(spinor)
1 +𝑁𝑔𝑐

(gauge)
1 , (C.5)

where:

• 𝑁𝑠 = 4 (number of real scalar fields from the Higgs doublet).
• 𝑁𝑓 = 45 (number of Weyl fermions, accounting for flavors and colors).
• 𝑁𝑔 = 12 (number of gauge bosons from 𝑆𝑈 (3) × 𝑆𝑈 (2) × 𝑈 (1)).

Substituting the values, we obtain:

𝑐total1 = 4
(

− 1
720𝜋

)

+ 45
( 7
1440𝜋

)

+ 12
(

− 31
720𝜋

)

= 1
𝜋

(

− 4
720

+ 315
1440

− 372
720

)

= −0.30348. (C.6)

This negative total coefficient leads to the decrease in 1
𝐺

 with increasing energy scale 𝜇, as discussed in the main text.

Units and Conventions: The coefficients 𝑐1 are dimensionless, ensuring that when they are used in expressions for 𝛿
( 1
𝐺

)

, the units 
are correctly determined by the constants included in those expressions.

Appendix D. Regularization and renormalization details

For completeness, we provide additional details on the regularization and renormalization procedures used in the calculations.

D.1. Ultraviolet cutoff

We introduce a UV cutoff 𝜖 (with units of length) to regularize the divergences in the entanglement entropy: 

𝑆EE = 𝑘𝐵 ∫𝛴
𝑑𝑑−2𝜉

√

ℎ

(

𝑐𝑑−2
𝜖𝑑−2

+
𝑐𝑑−4
𝜖𝑑−4

+⋯

+ 𝑐1𝑅 ln(𝜇𝜖) + finite terms
)

.

(D.1)

Here, 𝜇 is the renormalization scale (with units of inverse length), ensuring that 𝜇𝜖 is dimensionless in the logarithmic term.
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D.2. Renormalization of gravitational constants

The divergent terms are absorbed into the renormalization of Newton’s constant 𝐺 and the cosmological constant 𝛬:

𝛿
( 1
𝐺

)

=
16𝜋𝑘𝐵
ℏ𝑐3

𝑐1 ln(𝜇𝜖), (D.2)

𝛿
(𝛬
𝐺

)

=
8𝜋𝑘𝐵
ℏ𝑐4

𝑐𝑑−2
1

𝜖𝑑−2
. (D.3)

By absorbing these divergences, we obtain finite, renormalized quantities 𝐺eff and 𝛬eff:
1

𝐺eff
= 1

𝐺
+ 𝛿

( 1
𝐺

)

, (D.4)

𝛬eff
𝐺eff

= 𝛬
𝐺

+ 𝛿
(𝛬
𝐺

)

. (D.5)

Units and Conventions: The terms 𝛿
( 1
𝐺

)

 and 𝛿
(𝛬
𝐺

)

 have units consistent with 1
𝐺

 (kg⋅m−1 ⋅s−2) and 𝛬
𝐺

 (kg⋅m−3 ⋅s−2), respectively. 
The inclusion of ℏ, 𝑐, and 𝑘𝐵 ensures dimensional consistency.

Appendix E. Summary

The calculations presented in this appendix provide the technical details underlying the results discussed in the main text. 
By employing the heat kernel method and carefully handling the contributions from conical singularities, we have derived the 
corrections to Newton’s constant 𝐺 due to quantum entanglement. The explicit expressions for the coefficients 𝑐1 for various fields 
allow for precise computations of these corrections within the framework of the Standard Model.
Units and Conventions: Throughout the appendices, all physical quantities and equations include the fundamental constants ℏ, 𝑐, 
and 𝑘𝐵 explicitly to maintain dimensional consistency and clarity in the presentation of our results.

Data availability

No data was used for the research described in the article.
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