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Multiparameter multipolar test of general relativity with gravitational waves Parthapratim Mahapatra,1, * Shilpa Kastha,2 Anuradha Gupta,3 B. S. Sathyaprakash,4, 5, 6 and K. G. Arun1, 4 

1 Chennai Mathematical Institute, Siruseri, 603103, India
2 Niels Bohr International Academy, Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark

3 Department of Physics and Astronomy, The University of Mississippi, University, Mississippi 38677, USA
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6 School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, United Kingdom(Dated: December 12, 2023) Amplitude and phase of the gravitational waveform from compact binary systems can be decomposed in terms of their mass- and current-type multipole moments. In a modified theory of gravity, one or more of these multipole moments could deviate from general theory of relativity. In this 
Letter, we show that a waveform model that parametrizes the amplitude and phase in terms of the multipole moments of the binary can facilitate a novel multiparameter test of general relativity with exquisite precision. Using a network of next-generation gravitational wave observatories, 
simultaneous deviation in the leading seven multipoles of a GW190814-like binary can be bounded to within 6% to 40% depending on the multipole order, while supermassive black hole mergers observed by LISA achieve a bound of 0.3% to 2%. We further argue that bounds from multipoles can be uniquely mapped onto other parametrized tests of general relativity and has the potential to become a down-stream analysis from which bounds of other parametric tests of general relativity can be derived. The set of multipole parameters, therefore, provides an excellent basis to carry out precision tests of general relativity. Introduction.-Gravitational waveform from a compact binary coalescence is a nonlinear function of massand current-type multipole moments [1] and their derivatives with respect to time. The adiabatic inspiral of the binary is well described by the post-Newtonian (PN) approximation to general theory of relativity (GR) where the mass ratio and the spins of the binary constituents determine which multipoles are excited and what their contributions are to the emitted flux and the phase evolution of the binary. In a modified theory of gravity, where the compact binary dynamics differs from GR, it is natural to expect that one or more of these multipole moments will deviate from those of GR [2-9]. Therefore, asking whether the measured multipole moments of compact binaries are consistent with GR predictions is an excellent way to test GR. References [10, 11] first derived a multipolar parametrized gravitational-wave phase, which separately tracks the contribution from different multipole moments within the PN approximation to GR. This is achieved by associating parameters µz and Ez to the massand current-type radiative multipole moments, respectively. Here l = 2, 3, • • • denote quadrupole, octupole, etc. The phenomenological multipole parameters are equal to unity in GR (i.e., µfR = 1 and EfR = 1), by definition. By introducing deviations to these multipole coefficients, denoted as 8µ1 and 8Ez (i.e., µ1 = 1+8µ1, and Ez = 1 + 8Ez), one can use the gravitational-wave data to obtain bounds on these two sets of parameters. The most general test of GR one can perform, within this framework, is the one where all the 8µz and 8Ez are simultaneously measured, which is often referred to as a multiparameter test (multiparameter tests have been discussed in the context of PN phase expansion in Refs. [12-15]). We explore the possibility of simultaneously estimating the leading seven multipole parameters (i.e., the leading four mass-type and the leading three currenttype moments) with the present and next-generation gravitational-wave detectors. This generalizes the singleparameter projections reported in Refs. [10, 11] and complements the consistency tests proposed in Refs. [16, 17] and the results from GW190412 and GW190814 being reported in Refs. [18, 19]. This work also extends the single parameter octupolar bounds from GW190412 and GW190814 reported recently in Ref. [20]. The crucial ingredient in this work is the introduction of new parametrized multipolar amplitudes up to 2PN order recently computed in a companion paper [21], which enables us to use the multipolar information in both the amplitude and the phase to derive the bounds on the multipole parameters. Unlike the parametrizations that look for deviations either in phase [12, 22-33] or in amplitude [17, 19] of gravitational waveform independently, the multipolar parametrization has the advantage that the number of independent parameters is smaller, same as the number of multipole parameters that appears in the amplitude and phase. What makes the multiparameter tests very difficult to perform is the strong degeneracies introduced by the simultaneous inclusion of more phenomenological deformation parameters. Multiband gravitational-wave observations [13, 14] and Principal Component Analysis [15, 34-36] have been argued to be two different approaches tocarry out multiparameter tests of GR in terms of de-




















