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Abstract:  Jupiter is one of the top priorities for deep space exploration in China and other countries. The structure of Jupiter’s interior, in
particular, is a crucial but still unclear scientific topic. This paper discusses current scientific understanding of Jupiter’s interior by
summarizing the history of past and current exploration and data analysis. We review recent space-based and ground-based observation
methods and analyze their feasibility. To gain new insight into the internal structure of Jupiter, we propose to study Jupiter’s innards by
planetary seismology. Ground-based observation, namely the Jupiter Seismologic Interferometer Polarization Imager (SIPI) in Lenghu,
will be developed to obtain the Doppler velocity distribution on the surface of Jupiter and identify oscillation signals. Lenghu has
observation conditions that are not only exceptional in China but even in the world, capable of providing novel insight into the interior of
Jupiter. This will also be the first study in China of the interior of Jupiter using asteroseismology, which has significant implications for
China’s plans to explore Jupiter via spacecraft-mounted instruments.
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1.  Introduction
Jupiter is the planet in the Solar System with the largest mass, the
strongest magnetic field, the most energy, and the most abundant
natural  satellites.  Exploring  the  interior  of  Jupiter  can  help  us
unveil  the  formation  of  the  entire  galaxy,  including  the  origin  of
the Solar System and the growth of the planets. Despite hundreds
of years spent studying the swirls  and streaks of Jupiter’s  surface
via telescopes, we still  understand little about the substance that
lies  behind  the  clouds  that  cover  the  planet,  preventing  us  from
observing its interior. Learning more about its composition might
help us  comprehend the early  development of  the Solar  System,
the  formation  of  Jupiter’s  magnetic  field,  and  perhaps  even  the
possibility of extraterrestrial life (Handler et al., 2013).

Since the dawn of the space age, scientists have studied the interi-
ors of other planets by placing instruments on their surfaces, similar
to  the  seismographs  on  the  Earth.  Seismic  waves  propagate
through  the  planet,  their  velocities  influenced  by  the  density,

temperature, and composition of the materials they pass through.

Seismic  tomography  is  then  used  to  analyze  the  seismic  waves

recorded at multiple seismographic stations. Thus, the relationship

between wave speed and depth can be obtained, and the charac-

teristics  of  planetary  structure  and  composition  can  be  inferred.

This has become a classic way to study solid Solar System bodies

such as the Moon and Mars.

Jupiter  is  a  gas  giant;  it  is  obviously  impossible  to  place  seismo-

graphs on its surface.  It  must be observed remotely,  via satellites

or  ground  telescopes.  Traditional  methods  (e.g.,  studying  the

planet’s gravitation and magnetic field) are insufficient to charac-

terize  the  interior  of  Jupiter,  making  seismology  a  promising

approach (Mosser, 1997). Although the Sun’s interior and Jupiter’s

interior  cannot  be  equated,  it  is  possible  to  draw  lessons  from

helioseismology.

The  Sun  is  a  massive  rotating  gas  star,  and  its  internal  structure

has been studied by analyzing the various waves occurring on the

Sun. These waves are excited in the subsurface turbulent convec-

tive  boundary  layer.  They  propagate  through  the  interior  of  the

Sun, and, as they travel, they are affected by the properties of the

material through which they pass (Gough et al.,1996a).  Helioseis-

mic  waves  are  created  when  vibrations  generated  at  each  point
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on the Sun’s surface propagate in all directions. Correspondingly,
vibratory motion at any point on the surface is a superposition of
the  waves  generated  at  that  point  and  propagating  in  all  direc-
tions.  The  observed  helioseismic  waves  have  different  frequen-
cies,  different wavelengths,  and different vibration modes (Chris-
tensen-Dalsgaard,  1997; Appourchaux  et  al.,  2010).  By  inverting
the different waves, researchers have obtained information about
the  Sun’s  inner  structure  and  have  imaged  the  solar  backside.
Helioseismic  waves  can  be  categorized  into  different  modes
based on different restoring forces (Figure 1):

(1)  G-mode, for which the restoring force is  the buoyancy due to
density  fluctuations  and  gravity.  G-mode  waves  are  transverse
and low frequency, and are confined to the inner part of the Sun.
They  propagate  below  the  troposphere;  when  they  reach  the
surface,  they  have  significantly  less  amplitude  than  P-mode
waves.  For  the  Sun,  typical  periods  of  G-mode  waves  are  several
hours;  the  shortest  recorded  period  is  longer  than  35  min  (Stix,
2002; Fossat et al., 2017).

(2)  P-mode,  waves  for  which  the  restoring  force  arises  from  the
pressure gradient. The P-mode can also be interpreted as pressure
or  acoustic  waves.  The  P-mode  has  so  far  been  the  most  often
observed mode, with periods of a few minutes (Stix, 2002; García
and Stello, 2015).

The oscillations seen on the solar surface are caused by the super-
position  of  surface  gravity  waves  and  acoustic  waves,  or  mixed
modes with P and G properties. The oscillation frequency range is
from  2−5  mHz,  corresponding  to  periods  ranging  from  3  to
8 minutes. Maximum amplitude is observed at about the 5 minute
mark, giving rise to the term of 5-minute solar oscillations (Lubow
et al., 1980; Deubner and Gough, 1984; Fossat et al., 2017).

Analyzing  the  frequencies  of  the  Sun’s  oscillatory  modes  is  one
way to infer its internal structure. We can study the eigenfunctions
of the oscillations, and the propagation of the wave components
that  constitute  those eigenfunctions  in  a  particular  region of  the
Sun (Gough et al., 1996b). By measuring the motions of the atmo-
sphere to identify their characteristics,  it  is  possible to gain infor-
mation  relating  to  the  whole  volume  through  which  the  waves
have traveled (Gough et al.,1996b). Different wave frequencies are

interpreted to yield different information about the Sun’s interior.

Jupiter,  a  gas  giant  planet,  has  a  fluid  structure  similar  to  that  of

the Sun, suggesting that it should be possible to study its interior

through  similar  interpretations  of  observations  of  Jupiter’s  free

oscillations (Gaulme et al., 2011; Pallé et al., 2015). When waves in

a  fluid  reach  a  density  interface,  they  are  reflected  and  turn  into

standing waves by superimposing with the previous wave, which

is  visually  represented  as  free  oscillations.  Therefore,  Jovian  seis-

mology observations can potentially be used to reveal the internal

structure  of  Jupiter.  However,  differences  between  the  Sun  and

Jupiter  make  Jovian  seismology  observations  more  difficult,  for

the following reasons.

(1) The Sun has a convective outer envelope that is highly active,

and  a  radiative  inner  region  that  is  strongly  and  stably  stratified.

Jupiter’s  interior,  however,  despite  possibly  having  weak  stable

stratification layers (the helium rain region and the dilute core) is

nearly on a single adiabat (Proctor, 2004; Guillot et al., 2004).

(2)  As  a  typical  stellar  object,  the  Sun  is  much  more  centrally

concentrated  (indicated  by  a  higher  effective  polytropic  index)

than Jupiter, which means that Jupiter possesses a more consider-

able relative radial density variation in its outer region. Effectively,

all  P-modes  in  Jupiter  penetrate  much  more  shallowly  from  its

surface  to  the  interior,  in  fractional  radius,  compared  with  the

Solar  P-modes  of  the  same  degree  and  order.  In  Doppler  veloci-

ties,  individual  modes  on  the  Solar  surface  have  amplitudes  of

10  cm/s  or  even  lower,  and  their  superposition  leads  to  a  total

oscillatory signal of about 1 km/s (Harvey, 1995; Thompson, 2004;

García  et  al.,  2005),  while  on  Jupiter  it  is  just  0.01−1.0  m/s

(Bercovici  and  Schubert,  1987).  Observations  of  greater  accuracy

are required.

(3)  The  Sun  is  rotating  much  more  slowly  than  Jupiter.  Jupiter  is

rotating so fast that its spin frequency is comparable to its dynam-

ical  time  scale  (or  the  free-fall  time  scale).  The  Coriolis  force  and

the  related  dynamical  coupling  effects  in  seismological  modes

become  strong  enough  to  make  observations  of  Jovian  seismo-

logical modes much more difficult than in helioseismology.

To get precise results, helioseismology requires nearly continuous
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Figure 1.   Illustration of G-mode and P-mode oscillations. (top) G-mode: oscillation is perpendicular to the direction of wave travel. (bottom) P-

mode: oscillation is parallel to the direction of wave travel.
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observations of oscillations on the surface of the Sun over a long
period of  time (Leibacher,  1999).  Thus,  in Jovian seismology,  too,
the duration of observations and the duty cycle will  be critical to
its success. While there are many technical challenges in translating
the technique from the Solar case to that of Jupiter, several scien-
tific achievements of Jovian oscillation detection in the acoustical
regime have been achieved, as described in the next section.

This  paper  reviews  previous  observations  and  investigations  of
Jupiter’s  free  oscillations.  We  then  introduce  China’s  first  instru-
ment  focused  on  investigating  the  deep  structure  of  Jupiter  by
imaging the planet’s free oscillations. 

2.  Past Investigations of Jupiter’s Interior
Jupiter played a pivotal role in the formation of the Solar System
as  we  know  it  today,  since  it  was  so  massive  and  formed  so
quickly.  Our  knowledge  of  Jupiter  has  been  built  from  very  few
fundamental  facts.  Similar  to the composition of  the Sun,  Jupiter
contains mainly hydrogen and helium. The composition of Jupiter
includes  89.8  ±  2.0% hydrogen,  10.2  ±  2.0% helium,  and 0.4% of
other elements (Mauri, 2010).

The  common  perception  of  Jupiter’s  interior  is  that  Jupiter  is  a
hydrogen-helium planet with hydrostatic equilibrium. Its temper-
ature  inside  is  20,000  K  (Hemley,  1995).  Jupiter  consists  of  an
expanding gas cloud whose gravitational energy is converted into
heat as it  contracts (Hubbard and Smoluchowski,  1973; Guillot et
al., 2004).

Jupiter is contracting at a rate of 3 cm per year, while its interior is
cooling at a rate of 1 K per million years (Guillot et al.,  2004). The
cooling  and  contraction  appear  to  generate  a  huge  intrinsic
energy flux, resulting in more energy emission from Jupiter than it
receives  from  the  Sun.  This  flux  is  assumed  to  drive  most  of  the
planet’s  internal  convection  currents  and  to  generate  the
observed magnetic field through the dynamo mechanism (Guillot
et al., 2004). If these theories hold, it should be possible to derive
the composition of the planet directly from determination of the
elemental  abundances  in  its  atmosphere,  and  to  model  Jupiter’s
interior  by  performing  high-pressure  laboratory  experiments  on
the  gas  mixture  (mainly  hydrogen  and  helium),  the  equation  of
state,  the  boundary  conditions,  and  the  planet’s  energy  flux.
However, Jupiter’s interior is undoubtedly much more complicated
than this.

Understanding  how  the  Solar  System  developed  depends  on
determining  each  planet’s  precise  elemental  composition  and

how those elements are distributed within and around the planet.
Jupiter’s interior holds important traces of substances other than
hydrogen  and  helium,  including  neon  and  water.  Knowledge  of
Jupiter’s  atmosphere  will  thus  not  yield  sufficient  information  to
determine its interior structure. It is a challenge for us to pry into
the interior of Jupiter because the coulombic interaction between
electron  degeneracy  and  ions  can  lead  to  phase  transitions  or
phase separation of  elements  (Guillot  et  al.,  2004; Nettelmann et
al., 2008). Typically, models of planetary interiors based on gravity
field  measurements  generally  require  that  the  planet  have  a
dense  core  whose  mass  and  composition  reflect  how  the  planet
formed.  To  answer  the  most  fundamental  questions  about  the
innards  of  Jupiter,  and  any  clues  they  might  suggest  regarding
the origin of the Solar System, a different approach to describing
this important planet’s interior is required. 

2.1  Space-based Detections
Scientific knowledge of Jupiter has made great progress since the
first  Jupiter  flyby  of  Voyager-I  in  1979,  aided  by  significant
advances  in  technology,  especially  in  detection  methods  that
have  made  it  possible  to  collect  data  on  the  internal  pressure
state,  stratification  characteristics,  core  characteristics,  chemical
composition,  etc.,  of  extraterrestrial  bodies  (Lindal  et  al.,  1981).
Planetary  data  collection  can  be  space-based,  ground-based,  or
both when observations can be synchronized; the detection tech-
niques  used  vary,  of  course,  depending  on  how  the  data  are
acquired.  In  the  case  of  Jupiter,  however,  data  relevant  to  the
planet’s internal structure remain insufficient.

In the half century since the question of Jupiter’s interior was first
addressed,  tentative  answers  have  progressed  from  straightfor-
ward  to  nuanced,  from  uniform  to  layered.  As  more  information
and  data  have  been  collected,  models  of  Jupiter  have  become
more detailed (Figure 2).

In 1972, the Pioneer 10 mission was launched; its observations led
to  the  first  insight  into  Jupiter’s  shape,  and  basic  information
about  its  atmospheric  structure  and  temperature  (Smoluchowski
and Smoluchowsky, 1975). The Voyager-1 flyby of Jupiter in 1979
allowed  the  gravity  field  of  Jupiter  to  be  measured  with  higher
precision,  and  preliminary  constraints  on  the  planet’s  internal
model were achieved (Figure 2a). Given the satellite and detection
technology at that time, data collected were insufficient to differ-
entiate Jupiter’s  inner layers.  Only a very vague conclusion could
be drawn: helium was thought to be more abundant in the metallic
layer  than  in  the  molecular  layer  (Smoluchowski  and  Smolu-
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Figure 2.   Structure models of Jupiter. (a) Homogeneous model; (b) Three-layer model: molecular hydrogen-metallic hydrogen-core; (c) Five-

layers model: molecular hydrogen-helium rain-metallic hydrogen-ice core-rock core; (d) Diluted model: molecular hydrogen-helium rain-metallic

hydrogen-diluted core.
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chowsky, 1975).

Since then, researchers have gradually deepened their insight into

the  interior  of  Jupiter,  especially  through  the  measurements

made  during  the  Galileo  and  Cassini  missions,  which  achieved

more precise observations of the shallow parts of Jupiter.  One of

the three specific objectives of the Galileo mission was the Jovian

atmosphere;  the  probe  carried  a  series  of  instruments  into  the

atmosphere,  including  a  helium  abundance  detector  (HAD)  to

measure the abundance ratio He/H2 with high accuracy (Von Zahn

et al., 1998). After Galileo measured Jupiter’s external gravitational

field and its atmospheric helium abundance, it was possible to set

new limits on the composition and structure of the planet (Guillot

et al., 1997).

Traditionally, the interior of Jupiter has been modeled as a three-

layered  structure:  from  inside  to  outside,  Jupiter  is  modeled  as

having  a  core,  a  helium-rich  metallic  hydrogen  envelope,  and  a

helium-poor molecular hydrogen envelope (Figure 2b) (Guillot et

al., 1997; Guillot, 1999).

This  classic  assumption that Jupiter’s  interior  can be divided into

three  major  layers  persists,  but  it  is  almost  certain  to  be  more

complicated  than  this.  One  of  the  difficulties  is  that  we  cannot

pinpoint  the  region  where  helium  decomposition  occurs.  This

inhomogeneous region is likely to be very narrow and to occur in

low-pressure  metal  hydrogen;  the  separation  of  helium  from

hydrogen  may  require  higher  pressure  (Guillot  et  al.,  2004).  The

observational  data  obtained  by  the  Galileo  and  Juno  spacecraft

missions support the view that Jupiter’s interior is  neither homo-

geneous  nor  isentropic  (Gudkova and Zharkov,  1999a; Brygoo et

al.,  2021),  so  more complex  models  are  needed,  and conclusions

cannot  be  drawn  with  reference  only  to  current  models.  A  more

detailed model  has been proposed,  dividing the Jovian structure

into  five  layers:  1)  an  external  hydrogen-helium  molecular  enve-

lope;  2)  an  internal  hydrogen-helium  envelope;  3)  a  metallic

hydrogen-helium  envelope;  4)  a  layer  of  sedimentated  helium;

and 5) an ice-rock core (Figure 2c) (Gudkova and Zharkov, 1999b).

If  the  structure  of  the  core  is  not  bilayer,  but  gradually  diluted,

then the estimate of the mass of the core will be low.

The  Juno  spacecraft,  launched  in  2011,  was  the  second  Jupiter

orbiting  satellite.  Its  scientific  goals  focused  on  Jupiter’s  atmo-

sphere, magnetic field, and internal structure (Bolton et al., 2017).

The  Juno  mission’s  mapping  of  Jupiter’s  gravitational  field  is  the

latest  and  provides  the  highest  accuracy  to  date.  The  current

structural model of Jupiter, which matches the Juno gravity data,

indicates  that  deep  inside  Jupiter  is  an  extended  region  rich  in

heavy  elements;  the  planet’s  nucleus  is  thought  to  be  gradually

diluted or dispersed, rather than a compact core (Figure 2d) (Wahl

et al., 2017).

According  to  gravity  simulations,  the  outer  surface  of  Jupiter’s

core  is  located  between  0.3  and  0.5  of  the  planet’s  radius  and  is

gradually becoming less dense (Müller et al.,  2020; Durante et al.,

2022).  To explore the cause of the diffuse core,  the authors ran a

simulation of a head-on energetic collision between a giant plane-

tary  embryo  and  a  proto-Jupiter.  Their  simulation  showed  that

such  a  collision  could  produce  a  diluted  core,  mixing  heavy

elements into the inner layer, which is consistent with the findings

of the current study (Liu SF et al., 2019) and supports the conjecture

that  Jupiter’s  diluted  core  may  have  been  caused  by  a  massive

collision. 

2.2  Ground-based Observations
Ground-based observations yielding data relevant to the internal

structure  of  Jupiter  have  all  relied  on  optical  telescopes.  Internal

structure  information  is  obtained  by  inversion  of  Jupiter’s  free

oscillations.  One of the most straightforward methods to analyze

Jupiter’s  internal  structure  is  using  optical  remote  sensing  since

Jupiter  has  a  global  oscillation  analog  to  the  Sun  (Bercovici  and

Schubert,  1987; Gaulme  et  al.,  2015).  Acoustic  waves  excited  by

turbulence,  storms,  and/or  asteroid  impacts  in  interplanetary

space propagate into the interior of Jupiter (Goldreich and Keeley,

1977),  and  the  acoustic  modes  are  locked  within  Jupiter’s  layers

(Figure 3).

An  acoustic  ray  enters  the  interior  of  Jupiter  obliquely  from  the

surface; as the ray decreases, the velocity of sound becomes faster

(Lee,  1993).  This forces the ray to keep deflecting laterally until  it

moves  along  the  tangent  of  the  minimum  radius,  and  then

returns to the planet’s surface (Rogers, 1995; Bagenal et al., 2007).

As  an  acoustic  ray  approaches  the  top  of  Jupiter’s  stratosphere,

the  mode  below  the  acoustic  cutoff  frequency  is  limited  by

Jupiter’s  minimum  elevation.  Because  of  Jupiter’s  low  viscosity,

these acoustic modes are preserved in Jupiter’s interior,  in which

case  the  resonator  becomes  effective  (Bercovici  and  Schubert,
 

G-modeP-mode

 
Figure 3.   Propagation of acoustic waves in Jupiter. (left) Illustration of the layered model of Jupiter; (middle) P-mode: presenting in most area of

Jupiter except the core; (right) G-mode: existing in the depths of Jupiter.
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1987; Guillot  et  al.,  2004; Markham  and  Stevenson,  2018).  Thus,

various  acoustic  wave  frequencies  and  their  oscillation  modes

reflect the layered structure and material state of Jupiter’s interior,

making  their  study  a  key  technique  for  analyzing  the  interior  of

Jupiter. Our understanding of the giant planet’s interior will signif-

icantly  advance  as  we  improve  our  observations  of  this  gas

planet’s  free  oscillations.  This  can  be  demonstrated  by  the  great

contribution of helioseismic findings to the solar model.

At  present,  few  clearly  identified  mechanisms  have  been

proposed  that  can  excite  the  vibrations  of  Jupiter  to  detectable

levels. Turbulent convection is thought to be responsible for solar

oscillations (Goldreich and Kumar, 1988), but Jupiter’s convection

amplitudes  are  far  smaller  than  the  Sun’s  (Deming  et  al.,  1989).

Application  of  the  turbulent  convection  model  to  ground-based

observations has produced some promising results, but instrument

limitations  and  window  effects,  as  well  as  complex  atmospheric

properties,  have  severely  limited  those  results  (Schmider  et  al.,

1991; Lederer  et  al.,  1995); Mosser  et  al.  (2000),  however,  were

able to establish a 0.6 m/s upper limit for modal amplitude.

In order to verify Jupiter seismology, we need improved observa-

tions from the telescopes on Earth. Scientists have designed Seis-

mographic  Imaging  Interferometer  for  Monitoring  of  Planetary

Atmospheres (SYMPA), the first imaging instrument developed to

use  imaging  interferometry  to  monitor  a  giant  gas  planet’s  seis-

mology  (Schmider  et  al.,  2007, 2008; Gaulme  et  al.,  2008).  The

sensitivity of measuring the radial velocity will not be affected by

the  rapid  rotation  of  Jupiter  by  using  such  a  spatially  resolved

spectroscopic  interferometric  imager  (Schmider  et  al.,  2005;

Schmider  et  al.,  2007).  The  goal  of  SMYPA  was  to  identify  the

vibrational modes of Jupiter. However, due to accuracy issues and

other  complicating  factors,  the  observations  have  been  unsatis-

factory.

It  remains  challenging  to  gather  data  that  would  help  elucidate

Jupiter’s interior. Spacecraft can gather data relevant to the interior

of Jupiter by radio detection, magnetic field mapping, and gravi-

tational  moment  measurements.  The  most  direct  constraints  on

Jupiter’s interior structure comes from the measurements of grav-

itation  moments  (e.g., Militzer  et  al.,  2016, Guillot  et  al.,  2018).

However, the gravitational moments are mainly sensitive to exter-

nal  part  of  Jupiter’s  interior  structure  and  can  provide  limited

information to the deep structure (Schmider et al., 2005).

Other candidate methods, such as observations of Jovian seismol-

ogy  via  Earth-bound  telescopy,  could  potentially  advance  our

understanding  of  the  layered  structures  below  the  atmosphere.

This  is  a  long-term  program,  and  first  we  need  to  validate  our

instrument on the ground. After verifying the observation instru-

ments,  we  will  design  an  optical  instrument  to  be  carried  by

spacecraft,  enabling additional  observations from space.  There is

little observational research on Jupiter’s free oscillations, because

of  inadequate  accuracy  of  the  instruments  that  have  been  avail-

able, and because of discontinuities in the observational data that

have  been  available;  these  are  the  main  scientific  bottlenecks  to

be broken.  We are quite prepared to try the approach presented

below, at multiple qualified astronomical sites;  with the coopera-

tion  of  other  investigators,  we  are  confident  that  significant

progress will be made. 

3.  Seismological Observations at Lenghu
In  2020,  the  Institute  of  Geology  and  Geophysics,  Chinese
Academy  of  Sciences  established  the  Lenghu  Observatory  for
Planetary Sciences, located in Saishiteng Mountain, Lenghu Town,
Qinghai Province, which enjoys exceptionally favorable conditions
for  astronomical  observation.  We  are  constructing  at  Lenghu  an
optical  system  of  high-precision,  a  polarization  interferometric
imager,  for  observing Jupiter.  We expect continuous observation
of Jupiter at Lenghu to make it possible to identify different oscil-
lation modes and to invert the planet’s internal structure. For opti-
cal  observations,  factors  such  as  darkness  at  night,  dust  in  the
atmosphere, and fluctuations in atmospheric water vapor usually
need  to  be  taken  into  account  in  order  to  achieve  observation
accuracy and to avoid telescope interference as much as possible.
A good natural seeing is essential for optical operations, especially
for large-aperture telescopes; night viewing times must be free of
light  pollution.  The  effects  of  the  aforementioned  factors  will  be
less noticeable the higher and further away from any city a site is.

Lenghu  is  one  of  the  few  locations  worldwide  that  can  support
scientific  investigation  of  Jupiter’s  optical  imaging  (Deng  et  al.,
2021; Zhao  et  al.,  2022).  The  Lenghu  site  provides  outstanding
astronomical seeing and pleasant weather for nighttime observa-
tion, according to data collected during three years of monitoring
the  optical  viewing  conditions  there.  Lenghu  had  >70%  clear
nights  over  those  three  years;  its  median  nighttime  temperature
was  2.4  °C  with  little  variation;  precipitable  water  volume  was
2 mm during winter — all of which indicate that Lenghu’s air was
very favorable and stable.  The median seeing of the telescope at
Lenghu can be up to 0.75 arcsec, ~75% of the time being less than
1  arcsec,  ~10%  of  the  time  being  better  than  0.5  arcsec.  These
values  are  comparable  to  those  of  other  first-class  sites  such  as
Mauna  Kea  and  La  Palma  (Deng  et  al.,  2021),  confirming  that
Lenghu  has  great  potential  to  support  near-surface  optical
systems.

The Lenghu telescope is located on a summit of Saishiteng Moun-
tain near the town of Lenghu in Qinghai Province, China. The tele-
scope has a 1.8 m diameter Cassegrain optical system, 0.25′′ pixel
resolution,  and  a  spectral  range  of  370  to  1800  nm  (He  et  al.,
2021).  One  of  the  tasks  of  the  telescope  is  to  study  Jovian  free
oscillation using long-term observation data  to  invert  its  internal
structure.  A  seismologic  interferometer  polarization  imager  (SIPI)
will be equipped at the focal plane of the telescope to image the
Doppler  signals  due  to  the  Jovian  free  oscillations.  Similar  to
SYMPA,  the  SIPI  contains  a  Mach-Zehnder  interferometer  and  a
Wollaston  prism  operating  at  519  nm  wavelength,  which  is  at
approximately the peak of solar radiation and will thus ensure the
efficiency  of  the  imaging.  A  diagram  of  the  preliminary  optical
design of SIPI  is  shown in Figure 4.  Using the SIPI,  we can obtain
four  simultaneous  images  of  Jupiter  with  even  brightness,  each
with a phase difference of π/2. The timing of the two cameras will
be controlled within milli-seconds. These four images will allow us
to determine the phase of the velocity field and retrieve the inter-
ferogram mode’s phase.

According to the theoretical analysis by Schmider et al. (2007), the
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standard deviation of the velocity variations (δv) can be estimated
by

δv = c

2πλ0Δγ
√

2N
,

where c is  the  light  speed, λ0 is  the  central  wavelength  of  the
bandwidth, Δ is the optical path difference (OPD), γ is the contrast
of  the  fringes,  and N is  the  number  of  photons  collected  at  the
detector. Obviously, if we can increase N, we can reduce the stan-
dard deviation.

The number of collected photons is determined by several factors,
such as the diameter of the telescope, the atmospheric transmis-
sion at the site, and the optical efficiency of the telescope (reflec-
tivity,  transmission,  and  quantum  efficiency).  For  a  telescope  at
the Lenghu site, at an elevation of 4200 m, the atmospheric trans-
mission at  519 nm can reach 90% during a  photometrically  clear
night, based on the atmospheric transmission (MODTRAN) model
(Berk  et  al.,  2014),  assuming  moderate  resolution;  this  is  signifi-
cantly  higher  than the atmospheric  transmission at  the site  used
by  SYMPA  (Schmider  et  al.,  2007).  The  1.8-meter  diameter  of  the
Lenghu  telescope  is  slightly  larger  than  the  1.52-meter  Carlos
Sanchez  telescope  at  Teide  observatory.  Also,  compared  with
SYMPA,  the  OPD  of  SIPI  will  be  significantly  increased.  These
differences  lead  us  to  expect  that  the  standard  deviation  of  the
velocity  variation  will  be  reduced  when  Lenghu  data  become
available. Detailed analysis of the observation efficiency of SIPI will
be done once the final design of SIPI is completed.

The  most  promising  model  of  Jupiter’s  interior  predicts  theoreti-
cally  that  the  fundamental  frequency  will  prove  to  be  approxi-
mately 153 μHz, and that the different modes can be separated at
approximately  this  frequency  or  at  a  multiple  of  this  frequency
(Gudkova and Zharkov, 1999b).  However, different models of the

Jovian  interior  have  suggested  that  the  fundamental  frequency
might  have  other  values,  so  those  models  must  also  be  tested.
However,  background  noise  and  data  incompleteness  may
weaken  the  identification  of  P-mode  features  and  specific  struc-
tures, so we will continue to focus also on this issue in our future
work, investigating Jupiter’s oscillations with higher quality data. 

4.  Summary
This  paper  provides  a  concise  overview  of  past  efforts  to  under-
stand  Jupiter’s  interior;  it  also  reviews  the  history  of  exploratory
missions to the planet and of the models of Jupiter’s interior.  We
suggest that asteroseismology can play a significant role in efforts
to  understand  Jupiter  better,  and  that  the  Lenghu  Astronomical
Telescope, too, has tremendous potential to advance future studies
of  Jupiter,  which  are  likely  to  advance  human  understanding  of
the origins  of  our  galaxy and of  our  own planet,  Earth.  Although
many  questions  remain  to  be  answered  about  the  interior  of
Jupiter, the growing number of spacecraft and telescopes capable
of providing rich new data to researchers suggest that the speed
with which these questions are answered will soon accelerate; we
can be confident that the day is coming when we on Earth will be
able to map Jupiter’s interior accurately.

In  China,  the  study  of  Jupiter’s  interior  is  in  its  early  stages.  Our
immediate  goal  is  to  construct  the  SIPI  in  order  to  observe
Jupiter’s  free  oscillations  at  Lenghu.  The  best  conditions  for
observing Jupiter’s radial velocity are now present. We can extract
the  doppler  velocity  distribution  on  Jupiter’s  surface,  recognize
the  oscillation  signal,  and  ascertain  the  oscillation’s  order  by
processing the data now becoming available. Eventually the tele-
scopes  at  the  Lenghu  Observatory  for  Planetary  Sciences  will  be
used  for  other  scientific  purposes,  such  as  tracking  comets  and
other  tiny  objects,  and  observing  the  geological  activities  of
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Figure 4.   Optical scheme of the SIPI.
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Jupiter’s moons.

Although  the  plan  described  here,  to  apply  asteroseismology  to
data from ground optical telescopes as a way to study the interior
of Jupiter, is initially limited to China, which is suboptimal, we look
forward  to  international  cooperation,  which  will  greatly  improve
results.  After  verifying  the  SIPI  instrument  at  Lenghu,  we  will
encourage colleagues in other countries to install SIPI instruments
distributed evenly  in  geographic  longitude (e.g.,  Lenghu,  Hawaii,
Chile, Spain). By deploying four telescopes with similar diameters
in such a  pattern,  such an array,  compared to a  single telescope,
has  the  potential,  at  times  when  all  stations  enjoy  favorable
weather conditions, to reach a duty cycle of observations close to
100%.  This  approach  would  enable  long-term  continuous  moni-
toring of Jovian seismology and would thus significantly enhance
the investigation of Jupiter’s interior.

The  primary  advantage  of  ground-based  observation  is  its  long-
term  nature.  However,  ground-based  optical  remote  sensing
encounters  challenges  such  as  atmospheric  interference,  limita-
tions  in  spatial  resolution,  and signal-to-noise  ratio  issues  due to
the  considerable  distance  to  Jupiter,  atmospheric  seeing,  and
weather  variability.  To  overcome  these  limitations,  the  most  effi-
cient approach is  to conduct observations from Jupiter’s  orbit,  in
addition to  observations  from Earth.  Currently,  China  is  planning
the Tianwen-4 mission to explore the Jovian system. We propose
equipping the Tianwen-4 spacecraft with instruments like SIPI,  or
other  imagers  based  on  similar  optical  principles,  to  capture
Jovian free oscillations with unparalleled resolution and precision.
This initiative not only stands to significantly advance our under-
standing of Jupiter’s internal structure but also to provide crucial
data for the study of Jupiter’s atmospheric science. 
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