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Detecting solar g modes with ASTROD
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Abstract. We present an up-to-date estimate for the prospect of using the Astrodynamical
Space Test of Relativity using Optical Devices (ASTROD) [1, 2, 3, 4] for an unambiguous
detection of solar g modes (f < 400 pHz) through their gravitational signature. There are
currently two major efforts to detect low-frequency gravitational effects, ASTROD and the Laser
Interferometer Space Antenna (LISA) [5]. Using the most recent g mode surface amplitude
estimates, both observational and theoretical, it is unclear whether LISA will be capable of
successfully detecting these modes. The ASTROD project may be better suited for detection
as its sensitivity curve is shifted towards lower frequencies with the best sensitivity occurring in
the range 100 — 300 pHz.

1. Introduction

For the past 20 years, traditional helioseismology techniques have provided a wealth of
information regarding the internal structure and dynamics of the Sun in both the convection and
radiation zones [6]. Except for the solar core, probing the Sun’s interior has been achieved by
direct analysis of the pressure modes detected in Doppler observations of surface radial velocities.

However, the g modes (or gravity modes), that probe the very core of the Sun where
thermonuclear reactions take place, remain elusive. These modes are expected to have very
small velocity amplitudes at the solar surface, thereby making them very difficult to detect
using conventional Doppler techniques. For a review of the search of g modes using Doppler
velocity data see [7] and references therein. Furthermore, Garcia et al. [8] recently claimed to
have detected a collective signature of the dipole g modes.

In order to make significant progress towards a total understanding of the internal structure
and dynamics of the Sun, from the solar surface down through the core to the very center, we
require an unambiguous detection of solar g modes. One of the main goals of the ASTROD
project is to search for the signature of g modes in the gravitational field of the Sun [1, 3, 4].

2. ASTROD I, II and III

The primary objective for the long-term ASTROD concept is to maintain a minimum of 3
spacecraft in orbit within our solar system using laser interferometric ranging to ultimately
test relativity. This is separated into 3 distinct stages, each with increasing orders of scientific
benefits and engineering milestones. The first stage, ASTROD I, will comprise a single spacecraft
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in communication with ground stations using laser pulse ranging, orbiting the Sun at an average
distance of approximately 0.6 AU. See figure 1 for a schematic of the proposed orbit design.
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Figure 1. The 2012 orbit in the Sun-Earth fixed frame.

The second phase, ASTROD II, will consist of three spacecraft communicating with 1-2 Watt
CW lasers. Two of these (S/C 1 and S/C 2) will be in separate solar orbits and a third (S/C)
is to be situated at the Sun-Earth Lagrangian point L1 (or L2). It is this configuration which is
capable of detecting gravitational effects induced by solar g modes. See figure 2 for a depiction
of the orbit design and configuration of the spacecraft 700 days after launch.
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Figure 2. A schematic ASTROD II configuration 700 days from launch [1].
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The third and final stage, ASTROD III or Super ASTROD, will then explore the possibility
of larger orbits in an effort to detect even lower frequency primordiial waves.

3. Up-To-Date detectability estimate for g modes
Figure 3 displays various, theoretical and observed, limitations for the solar velocity amplitudes
of the quadrupole (¢ = 2) g modes, as well as the anticipated gravity strain sensitivities for

ASTROD.
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Figure 3. Comparison of surface radial velocity amplitudes for £ = 2 g modes (quadrupole
modes): Theoretical estimates reproduced from Gough [12] (red curve) and Kumar et al. [11]
(blue curve); The green line is an observational limit that was estimated from Garcia et al. [8];
The black curve is the ASTROD detection level assuming a one year integration time and a
spacecraft orbiting at 0.4 AU.

The two theoretical models comprise the most pessimistic estimate from Kumar et al. [11]
(blue curve) and the most optimistic estimate from Gough [12] (red curve); see [13] for a similar
discussion. Both Gough and Kumar et al. assume that the g-modes are stochastically excited.
The paper by Gough presents an application of the energy equipartition result of Goldreich and
Keeley [14, 15]. Whereas Kumar et al. use the theoretical work of Goldreich et al. [16] and
show that the model predicts p mode amplitudes which match observations very well and are
therefore confident that any errors in their calculations will be less than one order of magnitude.

The observational upper-limit is continuously being improved with significant advances in
both data analysis methods and data acquisition technology. Reliable estimates were published
in 2000 by Appouchaux et al. [9], whereby they analysed 784 days of SOHO/MDI data. They
found that the ¢ = 2 quadrupole g mode amplitudes are no greater than approximately 9 mm s~!
at 200 pHz, which decreases to 2.5 mm s~! at 1000 pxHz; this can be roughly approximated to
display a 1/v dependence as mentioned by [13]. Subsequently, the Pheobus group [10] analysed
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9 years of BiSON data to reduce the limit to around 3.5 mm s~! at 300 xHz which corresponds
to about 5 mm s~! at 200 uHz by again using the rough 1/v dependence. Here, the upper-limit
is reduced further again to 1 mm s~! at 200 pHz. This was estimated from the noise levels
in Garcia et al. [8] and this corresponds to an average of 50 modes observed by the GOLF
instrument with 10 years of data (green curve).

The surface velocity amplitudes for ASTROD were calculated using the most recent gravity
strain sensitivities in Paton et al. [4], the equations presented in Cutler et al. [17] and taking into
consideration that we have 2-3 spacecraft rather than a signal interferometer. The gravitational
strain falls off as 1/d* where d is the distance to the Sun. ASTROD’s capacity to detect g modes
is due to a combination of good strain sensitivity, small distance from the Sun and large distance
between spacecraft.

4. Discussion

By assuming the best possible sensitivity for ASTROD (10723 at 100 pHz) and even the most
pessimistic amplitudes of Kumar et al., ASTROD may deliver unambiguous detection for g
modes with frequencies between 100 pHz and 300 pHz. Moreover, the detection of such “high
frequency” g modes should provide better diagnostics of the inside of the Sun than the lower
frequency g modes.
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