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Gravitational waveforms generated by unequal mass black hole binaries are expected
to be common sources for future gravitational wave detectors. We derived the wave-
forms emitted by such systems during the last part of the inspiral, when the larger spin
dominates over the orbital angular momentum and the smaller spin is negligible. These
Spin-Dominated Waveforms (SDW) arise as a double expansion in the post-Newtonian
parameter and another parameter proportional to the ratio of the orbital angular mo-
mentum and the dominant spin. The time spent by the gravitational wave as an SDW
in the sensitivity range of the KAGRA detector is presented for the first time.
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1. Introduction

Ground based gravitational detectors, the Advanced LIGO (aLIGO), the Einstein

Telescope and the Large-scale cryogenic gravitational wave detector (KAGRA) also

the space missions LISA and LAGRANGE will detect gravitational waves (GW)

from black hole binaries. For astrophysical black hole binaries there is no pre-

ferred mass ratio ν = m2/m1, and for supermassive black hole binaries typically

ν ∈ [0.3, 0.03].1 In this regime, at the end of the inspiral, the larger spin dominates

over the orbital angular momentum, represented by the smallness of the parame-

ter ξ = ε−1/2ν. Here ε = Gm/c2r ≈ v2/c2 is the post-Newtonian (PN) parameter

(with the orbital separation r, the orbital velocity v of the reduced mass parti-

cle µ = m1m2/m, the gravitational constant G, the speed of light c). Hence the

corresponding spin-dominated waveforms (SDW) are simpler. The time spent by

the GW as SDW in the sensitivity ranges of aLIGO, Einstein Telescope, LISA and

LAGRANGE were presented in Ref. 2, while for eLISA in Ref. 3. In this paper the

respective time for the KAGRA detector will be also given.

2. Spin-dominated waveforms

For spinning black hole binaries, the ratio of the smaller and larger spin magnitude

is of order S2/S1 = ν2χ2/χ1
1 (where χi represent the dimensionless larger spin,

taken here close to the maximally allowed limit 1). Thus to first order in ν, the

smaller spin can be neglected. The ratio of the orbital angular momentum LN and

S1 is LN/S1 ≈ ε−1/2νχ−1
1 .1
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Generic waveforms to 1.5 PN order,4,5 and 2 PN order6 accuracy were previously

known. We employed a second taylor expansion in the parameter ξ. The obtained

SDW has the following structure:2
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D being the luminosity distance of the source. The ξ and ε orders of the contributions

to h+

×

are given in Table 1.

Table 1. SDW contributions of different ξ and ε orders.

The SO terms contain the dominant spin.
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The phase of the gravitational waveform in the double expansion becomes:2
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ε−3

32ξ
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}

. (2)

Here φc is the phase at the coalescence, and κ1 is the angle span by S1 and LN .

3. Limits of Validity

We impose ξ ≤ 0.1, equivalent to a lower limit ε1 = Gm/c2r1 = 100ν2 for the

PN parameter. The end of the inspiral gives an upper limit for the PN parameter,

chosen here as ε2 = 0.1.7 This leads to an upper limit for the mass ratio νmax =

0.0316 ≈ 1 : 32. The time during which the binary evolves from ε1 to ε2 is2

∆t =
5Gm

28c3
(1 + ν)2

ν

(

ε−4
1 − ε−4

2

)

. (3)

For a given SDW, ε1 can be lower than the value of the PN parameter at the lower

sensitivity bound εfmin
, hence the time spent in the best sensitivity range of the

detector by an SDW is calculated from max (ε1, εfmin
) to ε2. We represented on

Fig 1 this time interval for the KAGRA detector, as function of m and ν. The

lower sensitivity bound of the KAGRA detector is fmin = 10Hz,8 same as for

aLIGO.9 The corresponding figure for aLIGO is Fig 1 of Ref. 2. Although the figures

are similar, the detectors exhibit different shapes of the spectral noise density as

function of frequency, leading to different signal-to-noise ratios for a waveform.
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Fig. 1. The time during which SDWs are detectable by KAGRA is represented as function of the

total mass m and mass ratio ν. The color code is logarithmic.

We derived the upper limit of the total mass m = 202 M⊙ from the lower

frequency bound of the KAGRA. By assuming the smaller compact object has at

least the mass of a neutron star (1.4 M⊙) we found a total mass dependent lower

limit νmin, represented by the lower cutoff on Fig 1.

4. Concluding Remarks

For mass ratios smaller than νmax = 1 : 32 the larger spin S1 dominates over the

orbital angular momentum LN at the end of the inspiral. This is expressed by a sec-

ond small parameter ξ (beside the PN parameter ε). Expanding the PN waveforms

in terms of ξ (to first order, this also leads to the neglection of the secondary spin)

leads to the spin-dominated waveforms. These waveforms are considerably shorter

than the generic waveforms. The corresponding smaller parameter space will turn

advantageous in gravitational wave detection.
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