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例： 两个等同谐振子间的引力相互作用 
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•  若引力本质上是经典的 

4
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•  为什么引力的量子效应有可能在低能标范围检测？ 

 c G

lp := G / c3 1.6×10−33cm

Ep = c5 /G 1/ lp 1.2×10
19Gev

普朗克长度 

普朗克能量 

t p := G / c5 10−43s
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•  为什么引力的量子效应有可能在低能标范围检测？ 

普朗克质量落在了冷原子等低能实验可能触及的范围。 
最为关键的是要使物体依然保持量子特性（如相干性）！ 

 c G

lp := G / c3 1.6×10−33cm

Ep = c5 /G 1/ lp 1.2×10
19Gev

普朗克长度 

普朗克能量 

普朗克质量 mp = c /G  2.18×10−5g

t p := G / c5 10−43s
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de Broglie wave length ?d plλ →

2 22 1 /d v c
mv
πλ = −h

（1） 

（2）   m ↑

The key point is that M grows macroscopically but preserves its quantum nature! 
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M =10g→ v 10km / s M =10g→ λd  4.2×10
−33cm

10 / 10 / ?km s km s+ −

•  Multi-atoms 
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•   简单历史回顾 
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•  低能标下探测引力量子效应的实验基础： 

(1) 物质-波 干涉实验 

(2) 空腔光力实验 

•    国内外主要进展： 

(1) 实验上取得了重要进展 

(2) 夯实了利用纠缠检测引力的理论基础，如对QGEM方案的理论预期 

测量了毫克量级量子物体间的引力及相关性质  

Nature 591 (2021) 7849, 225-228  

2019年国际引力散文竞赛第一名  

Int.J.Mod.Phys.D 28 (2019) 14, 1943001  

(3) 形成了引力物理与量子信息的交叉融合的大趋势 

利用量子信息中的非高斯性探测量子引力效应  

PRX Quantum 2 (2021) 010325  

相关科普： 
桌面上的量子引力实验 

量子引力的低能效应 



仅有量子的媒介（或相互作用）才能使两物体间产生纠缠: 

实验检测: 引力必然是量子的 

•  为什么利用纠缠？ 

纠缠态 

引力必然是经典的 非纠缠态 
非纠缠态 

⎧
⎨
⎩

演化 

量子引力诱导纠缠方案 
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附： 什么是纠缠？ 

纠缠的度量：纠缠熵 

local operations and classical communication (LOCC)  



•  引力诱导纠缠方案（QGEM） 

两台斯特恩-格拉赫装置： Marletto and Vedral, Phys.Rev.Lett. 119 (2017) 240402 

Bose, et.al., Phys.Rev.Lett. 119 (2017)240401 
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•   引力若是量子的，将引起相位差：  
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•   如何在最短时间内产生足够大的纠缠？ 

FIG. 1: Above the dashed line is the plot of original QGEM experiment setup, while below the

dashed line is the plot of simplified sketch without time direction: Two particles A and B are

placed in the linearly nearby positions, and each particle is prepared in the superposition of two

approximately coordinate eigenstates |0i and |1i. As di↵erent quantum states of these two particles

will induce di↵erent gravitational potential, it will generate nontrivial phase di↵erences for states

during the evolution of this system and eventually it will generate observable entanglement between

two particles when the time of evolution is su�ciently long.

prism with a center is the most e�cient one among all the possible configurations with

n = 4. Furthermore, we argue that this result can be extended to a system with multiple

particles up to seven, where the entanglement e�ciency is also enhanced in comparison with

the setup with fewer particles .

We arrange our paper as following. In next section, we will briefly review QGEM ex-

periment proposal with three-qubit particles, focusing on the improvement of entanglement

generation. In section three, we will consider the system with four-qubit particles in detail

and show that the configuration in the form of triangular prism with a central particle is the

most e�cient setup to generate entanglement. We will also extend this setup up to n = 7

and compare the generation rate of entanglement for di↵erent setups. Our summary and

conclusions are given in the last section, with some remarks on its novelty and plausibility.

4
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•   如何在最短时间内产生足够大的纠缠？ 

FIG. 2: Di↵erent QGEM setups with three massive particles. Each solid line represents a particle,

which is in a superposition of |0i and |1i. The ith particle is in a superposition of |0ii and |1i
1

.

�x as well as dmin has the same value in all setups.

Some details on the computation of entanglement are given in the Appendix.

II. THE SETUP WITH THREE MASSIVE PARTICLES

In this section we will firstly present the logic line for the computation of entanglement

entropy between one specified particle with the other particles in a system composed of n

particles, which is the base for witnessing gravity-induced entanglement in QGEM experi-

ment. We will also briefly review the setup with three massive particles and consider all the

possible configurations when the parameters are fixed, among of which three configurations

have previously been considered in Ref.([23]).

Let us consider a system composed of n massive particles interacted by gravity due to

Newtonian potential, each of which can be viewed as a qubit with two eigenstates of spin,

namely |0i and |1i. Now we set the initial state of the system as

| (t = 0)i =
nO

i=1

1p
2
(|0ii+ |1ii). (1)

5

Schut, Tilly, Marshman, Bose and Mazumdar, [arXiv:2110.14695]  
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FIG. 3: The evolution of entanglement entropy in di↵erent setups with three massive particles.

Notice that the line of S
2

in parallel setup overlaps with the line of S
1

in prism setup. And the

line of S
2

in linear setup almost overlaps with the line of S
1

in star setup.

star, polygon and prism setups, we may also obtain a new configuration by inputting the

fourth particle at the center of the setup respectively, as illustrated in Fig.4 (f), (g), (h),

where the SG device of the fourth particle is perpendicular to the plane formed by SG

devices of the other three particles in (f) and (g), while in (h) the SG device of the fourth

particle is parallel to the prism. Totally, one obtains eight possible configurations for the

QGEM setup for four massive particles.

Now we are concerned with the generation rate of the entanglement in these di↵erent

configurations. Again, we only need to consider S
2

for the linear and parallel setup since

it exhibits the most e�cient rate among all the particles, and consider S
1

for the star,

polygon and prism setup due to the symmetry of the configuration. For the setups with a

central particle, namely (f), (g) and (h) in Fig. (4), we only need to consider the central

particle which has the minimal average distance and thus exhibits the highest entanglement

8

Schut, Tilly, Marshman, Bose and Mazumdar, [arXiv:2110.14695]  
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•   多粒子间引力诱导的纠缠 
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FIG. 4: Di↵erent QGEM setups with four massive particles. The setups (a)-(e) are direct extension

of Fig.2(a)-(e), while setups (f), (g), (h) are obtained by adding a central particle to Fig.2(c), (d),

(e).

generation rate among all the massive particles. We denote the entanglement entropy of the

central particle as S
0

. We perform the numerical analysis and illustrate the results for the

highest generation rate in each configuration in Fig. (5).

Most importantly, from Fig.5 it is clear to see that the central particle in the setup

of triangular prism (h) exhibits the largest generation rate of entanglement among all the

configurations, since it has the minimal distance to all the other three particles. Secondly,

the prism setup is better than the parallel setup when n = 4, although both setups have the

same entanglement generation rate in the case of n = 3. In addition, for the polygon setup

with central particle (g), S
0

is always zero due to the symmetry of the setup. We present

9
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FIG. 5: The evolution of the entanglement entropy in di↵erent setups when n = 4.

the proof of this statement in Appendix B.

The above numerical results are consistent with what we expect. As we mentioned above,

in the parallel setup of n = 4, the fourth particle is farther away from the second particle,

so the gravitational interaction between the fourth particle and the second one becomes

weak, contributing little to the entanglement entropy. On the other hand, in the prism

setup, the average distance between particles is smaller than that in the parallel setup, thus

the generation rate of entanglement is improved more e�ciently when adding particles. In

particular, if we add a particle at the center of the prism, the average distance between this

particle and all the other particles is the smallest, thus exhibiting the largest generation rate

of entanglement entropy.

Inspired by the above analysis on n = 4, next we intend to generalize it by considering

setups with more particles and expect that the prism setup with a central particle will

exhibit the maximal generation rate of entanglement. We depict the prism configuration for

n = 4, 5, 6, 7 in Fig. (6). We find that these configurations with a central particle always

10
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•   如何在最短时间内产生足够大的纠缠？ Li, Ling, Yu, arXiv: 2210.17259   

FIG. 6: The prism setup with a central particle for n = 4, 5, 6, 7.

exhibit the highest generation rate of entanglement among all the possible configurations

with the same number of particles. More importantly, we find that this rate increases

dramatically as the number of particles increases, as illustrated in Fig. (7). In contrast, one

finds that for other configurations the generation rate is barely improved when the number of

particles increases. For instance we show the rate of the parallel setup with di↵erent number

of particles in Fig.(7) as well. The rate is almost saturated since the increased particles are

far from the observed particle such that their e↵ects may be negligible.

Based on the above investigation, we conclude that for n > 3 the prism setup with a

central particle exhibits the maximal generation rate of entanglement and this rate can be

11

多粒子间的纠缠与演化 



•   如何在最短时间内产生足够大的纠缠？ Li, Ling, Yu, arXiv: 2210.17259   

FIG. 7: The time evolution of entanglement entropy in parallel setup and prism setup with a central

particle when n = 4, 5, 6, 7. Note that the generation rate of entanglement in prism setups increases

with the number of particles dramatically, while all the four curves representing the evolution of

entanglement entropy in parallel setups almost overlap.

improved by increasing the number of particles up to n = 7. When the number of particles

is larger than seven, then the distance between the central particle and other particles would

not be the minimal one, but larger than the distance between any two neighboring particles

surrounding the central particle. We will not consider these cases from the actual situation

of the experiment.

IV. CONCLUSION AND DISCUSSION

With the goal of constructing the setup with the most e�cient rate of entanglement

generation due to the gravity interaction, we have investigated new QGEM setups with the

number of massive particles n > 3. For n = 4, we have found that the particle at the

center of the prism setup exhibits the most e�cient entanglement behavior since it has the

most pairs of neighboring particles. This situation is in contrast to the cases of n = 2 and

12
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关于多粒子纠缠的讨论 

•   参数的优化 
           
          粒子质量的限制 
              

•   退相干问题 

•   纠缠度的测量 

4
min

1 ( 10 , 250 , 200 )m kg x m d mµ µ−= Δ = =

n = 3,         t = 5s,            s  0.43        
n = 4,        t = 4s,            s  0.43   
n = 7,        t = 2.8s,         s  0.43   



总结 

•   提出了利用引力使多粒子间产生纠缠的检验方案。 

•   将多台斯特恩-格拉赫装置摆成正多边形为底的棱柱形时，处于棱柱中 
   心位置的粒子将在最短时间内达到最大纠缠熵。 

•   该工作为利用引力诱导纠缠的实验提供了迄今为止具有最佳熵产生率 
   的方案。 

Thanks ! 


