FMOS detection of Cosmic Sound: A modest proposal
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abstract

We show that a ‘modest’ FMOS survey of 100-300 nights can detect the fundamental acoustic harmonics in the large-scale structure of the galaxy distribution. Detection of these acoustic oscillations would be a critical test of (CDM cosmology; moreover the location of the peaks which act as a ‘standard ruler’ as a function of redshift provide a direct and precise measurement of the cosmological distance – redshift relation. Such a FMOS survey could in the very near future be the first to directly constrain the cosmological equation of state and probe the nature of dark energy to high precision.

 AUTONUM   Introduction

We live in what has been described as a ‘preposterous Universe’
. Sometime around z~1 the expansion of the Universe appears to have stopped decelerating and started accelerating. Where does this strange picture come from? There are two main lines of evidence. Firstly, we can observe for z<1 Type 1a supernovae, exploding stars as bright as galaxies. Because these are thought to be ‘standard candles’, their observed flux gives us a measure of the Universal expansion, and it is accelerating (Perlmutter et al. 1997). Secondly, we can measure the total curvature of the Universe from the angular scale of fluctuations in the Cosmic Microwave Background (CMB) whose physical scale is given by simple linear physics (Hu & Dodelson 2002). The CMB shows the Universe is ‘flat’ (de Bernardis et al. 2000). We can measure the total matter abundance, including dark matter, from local galaxies surveys such as 2dF Galaxy Redshift Survey (Colless et al 2001). Since we find it is only a third of the critical density required for flatness (Peacock et al. 2001) the deficit has to be made up by non-clustered ‘dark energy’, which causes an anti-gravitational effect. 

However, what we do not know is the physical nature of this dark energy. This is the central mystery of physics today (Turner et al. 2001); elucidating its answer has the potential to revolutionise physics. What we wish to determine is the equation of state relating the pressure and energy density of the dark component, i.e., P = w(z) where w(z) parameterises the unknown component of the new physics.

For ordinary baryons and non-baryonic Cold Dark Matter w = 0. If the Universe only contained matter it would always decelerate and even re-collapse eventually if dense enough. The value w = –1 corresponds to what is known as the ‘Cosmological Constant’ in classical General Relativity and is favoured by current observations. It results in negative pressure and an anti-gravitational repulsion. Once the Universe becomes dominated by the Cosmological Constant its expansion will accelerate, eternally. One way to obtain w = –1 is with the quantum mechanical zeropoint energy of the vacuum. However, the value of ( is a factor of 10122 smaller than the natural value c7G–2h–1 (~10122 GeV m–3). Instead, the dark energy density is comparable to the matter density ( ~ 1GeV m–3) – but only in recent times. While w = –1 now (within (0.1, e.g. Spergel et al 2003) this means that dark energy has only dominated the dynamics since z~1. Did it so happen that the expansion of the Universe was such that only in the last few billion years did the dark energy density exceed the matter density? Perhaps instead the dark energy is evolving with time due to some unknown physical process.

This idea has motivated a variety of more exotic solutions to the dark energy problem. Proposed solutions include ‘Quintessence’ (Wetterich 2002), ‘Cardassian expansion’ (Freese & Lewis 2002), ‘Chaplygin gas’ (Bilic et al. 2002) and many others. We note that any value w < (1/3 causes accelerated expansion and that it is even possible to have w < (1 (McInnes 2002, Caldwell 1999) in which case the Universe might be doomed by a ‘Big Smash’ (infinite expansion destroying all matter in finite time) within the next 5 – 100 billion years. Alternatively, the apparent effects of dark energy may in reality be a manifestation of new gravitational physics (e.g., Lue, Scoccimarro & Starkman 2003). 

These critical test of these ideas for new physics is to look for evolving dark energy, i.e. dw/dz, which can, in principle, be probed observationally by measure the expansion of the Universe over 1<z<2. However, although we have a good constraint on the average value of w(z) (essentially averaged over 0<z<1.5 from Supernovae) we have a poor constraints on dw/dz due to the paucity of current data (see Section 3). We propose that a novel FMOS experiment using ‘acoustic oscillations’ can allow a high-precision measurement of dw/dz. Any deviatation from zero would rule out a pure vacuum energy.

2. Baryonic Oscillations

2.1 Oscillations in the Cosmic Microwave Background

The acoustic oscillations are relic features of the early Universe from the time it was a hot plasma (age < 300,000 yrs, z>1100). In this hot dense medium, the mean free path of radiation was short and the Universe behaved as a coupled baryon-photon fluid. Like any fluid it can transmit sound (compression) waves. The Cosmic Microwave Background (CMB) contains a snapshot of these sound waves (see Figure 1). These fluctuations were frozen in well before the first galaxies formed. However, these sound waves influence the density distribution of matter at the epoch of galaxy formation, and are observable as clustering patterns of galaxies (Peebles & Yu 1970). The sound horizon acts as a cosmic ‘standard measuring rod’ allowing an accurate measurement of the cosmological geometry and expansion rate. This sound horizon scale S is given by:


[image: image1.wmf]
where ar, aeq are the values of the scale factor a =(1+z)–1 at recombination and matter-radiation equality respectively and cs is the speed of sound and is approximately c/(3 over the interval of integration.  The value of S is of order 150 Mpc, i.e. much greater than the scales of large overdensities like galaxy clusters. Currently the only detection of these acoustic oscillations is in the CMB itself via experiments such as BOOMERANG and WMAP which measure the temperature angular power spectrum. The angular scale of the oscillations in the CMB provides a direct measurement of the angular-diameter distance to z=1100 and thus an excellent constraint that the total curvature is zero. (Spergel et al. 2003).
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Figure 1: Left: acoustic oscillations in the CMB revealed by WMAP (power vs angular scale).

2.2 Oscillations in the Galaxy Distribution

But what if we could measure the acoustic oscillations in the matter density power spectrum as traced by galaxies? If we could do this as a function of redshift we would have a cosmological test. The peaks would act as a standard ruler, calibrated by the CMB. A galaxy redshift survey would measure the position of these peaks in angle and redshift space providing a direct geometrical measurement of the universe with redshift. The peaks act as a standard rod (in Fourier space) both transverse to the line of sight, thus measuring the angular diameter distance DA(z), and along the line of sight measuring the instantaneous expansion rate of the Universe H(z). 

Blake & Glazebrook (2003) demonstrate theoretically that this is indeed possible with large high-redshift galaxy redshift surveys. The location of the peaks can indeed be measured in a very model-independent manner. The only assumption is the location of the peaks in physical space which is set by the simple, linear physics of the early universe. Details such as galaxy bias, redshift space distortions, inflationary tilt, etc. which affect the shape of the matter power spectrum do not affect the location of the peaks.

So what kind of redshift survey is required to detect these peaks? Firstly it has to be high-redshift, first to provide cosmological information, the best constraints on dark energy come from 1<z<2, and additionally to reveal several peaks. As the peaks are features of the linear power spectrum they only exist on large linear scales – on small scales where non-linear structures have collapsed they are erased. Fortunately as we go to high-redshift the non-linear scale becomes smaller – for z>0.5 several peaks are detectable. At the low-redshifts probed by the 2dF and Sloan Digital Sky Surveys (SDSS) (z<0.2) only one peak is visible and the constraint on the sound horizon is poor. The volume probed is also small, even for all-sky surveys, and so the peaks have yet to be convincingly detected in the galaxy distribution.


Secondly the survey has to be large, by which is meant of order at least several hundred square degrees on the sky and at least one million galaxy redshifts. Smaller surveys in area become too noisy due to sample variance – i.e.  the small cosmological volume probed and the small number of Fourier modes measured on large scales. However, the number of galaxies must also critically sample the volume or we also lose out to shot noise. For z>1 this critical sampling density is of order 1000 galaxies deg–2 per (z=0.2 redshift slice (thought it depends on the exact galaxy bias). Once these area and number size scales are reached it is possible to locate the peaks to 1 – 2% precision and be able to detect small changes in the dark energy equation of state away from pure vacuum energy. There is also a threshold effect: once the peaks are detected at 3( one is then able to measure the peak scale to percent-level precision. For example a 100 deg2 survey would provide no useful cosmological information, it does not degrade gracefully for small surveys. These subtle effects are quantified in Glazebrook & Blake (2004).

Finally the redshift survey has to be spectroscopic, in the sense that photometric redshifts throw away information via radial smearing and are hence equivalent to smaller surveys. One also loses the important radial peak information with photometric-redshift surveys, so one can only measure DA(z) and not H(z). Thus the cosmological information is qualitatively inferior.

3. Detection of Acoustic Oscillations with FMOS

The requirements for detection of acoustic oscillations and measurement of the cosmic equation of state are almost perfectly tailored to the capabilities of the FMOS instrument: z>1 galaxy spectroscopic redshifts (requiring near-IR and 8m aperture) and wide field/high-multiplex coverage. Thus we propose a FMOS survey that will detect oscillations at high-significance, will confirm or deny directly the acceleration of the Universe and provide an order of magnitude greater dark energy evolutionary constraints that the current generation of SNe experiments.

3.1 Sample selection.

Probing the ‘redshift desert’, the 1.5<z<2.5 range so-called because of the lack of strong optical features, is of critical importance to dark energy studies. This is because while the classical vacuum energy density is constant in physical space the matter density grows ( (1+z)3 – thus at z>>1 it dominates and the Universe transforms to a decelerating matter dominated expansion at z>2. The exact transition point depends on the nature of the departure of more general dark energy models from classical vacuum energy. Similarly as z(0 cosmological effects disappear as the expansion tends towards the Hubble flow. Maximum departure of exotic models from the standard model occurs over 1<z<2.

To probe this range we need an abundant sample of luminous galaxies whose redshifts are easy to measure. Emission line galaxies are a good choice for this, as one only needs to detect the line and not the continuum. In a star-forming galaxy the line with the highest equivalent width is H( which is visible in the FMOS/near-IR over 0.4<z<1.8. Another strong line is [OII] which is visible for 1.4<z<3.8. 

Fortunately nature has been kind to us in the sense that at z>1 there is a population of strongly star-forming H( bright galaxies discovered in HST/NICMOS slitless surveys (McCarthy et al. 1999). This is due to the rapid evolution of the cosmological star-formation rate over 0<z<1. A sample FMOS signal/noise calculation is given in Table 1. One can convert the critical space density into a flux limit using the measured z>1 H( luminosity function (Hopkins et al. 2000), if we assume the bias is unity this comes out at 1.6(10–16 ergs cm–2 s–1 which is a relatively bright line flux. We know this is robust because if we count the number of bright sources in the HST/NICMOS slitless data above this flux limit we get the right number of objects per square arcminute. The main uncertainty is the level of bias, star-forming galaxies at z>1 very likely have linear bias >1 (e.g. bias~4 for z~3 Lyman Break galaxies, Adelberger et al., 1998). This lowers the number of galaxies required and so makes the survey easier, but would need to be measured by a pilot survey of say 50 deg2. 

	Wavelength
	18000
	Angstroms
	
	Mag zero point
	3631
	Jy   (AB mags)
	

	Galaxy mag at wavelength
	23.2
	AB mags
	
	
	
	
	

	Line Flux in SRE
	16
	1e-17 ergs/cm2/s
	
	
	
	
	

	Fraction of light in aperture (fudge)
	0.7
	e.g. 0.7 for slit width ~ seeing
	
	
	
	

	Mag in slit
	23.5872549
	 mags
	
	Sky brightness
	19.4
	mags/arcsec^2
	inter-OH

	
	
	
	
	
	
	
	

	Fnu from object cuum
	1333.903122
	nJy/m^2
	
	Fnu from sky
	63099.5481
	nJy/m^2/arcsec^2

	
	
	
	
	
	
	
	

	Flambda from object cuum
	1.2351E-22
	W/m^2/A
	
	Flambda from sky
	5.8426E-21
	W/m^2/A/arcsec^2

	
	
	
	
	
	
	
	

	Photons from object cuum
	0.001117733
	ph/m^2/A/sec
	
	Photons from sky
	0.05287376
	ph/m^2/A/sec/arcsec^2

	Photons from object line
	1.013574661
	ph/m^2/sec
	
	
	
	
	

	Telescope area
	40
	m^2
	
	Pixel spatial size
	0.42
	arcsecs
	

	System efficiency atm->detector
	20
	%
	
	Pixel spectral size
	9
	Angstroms
	

	Exposure time for one integration
	900
	seconds on target
	Object spatial size
	3
	pixels
	

	Spectral SRE size
	27
	Angstroms
	
	Slit width
	3
	pixels
	

	SRE size along slit
	1.26
	arcsec
	
	Dark count rate
	0
	electrons/sec/pix
	

	Slit width
	1.26
	arcsec
	
	Scattered OH rate
	0
	electrons/sec/pix
	

	
	
	
	
	True sky
	2.01461725
	electrons/sec/pix
	

	Detected object electrons
	217.2873863
	per SRE
	
	Readnoise
	10
	electrons/sec/pix
	

	Detected line electrons
	7297.737557
	per SRE
	
	Det .back. electrons
	16318.3997
	per SRE
	

	
	
	
	
	Back. noise
	131.2189
	per SRE
	

	Cuum Signal/noise per integration
	1.167407459
	per SRE
	
	Sky subtraction fac.
	1.414
	sqrt(2) or 1
	

	Line Signal/noise per integration
	35.72683626
	per SRE
	
	Sky/Object cuum
	75.1005384
	per SRE
	

	Number of integrations
	1
	
	
	
	
	
	

	Total exposure
	900
	secs
	
	Spec Resolution R=
	666.666667
	
	

	Cuum Final Signal/noise
	1.167407459
	per SRE
	
	
	
	
	

	Line Final Signal/noise
	35.72683626
	per SRE
	
	
	
	
	


Table 1: Model S/N calculation for a z=1.8 star-forming galaxy, with flux at the critical density, assuming OH-suppressed spectroscopy.
This of course is very good news, we only need short exposures and can cover a large area quickly. This also takes advantage of FMOS’s unique fast re-configuartion capability. Let us assume we can do 3 fields per hour – then we can cover 500 deg2 in 100 clear nights. 

Given the abundance of suitable bright emission line objects how do we pre-select them from broad-band continuum imaging? This is a critical question as we have to select the brightest 5-10% of the population as measured by the emission lines. Availability of deep imaging covering these sort of areas is another issue. Probably the best approach is to use multi-colour optical/IR imaging from the ESO/U.K. telescopes VST/VISTA. Datasets of this areal coverage will be available in 2006–2007; photometric redshifts can yield a precision (z/(1+z) ( 0.08 (Chen et al. 2003). Then rest-frame ultraviolet flux can be used to select the most luminous low-extinction star-forming galaxies using the ultraviolet​–H( star-formation rate correlation. It has been reported that all the UV-luminous z~2 galaxies from the Steidel et al. 2004 sample are easy to get IR spectra for in H( using Keck/NIRSPEC (Steidel, private communication) which validates these conclusions. Obviously the proposed FMOS pilot survey can address detailed selection issues for this population.

Another possibility is to select star-forming galaxies from the forthcoming ASTRO-F mission
 which will select luminous far-IR galaxies to z=3 and like FMOS represents a Japanese/U.K. collaboration. These are high-redshift analogues of the IRAS galaxies which are the strongest star-forming emission line objects in the local Universe. The potential synergy between ASTRO-F imaging and FMOS spectroscopy is intriguing and worth exploring further; we note though that broad-band optical or near-IR imaging is still required in order to estimate redshift ranges.

3.2  Predictions for a model survey

Using the tools developed in BG03 and further in Glazebrook & Blake (2004) we have simulated the power spectrum and dark energy results from a model FMOS survey. We assume a reference survey of 1000 deg2 total survey area and redshift range 0.5<z<1.8 (with some gaps due to the atmospheric emission/absorption), and enough galaxies for critical sampling of the power-spectrum (see BG03 for details). Figure 2 shows the simulated power spectrum for this survey and Figure 3 shows the constraints on evolving dark energy as parameterised by a w(z) = w0 + w1 z model and compares them with current SNe data from Padmanabhan & Choudhury (2003). It can be seen that the FMOS survey would deliver an order of magnitude improvement in the measurement of the evolution rate. It would cover a cosmological volume 19( that of the local SDSS survey.

Such an ambitious survey of course will take up a lot of telescope time and would require a significant Japanese/U.K. partnership. The number of galaxies required is more uncertain than the area and depends on the linear bias of the population selected. Under reasonable assumptions we would need 1–4 million galaxies; the areal density is a perfect match to FMOS and we predict that this would require 100–300 clear Subaru nights. The exact number of galaxies and nights required would depend on the details of the galaxy selection and fibre allocation algorithms and needs to be studied and simulated further.

We note that significant dark energy constraints (still much better than current ones) could be achieved with only 500 deg2; this is a good benchmark number for the minimum useful area. We are in the process of simulating FMOS surveys of various sizes and different amounts of galaxy linear bias. Clearly some more study of the 1<z<2 Universe is needed to set the detailed survey design. We would recommend a pilot FMOS survey of a smaller area in order to address these issues. This is required simply because the redshift range 1<z<2 is still such unknown territory and FMOS represents such a huge advance in capability.
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Figure 2. Simulated P(k) for the proposed FMOS survey. The broad-scale shape is removed to just show the residual oscillatory component. The points are actual error bars based upon multiple realizations and are plotted at a (k which makes them statistically independent. The line represents the input theoretical power spectrum. The ability of the peaks to define a ‘standard rod’ is what gives this method it’s power to constrain the equation of state.
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Figure 3: w(z) constraints. Axes w0 , w1 represent a parameterisation w(z) = w0 + w1 z  following Weller & Albrecht 2002. Contours of 65%, 95% likelihood show future constraints possible from the reference FMOS redshift survey (left) compared to current constraints from Supernovae studies (right, Padmanabhan & Choudhury 2003). Note the very different scales, FMOS represents an order of magnitude improvement.

Finally we note that redshifts and spectra of several million galaxies high-redshift will have considerable other scientific uses. The 2dF Galaxy Redshift Survey has resulted in 35 published papers (four of which are ‘high-impact’ in being in the top 1% of yearly citations) on topics as diverse as star-formation history, galaxy properties and environments, non-linear clustering and cosmological parameters. Such an enormous dataset would fully tax a large collaboration.

4. SUMMARY

FMOS offers the potential to revolutionize cosmology. A ‘modest’ survey only requiring 100–300 nights over 5 years could result in the first survey at high redshift of scope comparable to the 2dFGRS and SDSS surveys. This would provide an accurate measurement of the equation of state of the dark energy driving the universal acceleration. It has the potential to solve THE most important problem in cosmology and synergistically utilize the assets of the Japanese and U.K. cosmological community. No other instrument and telescope has the opportunity to do this within the next five years.
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� The famous cosmologist, John Bahcall, at a NASA press conference to announce the WMAP results (02/2003).


� � HYPERLINK "http://www.isas.ac.jp/e/enterp/missions/astro-f/index.shtml" ��http://www.isas.ac.jp/e/enterp/missions/astro-f/index.shtml�
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