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Abstract: In this study, we explore the potential of using TianQin missions to probe the local gravitational effects

of dark matter. The TianQin project plans to launch satellites at both low and high orbits. High-precision orbit de-
termination is expected to aid in detecting Earth’s gravity or gravitational waves. By comparing the derived masses
in low and high orbits, it is possible to constrain the amount of dark matter between the two spheres, hence placing a
local constraint on dark matter’s gravitational effect. Our results show the capability of TianQin in detecting the
density of dark matter around Earth, with an ultimate sensitivity to a value of 10~® kg m>. This detection limit sur-

passes the estimated bounds for the solar system and the observation results for our Galaxy by approximately 7 and

14 orders of magnitude, respectively.
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I. INTRODUCTION

Dark matter, a concept of immense significance in
cosmology and astronomy, is a fascinating topic. This hy-
pothetical substance plays a critical role in our under-
standing of the universe [1]. Furthermore, it is widely re-
cognized that dark matter cannot be composed of ordin-
ary particles found within the framework of the standard
model [2]. Consequently, the pursuit of dark matter de-
tection holds paramount importance across various sci-
entific disciplines [3].

The existence of dark matter has been inferred from
its gravitational effects observed in astronomical observa-
tions [4]. Measurements of the (CMB) have provided
valuable insights into the density of dark matter in the
Universe, yielding a value of 2x 107 kg m™ [5]. Fur-
ther examinations of the vertical kinematics of disc stars
and the rotation curve of the Galaxy have led to an estim-
ation of the current density of (LDM) in the Galaxy, de-
noted as ppy = 5x 102> kg m™ [6]. Regarding our solar
system, utilizing the EPM2011 planetary ephemeris and
position observations from planets and spacecrafts, an up-
per limit for the density of (LDM) has been established at
1x107* kg m™ [7, 8]. Additional constraints on this
value have been obtained through extensive tracking and
modeling of the trajectory of the asteroid (101955) Ben-
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nu from the OSIRIS-REx mission, yielding a refined es-
timate of 3x 107" kg m™ [9]. In addition, (GW) detect-
ors including (LISA), Taiji, and (PTA) promise to provide
another approach to constrain the density of (LDM)
[10-17].

While significant findings have been made, it is cru-
cial to acknowledge that particle physics experiments
conducted near the Earth have not yet yielded direct evid-
ence of dark matter particles [18, 19]. However, the pres-
ence of dark matter particles in the vicinity of the Earth
can lead to variations in the gravitational effects at differ-
ent radii within Earth’s dark matter halo. These vari-
ations can serve as potential indications of the existence
of (LDM). Consequently, alongside particle experiments,
exploring the gravitational effects becomes essential in
the quest to detect (LDM) around the Earth.

In this paper, we investigate the gravitational effects
of (LDM) near the Earth by leveraging the (TQ) project.
The (TQ) project is primarily dedicated to the space-
borne (GW) detection [20]. Its implementation involves
launching satellites at two different orbital altitudes,
roughly 200 km and 10° km [21]. This strategic arrange-
ment offers a valuable opportunity to estimate the masses
of gravitational sources by utilizing the orbital radius and
period measurements of the satellites at different alti-
tudes. By comparing the derived masses, we can effect-
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ively detect the presence of (LDM).

This paper is organized as follows. In Sec. II, we
present our methodology for detecting the (LDM) near
the Earth. Then, we apply our methodology to the Tian-
Qin project in Sec. III. We provide a summary of our
study in Sec. I'V.

II. METHODOLOGY

To start, this section involves the methodology for de-
tecting (LDM) near the Earth through its gravitational ef-
fects. In our approach, we assume that the (LDM) sur-
rounding the Earth forms a homogeneous diffuse back-
ground of particles. With this assumption, we can derive
an expression that describes the gravitational effects ex-
perienced by a satellite orbiting at the radius R and peri-
od T:

47°R?
T2

G(Mg + Mpy) = ) (D

The derived expression incorporates fundamental
parameters such as the gravitational constant G, the mass
of the Earth Mg, and the mass of (LDM) within a sphere
of radius R, which we denote as Mpy. It is essential to
note that our analysis focuses on circular orbits and neg-
lects the mass of the satellite itself.

In Fig. 1, we can observe a viable approach to ad-
dress the potential impact of measurement errors in the
Earth mass. This approach involves using two satellites
with different orbital radii, denoted as R, and R,. Further-
more, the corresponding orbital periods of these satellites

Fig. 1.  (color online) Schematic diagram of (LDM) detec-
tion. The radius of the Earth Rg ~ 6400 km, the shadowed part
is represented as the measured dark matter region.

are represented by 7| and T,. By employing this setup, it
becomes possible to calculate the density of (LDM) with-
in the shell situated between these two satellites:

3(RIT? — RT2)

= 2 2
G(R,—R)TT] @

Ppm

For comprehensive analytical details, readers may
refer to the complete derivation process documented in
Appendix A. To account for the errors in orbital radius
and period measurements, it is crucial to incorporate the
error propagation formula when calculating the measure-
ment error of the (LDM) density. Assuming all paramet-
ers are independent, one can determine the measurement
error for the (LDM) density, which corresponds to the up-
per limit of detection, using the following formula:

dp 2
oo = }:(Jf)dp 3)

1

where the parameter group X ={R;,R,,T1,T,}. Substitut-
ing Eq. (2) to Eq. (3), we have

Jppm _Ar
OR, R’
Jppm _ _Ar
OR, R,’
Oppm _ Ar,
T, T’
Jppm _ _Ar, @)
oT, T,’
where
o OTRRYTE T
* T GR-R)TITY
_ 67R3
T GRI-R)TE
67R3
ATz = (5)

~ GR-RDT;

As derived from Eq. (1), when accounting for the fact
that the mass of dark matter is negligible compared to the
Earth' mass, we observe that the difference between
R3/T} and R3/T; is significantly smaller than either term
individually. This relationship can be mathematically rep-
resented as: R3/T3 = R}/T? +o(R}/T?), where o(...) term
captures higher-order corrections. Given the above condi-
tions, Eq. (5) implies
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Referring back to Egs. (3) and (4), we observe that
measurement uncertainty from the orbital radius R; con-
tributes an error term proportional to o /R;. Similarly,
the uncertainty from period T; scales as o7,/T;. Neverthe-
less, the impact of period uncertainty can be mitigated by
increasing the radial separation R, —R; between the two
measurement orbits.

III. TIANQIN CASE

The TQ project aims to detect (GW) within the mHz
frequency range [20]. It involves the deployment of three
Earth-orbiting satellites with an orbital radius of approx-
imately 10° km. These satellites form an equilateral tri-
angle constellation positioned perpendicular to the eclipt-
ic plane. To ensure the successful implementation of the
(TQ) project and the maturity of critical technologies, a
roadmap named the 0123 plan was adopted in 2015. This
roadmap provides a strategic framework consisting of
several steps that need to be followed [21, 22]: step 0 in-
volves acquiring the capability to obtain high-precision
orbit information for satellites in the (TQ) orbit through
(LLR) experiments; step 1 focuses on the single satellite
mission aimed at testing and demonstrating the maturity
of inertial reference technology; step 2 entails a mission
with a pair of satellites to evaluate and showcase the ma-
turity of inter-satellite laser interferometry technologys;
the final step, step 3, marks the launch of all three satel-
lites to form the space-borne (GW) detector known as
(TQ). As part of the TQ project, step 2 involves the de-
ployment of the TianQin-2 satellite in a (LEO) at an or-
bital altitude of 200 km. In Step 3, the TianQin-3 satellite
will be positioned at an orbital radius of 10° km. Their re-
spective orbital periods are approximately 1.5 hours and
3.64 days.

In this work, we aim to explore the upper measure-
ment limit for LDM density with the TQ project, as con-
strained by the precision of orbital radius and period
measurements. Multiple (POD) methods exist for measur-
ing orbital radius, including global navigation satellite
system (GNSS) [23], deep space network (DSN) [24],
and satellite laser ranging (SLR) [25]. Among these
methods, SLR offers a higher accuracy ranging system,
determining the satellite-to-station distance by precisely
measuring the flight time of laser pulses. For the TianQin
project, POD measurement errors are projected to be on
the order of 10~ m for TianQin-2 and 107! m for Tian-
Qin-3, respectively [26]. Furthermore, the orbital period
measurement can utilize relative clock alignment, achiev-
ing an estimated error level of 2x 107! s [26, 27].

Table 1. Measurement error contribution of different para-
meters.
X; Ry Ry Ty Ip)
dppm
I=ox, ol (kgm™) 15x107° 9.7x107 3.7x107*  1.8x107'
1

By substituting the aforementioned measurement er-
ror values into Eq. (3), we can calculate the upper limit of
the (LDM) density, which is found to be o, =1x107®
kg m. Table 1 provides a numerical breakdown of each
parameter’s contribution to the estimation of o, fur-
ther emphasizing the dominant role played by certain
parameters' measurement accuracy in determining the
density error. In this case, the orbital radius emerges as a
crucial factor that requires improved precision, as the or-
bital radius measurement has an accuracy that is approx-
imately 5 orders of magnitude less precise compared to
the orbital period measurement. This disparity suggests
that significant improvements in current (POD) techno-
logy would substantially contribute to the (LDM) detec-
tion.

For numerical validation, we conducted Monte Carlo
simulations with the LDM density ppy fixed at 2x 1073
kg m>. Using the true values of parameter group
{R|,R,,T,,T,} as distribution means and the measurement
uncertainties listed in Table 1 as standard deviations, we
generated one million Gaussian-distributed random sam-
ples for each parameter. As shown in Fig. 2, the resulting
distribution of the ppy converges to a Gaussian distribu-
tion characterized by 2.00+0.43x10~® kg m >, where the

0 1 2 3 4
pom [1078 kgm~—3]

Fig. 2. (color online) Monte Carlo simulations for the LDM
density. Vertical dashed lines on the distribution mark the
quantiles [16%, 50%, 84%], with the red line representing the
true value. The blue band covers the theoretical measurement
uncertainty.
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1-0 confidence interval is entirely contained within the
theoretical measurement uncertainty bound. This con-
firms the experimental feasibility of detecting the LDM
density at the 10® kg m™ scale through our proposed
measurement approach.

IV. SUMMARY

This study examined the feasibility of utilizing Earth-
orbiting satellites at different orbital altitudes to detect
(LDM) around the Earth. Our results suggested that de-
ploying satellites in both (LEO) and higher orbital alti-
tudes can significantly enhance the detection capability to
(LDM), with particular emphasis on increasing the orbit-
al altitude of the latter satellite.

For the TianQin-2 and TianQin-3 satellites employed
in the (TQ) project, we calculated the detection limit for
(LDM) density near the Earth, yielding a value of 1x 1078
kg m™. When compared with the observation results of
our Galaxy and the estimated constraints of the solar sys-
tem, this value falls significantly short of the required de-
tection threshold. Nevertheless, it is crucial to acknow-
ledge that advancements in the (POD) technology can po-
tentially enhance this detection limit. Furthermore, our
method —unlike (GW) detection —relies uniquely on
POD for (LDM) detection in conjunction with TianQin.
Due to this fundamental methodological difference, our
approach is not directly applicable to LISA or Taiji.

While our current analysis assumes an isotropic dark
matter distribution for simplicity, we acknowledge that
the LDM halo may exhibit anisotropies similar to those at
galactic scales [28, 29]. However, constraining such an-
isotropic features in the vicinity of Earth presents signi-
ficant observational challenges. The region surrounding
Earth spans scales orders of magnitude smaller than char-
acteristic LDM halo structures in the Milky Way (kpc) or

even within the solar system (A.U.). This fundamental
scale disparity limits our ability to resolve potential sub-
dominant anisotropic contributions, which would require
at least an order of magnitude better sensitivity to disen-
tangle from the dominant isotropic background.

APPENDIX A: CORRESPONDING DERIVATION
FOR THE LDM DENSITY

In terms of Eq. (1), one can derive the enclosed mass
profiles for two concentric spherical regions:

Mot M B 4712R?
E DM, — GT12 >
471°R3
Mg + Mpy, = ——2, Al
e+ Mo, = "G (AD)

where Mpy;, represents the dark matter mass within radi-
us R;. By subtracting the first and second lines of Eq.
(A1), the mass of the Earth cancels out, allowing direct
determination of the LDM mass within the spherical shell
region R; <r<R;:

M%@ m)

S G \n T}

(A2)
The corresponding shell volume is given by standard
spherical geometry:

AVpy = - (R3-R}).

3 (A3)

Combining Eqgs. (A2) and (A3) yields the LDM dens-
ity ppm as specified in Eq. (2).
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