arXiv:0906.1563v1 [gr-qc] 8 Jun 2009

Investigating Dark Energy with Black Hole Binaries

Laura Mersini-Houghton^{ab} Adam Kelleher^{ab}

aDepartment of Physics and Astronomy, The University of North Carolina at Chapel Hill, Phillips Hall, CB # 3255, Chapel Hill, NC 27599-3255, USA

bDAMTP, Center for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, UK

The accelerated expansion of the universe is ascribed to the existence of dark energy. Black holes accretion of dark energy induces a mass change proportional to the energy density and pressure of the background dark energy fluid. The time scale during which the mass of black holes changes considerably is too long relative to the age of the universe, thus beyond detection possibilities. We propose to take advantage of the modified black hole masses for exploring the equation of state w[z] of dark energy, by investigating the evolution of supermassive black hole binaries on a dark energy background. Deriving the signatures of dark energy accretion on the evolution of binaries, we find that dark energy imprints on the emitted gravitational radiation and on the changes in the orbital radius of the binary can be within detection limits for certain supermassive black hole binaries. In this talk I describe how binaries can provide a useful tool in obtaining complementary information on the nature of dark energy, based on the work done with A.Kelleher.

1. INTRODUCTION

Dark energy drives the universe into an accelerated expansion. A decade after its discovery, the nature and origin of dark energy remain as elusive as ever. The detection of time variations in the equation of state w[z] of dark energy, given by the ratio w[z] = p/ρ of its pressure p to the energy density ρ, is notoriously hard to constrain. A precise measurement of w[z] will guide our theoretical exploration and shed light into the type of dark energy, thereby helping us understand our present universe and its future evolution. For these reasons, a precision measurement of w[z] is of the highest priority in cosmology. Our current bounds are derived by a combination of data from cosmic microwave background radiation (CMBR), Large Scale Structure (LSS) surveys, baryon acoustic oscillation (BAO) and Supernova 1A (Sn1A) data. Current data analysis constrains the dark energy equation of state to −0.14 < 1 + w < 0.12 [2]. While this represents progress, we would like to know if 1 + w is positive, negative or 0, and whether or not w changes with time. Each case corresponds to quite different types of this mysterious energy and, it leads to dramatically different predictions for the future evolution of the universe.

Dark energy evolves slowly with time for the cases when 1+w is positive or negative. However, since the bounds on its equation of state are close to a pure cosmological constant, w = −1, then unlike matter dark energy does not cluster. For these reasons a universe filled with dark energy can be reasonably assumed to be a background of a perfect cosmic fluid. T.Jacobson and other authors [14,6] took dark energy to be a cosmic ’fluid’ and showed that the mass of a black hole changes due to accretion of this background ’fluid’. The mass of the black hole increases or decreases, depending on the sign of 1+w. This effect would be hard to observe in a single black hole, as the time scale for this phenomena is quite slow relative to the age of the universe. For example the evolution time scale τ for a solar mass black hole is about 10^{32}yrs. We proposed in [1] to use the evolution of supermassive black hole binaries instead of single black hole accretion to probe dark energy. The 1 reason for our proposed method relies on the fact that, instead of measurements of the evolution time scale of a single black hole, the ’footprints’ of w[z] for supermassive black hole binaries can be observed and tracked down through the modifications introduced by dark energy accretion in the the orbital separation of the binary and its emitted gravitational waves. For certain binaries dark energy modifications can be detectable by gravitational waves or X-ray and radio measurements. The information obtained by these modifications should help increase our bounds on w[z]. The use of binaries for probing dark energy is a different approach from our current methods of large scale experiments, since the observation utilizes localized systems, thereby avoiding noise inherited by propagation of signals through the vast structures of the universe.

2. Dark Energy Accretion by Black Holes

2.1. Evolution of a Single Black Hole on the Dark Energy Background: Review Let us assume that dark energy corresponds to a perfect fluid with an energy density ρ, pressure p and equation of state w[z] as a function of the redshift z, related by p = w[z]ρ. The case of a pure vacuum energy would have ρ = −p. As long as w[z] is close to -1 and varies slowly with time, the metric solution from Einstein’s equations is taken to be approximately that of a De Sitter geometry, i.e. for w = −1.

A particularly interesting case is that of a Schwarzschild black hole in the background of the dark energy cosmic fluid. This case was studied in [14,3,6,7] and the fluid accretion flowing through the black hole horizon was solved analytically. The perfect fluid energy-momentum tensor with equation of state p = wρ is assumed to be

T^{μν} = ρ(1 + w)u^μu^ν + wρg^{μν} (1)

where g^{μν} is the inverse of the Schwarzschild metric, g_{μν} = diag(−(1 − 2M/r), (1 − 2M/r)^{−1}, r^2, r^2sin^2θ), and for the fluid 4- velocity, u^μu_μ = −1. Integrating the energymomentum conservation equation and the projection of the fluid 4-momentum into it leads to the expression u ( M r )_2 exp [∫_ρ ρ_∞ dρ^′ ρ^′ + p(ρ^′) ] = −A (2) and (ρ + p) ( 1 − 2M r + u^2 )_{1/2} (3) ×exp [ − ∫_ρ ρ_∞ dρ^′ ρ^′ + p(ρ^′) ] = C Following Babichev et al [7], these expressions are manipulated into one for r^2T^r_0 . Then, integrating the conservation law over the volume within the event horizon yields

Ṁ = −4πr^2T^r_0 = 4πAM^2 [ρ_∞ + p(ρ_∞)] (4)

This expression can be integrated to give M as a function of time, neglecting the cosmological time evolution of ρ_∞: M(t) = M(0) 1 −^t_τ

. (5)

The timescale for the accretion of dark energy Eq. 5 is given by the parameter τ, and is τ = 1 (4πAM(0)[ρ_∞ +p(ρ_∞)]) . For a black hole of a mass

m = am_s which is a times larger than a solar mass m_s, the evolution timescale is roughly τ = 10^{32}/a years. This is usually much longer than the age of the universe, thus beyond observational feasibility. But the detection possibilities of the dark energy accretion improve dramatically for the case of black hole binaries. The reason is that the evolution of the black hole binaries in the background of dark energy is different from that of a single hole. Therefore, as described below, detection of the modifications to the orbital radius and the emission of gravitational radiation from these binaries in the background of the dark energy fluid is within reach, [1] .

2.2. Evolution of Black Hole Binaries in the Background of Dark Energy The Hulse-Taylor effect predicts a decrease of the orbital radius of the binary due the energy lost by the emission of gravitational radiation. This prediction has been succesfully tested. The evolution of black hole binaries in the background of dark energy is modified relative to the Hulse- Taylor effect, due to the accretion of dark energy by the stars in the binary. Since the change in the mass of the stars, Eq.5, has a direct dependence on the parameters of the dark energy being accreted, specifically on w[z], then this information is carried out on the amplitude and the power of gravitational radiation produced [1] by the binary. The dark energy accretion also imprints modifications in the orbital separation and merging time.

The modifications induced from the background dark energy fluid onto the evolution of the binary, namely on the frequency ω of gravitational waves emitted by the binary and, on the orbital separation R, can be derived as follows: the change of the gravitational energy of the binary is equal to the power lost due to gravitational radiation[5]: d dt ( m_1 + m_2 − 1 2 m_1m_2 R ) = P_{GW} (6)

where P_{GW} = −32G^4 5c^5 [ m^2_1m^2(m_1 + m_2) R^5 ] (7) This is a temporal equation. Power losses via emission of gravitational radiation drives the binary’s configuration to a new gravitational equlibrium separation. As a result the orbital radius R decreases and eventually the stars inspiral and merge. For binaries immersed in the dark energy fluid, it should be noticed that the point of gravitationally stable configurations of the binary at each moment is now driven by two effects: the usual loss of energy via gravitational waves emission; and, the stars changing mass (leading to a change of the gravitational energy of the binary) due to dark energy accretion. The masses of the two black holes in the binary, m_1 and m_2, are increasing or decreasing with time, Eq.5, depending on (1 + w) being positive or negative. Therefore the two terms that induce changes in the orbital radius and period, namely: modifications due to dark energy accretion, and modifications due to energy losses from gravitational radiation compete with each other and determine the evolution of the orbit.

Without loss of generality, this expression can be algebraically simplified by taking the two stars to be of equal mass, m_1 = m_2 = m with m_0 = m(0). Replacing the constant mass of a black hole with the new expression, the mass rate of change of the black holes induced by the dark energy accretion from Eq.5, leads to a differential equation for the evolution of the binary R(t).

R^3 dR dt = − 64 5 2m^3_0 [1 − 2Ltm_0]^3 (8) − [ −4LR^4m_0 [1 − 2Ltm_0]

+ 8LR^6 ]

where the parameter L denotes L =^{c3}_{2G2 m0τ} . This parameter contains all the modifications induced by the dark energy background and the new modification terms due to dark energy to the orbital radius can be tracked down from all the terms in Eqs.9 that contain L. It should be noted that L ≃ (1+w) is positive for quintessence type fluids; L is negative for phantom type fluids (1+w < 0); and, it becomes identically zero for w = −1. In the latter case, all the modifications due to dark energy on the orbital radius vanish. The sign of L ≠ 0 determines the behaviour of the orbit, i.e. whether it grows or decreases with time for the cases when the ’L − terms’ dominate over the conventional gravitational waves term.

An approximate solution to Eq.9 for the case when dark energy changes adiabatically is [1]

R(t, w) =R_0[1 + 16Lm_0 ( G^2 c^3 ) t (9) −32LR_0 ( G c ) t − 64 5 ( 4 G^3 c^5 ) [ 8tm^3_0 R^4_0 ] ]^{1/4},

The fourth term in the expression Eq.9 corresponds to the conventional Hulse-Taylor term. As a consistency check, the Hulse-Taylor equation is recovered in the limit when our universe approaches a DeSitter geometry w → −1, (i.e. L → 0). The Hulse-Taylor term describes the changes in the orbital radius that result for the energy losses of a binary from the emitted gravitational radiation. The terms proportional to L are the new modification terms to the evolution of black hole binaries. They account for the effects of dark energy accretion by the system. It should be noticed that one of the dark energy modification terms is of opposite sign to the Hulse-Taylor term; and, the type of dark energy with (1 + w) positive or negative leads to different types of evolution for the binary. An analysis of the solution for R[z] shows that the dark energy terms can dominate the evolution of the orbital radius, Eq.9, for certain cases of supermassive black hole binaries with large separation, quantified below. The different time evolution of the two terms, dark energy and the conventional Hulse-Taylor one, in Eq.9 on R and m, especially the linear dependence of Ṙ on the equation of state of dark energy 1 + w, allow us to discriminate among the modifications to the orbit induced by dark energy and for probing the dark energy equation of state w[z] by observing the rate at which the orbit change Ṙ. In order to quantify the analysis of the above expression Eq.9 and discuss the interplay between the dark energy and Hulse-Taylor types of modifications in the orbital radius we can parameterize the binary as follows: let the initial mass of the star, (before modifications due to accretion), be m_0 = am_s where m_s is a solar mass and a a parameter; and the orbital radius be β times larger than the Schwarzchild radius of each star R_0 = 2m_0β^G_{c2} . Then, the ratio of the two correction terms to the binary’s orbit R in Eq.9, the Hulse-Taylor correction due to the emission of gravitational waves (GW), and corrections due to dark energy (DE) accretion (terms containing L), is GW correction DEcorrection = 10^{45} (2β)^5(1 + w)a^2

≥ 1 (10)

We can use Eq.10 to quantify the classes of binaries for which the dark energy correction terms dominate over the Hulse-Taylor term. Clearly for large enough separations (β) or masses of the black holes (a ≃ 10^{18}) the corrections due to dark energy can dominate over gravitational radiation.

Observing this effect via gravitational waves experiments, we need both parameters of the binary to be such that they favor the dark energy corrections over the Hulse-Taylor corrections to R, while at the same time being within observable ranges of frequency windows. The frequency and amplitude of gravitational radiation from these systems are given by f = 10^5 (2β)^{3/2}a

(11) and h = 1 r 2 β a10^3, (12)

where r is the distance of the binary from the observer. Eq.12 constrains the second parameter β not to be too large. For example LIGO is designed to detect radiation around 150 Hz optimally, and with an amplitude greater than h = 10^{−23}Hz^{1/2}.[8] LISA can detect much lower frequency radiation, down to ∼ 10^{−5}Hz.[9]. Since for both GW experiments, the binary radius β can not be too large, then our requirement of Eq.10 for using binaries to probe dark energy via their modifications on the orbital radius R, can be fulfilled by considering supermassive black holes, a ≫ 1, (see [1] for specific examples).

2.3. Observation Candidates?

There have now been observations of black hole binary systems, and we can assess the effects of dark energy accretion on these systems. One example is galaxy 0402+379, observed in 2007 with VLBA. It has parameters a = 210^8, 2β = 10^6, and r = 10^{26}m. This case, while not observable through gravitational radiation, is one that is sensitive to the sign of 1+w, and it’s merging time is either greatly accelerated (1,000 years instead of 60,000 years) by the effect of dark energy accretion when 1 + w > 0, or it is driven apart when 1 + w < 0.

Another example is Radio Galaxy OJ287, observed in 2008 with VLBA [10]. This system is more complicated, since one of the black holes is more massive than the other. The parameters for this system are R_0 ≃ 10^{20}m, or 2β ≃ 10^7 and r ≃ 3.5Mly ≃ 10^{22}m. While it is straightforward to treat this system with the above equations for m_1 ≠ m_2, the point is well illustrated by a simpler system of comparable parameters. We will use a ≃ 10^9. This gives f ≃ 10^{−9}Hz and h ≃ 10^−20. Again, this system falls outside of observable ranges for gravitational radiation, but the merging time is shortened by three orders of magnitude when 1 + w > 0, and the black holes are pulled apart for 1 + w < 0.

3. Conclusions

It is remarkable that localized systems like black hole binaries can be used to provide information about dark energy. The method described here provides a complementary way of probing the dark energy equation of state by using supermassive black hole binaries. Its strength lies on the fact that it avoids the noise inherited by the signal propagating through the vastness of structure in the universe and it takes advantage of existing experiments, initially designed to investigate gravitational waves or structure. Supermassive black hole binaries could soon help to shed light on the nature of dark energy.

By observing gravitational radiation from black hole binaries, we might distinguish the waveform from a system accreting dark energy from one that does not. Observing changes in the orbital radius over a fraction of the binary’s period with X-ray and Radio measurement is entirely possible with our current experiments and provides a wealth of information on w[z] through the dark energy correction terms in Eq.8,9. This method should helps us pinpoint at least whether dark energy is a quintessence or a phantom type, or simply a cosmological constant. Observing how the waveform differs from the cosmological constant case gives further information about the sign of 1 + w [11]. If 1 + w > 0, the masses of the black holes will increase, they will spiral in faster, and this will result also in a faster increase in frequency of their gravitational radiation. If 1 + w < 0 [12], the masses decrease and the system can be pulled apart by the effects of dark energy accretion.

It is possible we are close to collecting evidence from existing observed supermassive black hole binaries that the phantom type (1+w) < 0 which rips the binary apart may be already disfavored. One such binary of supermassive black holes was recently observed [15]. An interesting question is whether this method can be used to test theories of modified gravity and to discriminate those from the dark energy models. The evolution of binaries on the background of modified gravity is currently under investigation.

REFERENCES

1. L. Mersini-Houghton and Adam Kelleher, arXiv: gr-qc/0808.3419v1 2. G. Hinshaw, et al., 2009, ApJS, 180, 225-245; A. Melchiorri, L. Mersini- Houghton, C. J. Odman, M. Trodden, Phys.Rev.D68:043509.

3. F.C. Michel, Ap. Sp. Sc. 15, 153, (1972). 4. 5. Miser, Thorne and Wheeler, Gravitation.

W.H. Freeman and co., 1973. p. 986-9. 6. E. Babichev, V. Dokuchaev, Y. Eroshenko, Phys. Rev. Lett. 93. arXiv:gr-qc/0402089v3 7. E. Babichev, V. Dokychaev, Y.

Eroshenko (Moscow, INR), J. Exp. Theor. Phys. 100:528-538 (2005). arXiv:astro-ph/0505618v1 8. LIGO Scientific Collaboration, ”LIGO: The Laser Interferometer Gravitational-Wave Observatory.” [gr-qc/0711.3041].

9. Michele Vallisneri, ”LISA: Laser Interferometer Space Antenna.” http://lisa.nasa.gov, retrieved 20 May, 2009.

10. G.B. Taylor et al. (2006). ”Imaging Compact Supermassive Binary Black Holes with Very Long Baseline Interferometry.” Proceedings of the International Astronomical Union, 2, pp269-272.

11. Y. Wang, M. Tegmark, Phys. Rev. Lett.bf 92:241302,2004; D. Huterer and M. S. Turner, Phys. Rev. D 64, 123527 ( 2001); E. Linder, Phys. Rev. Lett.bf 90, 091301 (2003).

12. R. R. Caldwell, Phys. Lett. B545, 23 (2002); R. R. Caldwell,M. Kamionkowski and N. N. Weinberg, Phys. Rev. Lett. 91, 071301 (2003 13. V. Faraoni, W. Israel, Phys. Rev.

D71:064017,2005, [gr-qc/0503005]; M. Bouhmadi-Lopez, J. Jimenez Madrid, JCAP 0505:005, (2005),[astro-ph/0404540]; L. Chimento, R. Lazkoz, Mod. Phys. Lett. A19:2479-2484,(2004), [gr-qc/0405020].

14. T. Jacobson, Phys. Rev. Lett. 83, 2699 (1999).

15. T. A. Boroson, T. Lauer, [arXiv:0901.3779].