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1º peak

Cosmic sound in the CMB

Harmonics of sound horizon

CMB power spectrum, would provide a spectacular confir-
mation of the standard cosmological model, in which mass
overdensities grow from the seeds of CMB fluctuations. The
sharp features of the baryonic oscillations represent a
powerful and precise observational test of the current cos-
mological paradigm (‘‘! cold dark matter,’’ or !CDM).
Accurate delineation of the baryonic oscillations lies
beyond the current state-of-the-art galaxy redshift surveys,
the 2dFGalaxy Redshift Survey (Colless et al. 2001) and the
Sloan Digital Sky Survey (York et al. 2000). Moreover, it is
advantageous to place the survey volume at higher redshift
(Eisenstein 2002), where the linear regime of galaxy cluster-
ing extends to smaller physical scales (unveiling acoustic
oscillations to higher spatial frequencies).

In this initial study we present a simple ‘‘ proof of con-
cept ’’ that acoustic oscillations measured at high redshift
may be used to accurately determine the dark energy param-
eter w, restricting our attention to cosmological models with
constant (redshift-independent) w. We perform simulations
to quantify the scale of a redshift survey required to recover
the wiggles and determine the resulting constraints on w.
We suggest that measurement of the dark energy should
be a prime motivation for the next generation of galaxy
redshift surveys.

2. MEASURING BARYONIC OSCILLATIONS

In this section we investigate the scale of a redshift survey
required to measure the acoustic oscillations in the galaxy
power spectrumwith a specified accuracy.

2.1. Assumptions and Approximations

We modeled the baryonic oscillations using the transfer
function–fitting formulae of Eisenstein & Hu (1998). The
matter power spectrum P kð Þ is deduced from the transfer
function T kð Þ using P kð Þ ¼ AknT2 kð Þ; we took the primor-
dial spectral slope to be n ¼ 1, as (approximately) suggested
by inflationary models, and fixed the normalization A such
that !8 ¼ 1. The transfer function model is specified by
assigning values to the matter density "m, the baryon den-
sity "b, and the Hubble constant h ¼ H0=(100 km s$1

Mpc$1). We assumed that it does not depend on the dark
energy equation of state: the energy density of dark energy,
"x, relative to that of matter, "m, scales with redshift as
"x="m / 1þ zð Þ3w and is a negligible contributor to physics
before recombination (as w < $1

3). Of course, more complex
dark energy models with varying w may lead to significant
effects at the epoch of recombination; we do not consider
these here, but point out that the CMB is well described by
simple matter-dominated models (Spergel et al. 2003). In
this section we assume "m ¼ 0:3, "b="m ¼ 0:15, h ¼ 0:7,
and w ¼ $1 (i.e., a cosmological constant). Our assumed
value for "b is consistent with the latest CMB results
(Spergel et al. 2003), constraints from big bang nucleosyn-
thesis theory (see, e.g., O’Meara et al. 2001), and the shape
of the galaxy power spectrum measured by the 2dF Galaxy
Redshift Survey (Percival et al. 2001). We assume
throughout this study that the universe is flat,"tot ¼ 1.

The baryonic oscillations can be conveniently displayed
by dividing the model P kð Þ by a smooth reference spectrum
containing no wiggles (bottom panel of Fig. 1; the reference
spectrum was obtained from the fitting formulae of
Eisenstein & Hu 1998, together with the transfer function).

The result is well approximated by a slowly decaying sinus-
oidal function whose peaks are harmonics of the sound
horizon scale: approximate formulae for their positions in
Fourier space are given by Eisenstein & Hu (1998). The
amplitude of the wiggles increases with the baryon density
"b. The key quantity we wish to observe is the ‘‘ wave-
length ’’ of the acoustic oscillations in k-space, which we
denote as kA and which is related to the sound horizon at
recombination by kA ¼ 2#=s.

If dark energy is neglected at high redshift, the comoving
sound horizon size at last scattering, s, is given by

s ¼ 1

H0"
1=2
m
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0
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Fig. 1.—Model power spectrum of Eisenstein &Hu (1998) for cosmolog-
ical parameters "m ¼ 0:3, "b="m ¼ 0:15, and h ¼ 0:7. For this choice of
parameters, the sound horizon s & 105 h$1 Mpc and the wiggle wave scale
kA & 0:0601 hMpc$1.Top: We divide the modelP kð Þ by the corresponding
zero-baryon model, "m ¼ 0:3, "b ¼ 0, and h ¼ 0:7. Replacing CDM with
baryons produces acoustic oscillations and an overall suppression of
power. Bottom: We divide the model P kð Þ by a smooth fit to the overall
shape of the spectrum. Arrows indicate the approximate position of the lin-
ear/nonlinear transition at different redshifts, estimated in the following
way: At z ¼ 0, we conservatively defined the linear regime by
k < knl ¼ 0:1 hMpc$1. From the model P kð Þ, we computed the variance of
mass fluctuations !2 Rð Þ inside a sphere of radius R, where R ¼ #=2knl (i.e.,
half a fluctuation wavelength, or a whole wave crest, coincides with the
diameter 2R). For knl ¼ 0:1 hMpc$1, we found !2 #=2knlð Þ ¼ 0:35 and then
applied this criterion to fix the linear/nonlinear transition at other red-
shifts. At higher z, the amplitude of P kð Þ is reduced by the growth factor,
P kð Þ ! P kð ÞD1 zð Þ2. At z ¼ 1, for example, !2 #=2kð Þ ¼ 0:35 for k ¼
0:19 h Mpc$1 ¼ knl (z ¼ 1). We fixed the overall amplitude of P kð Þ so that
!2 8 h$1 Mpcð Þ ¼ 1. [See the electronic edition of the Journal for a color
version of this figure.]
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Cosmic Sound in Galaxy Clustering

Eisenstein et al 1998



Observing the sound waves

Linear galaxy 
clustering power 

spectrum

Wavelength of 
oscillation in 

Fourier space – 
‘wavescale’ is a 
‘standard rod’ 

÷ zero baryons

÷ smooth model



What use is this?
Answer: use this standard rod is probe of 
COSMOLOGICAL GEOMETRY & 
EXPANSION HISTORY

Big Questions:

What is causing the current Universal 
acceleration?

Is it pure vacuum energy or something 
more complex?

Why did it start at z~1 ? 

What happens z>1?



What use is this?
Precision (~1%) distance-redshift 
measurements can test dark energy models 
(parametrize: w(z)  vacuum: w = const. = –1)

   P = w ρ 
   w<–1/3 ⇒ accelerating a(t)
   w = –1 ± 0.2 indicated by current SNe 
data (zeff ~ 1) + CMB flatness/Ωm  

   (DL – z  test)



Current SNe (only)
2 Choudhury & Padmanabhan

supernovae, if detected, might allow the decelerating models to be

consistent with the data.

• We introduced two parameters, which can be obtained en-

tirely from theory, to study the sensitivity of the luminosity distance

on wX . Using these two parameters, we argued that although one

can determine the present value of wX accurately from the data,

one cannot constrain the evolution of wX . The situation is worse if

we add the uncertainties in determining Ωm.

All the above conclusions were obtained by analysing the su-

pernova data from a very simple point of view – hence, the expecta-

tion was that they would remain true in spite of improved datasets.

Fortunately, we are now able to verify our expectation with the re-

cent release of data points from observations of high redshift super-

nova. Given this much larger dataset, we can repeat our previous

analysis and find out whether the main conclusions in Paper I still

remain valid.

The structure of the paper is as follows: In the next section, we

analyse the recent supernova data with 194 points for models with

non-relativistic dust-like matter and cosmological constant. Some

key points regarding the importance of low and high redshift data

are discussed. In Section 3, we briefly discuss the constraints on

the dark energy equation of state and its evolution. The results are

summarized in Section 4.

2 RECENT SUPERNOVA DATA AND THEIR ANALYSIS

We begin with a brief outline of the method of our analysis of the

supernova data. The observations essentially measure the apparent

magnitudem of a supernova which is related to the luminosity dis-

tance dL of the supernova through

m(z) = M + 5 log10 Q(z), (1)

where

Q(z) ≡
H0

c
dL(z) (2)

and

M = M +5 log10

(
c/H0

1Mpc

)
+25 = M − 5 log10 h + 42.38.(3)

withM being the absolute magnitude (which is believed to be con-

stant for all supernovae of Type Ia – this is what is called the “stan-

dard candle hypothesis”).

For our analysis, we first take the 230 data points listed in

Tonry et al. (2003) alongwith the more recent 23 points from Barris

et al. (2003). These data points are compiled and calibrated from

a wide range of different observations. For obtaining the best-fit

cosmological model from the data, one should keep in mind that the

very low-redshift points might be affected by peculiar motions, thus

making the measurement of the cosmological redshift uncertain;

hence we consider only those points which have z > 0.01. Further,
since one is not sure about the host galaxy extinctionAV , we do not

consider points which have AV > 0.5. Thus for our final analysis,
we are left with only 194 points [identical to what is used in Barris

et al. (2003)], which is more than thrice compared to what was used

in Paper I.

The supernova data points in Tonry et al. (2003) and Bar-

ris et al. (2003) are listed in terms of the luminosity distance

log10 Qobs(z), alongwith the corresponding errors σlog10 Q(z).
Note that these distances are obtained from the data by assuming

some value of M. This assumed value of M (let us denote it by

Figure 1. Comparison between various flat models and the observational

data. The observational data points, shown with error-bars, are obtained

from Tonry et al. (2003) and Barris et al. (2003).

Mobs) does not necessarily represent the “true”M, and hence one

has to keep it as a free parameter while fitting the data.

Any model of cosmology will predict the theoretical value

Qth(z; cα)with some undetermined parameters cα (which may be,

for example, Ωm, ΩΛ). The best-fit model is obtained by minimiz-

ing the quantity

χ2 =
M∑

i=1

[
log10 Qobs(zi) − 0.2M′

− log10 Qth(zi; cα)
σlog10 Q(zi)

]2

(4)

where

M
′ = M−Mobs (5)

is a free parameter representing the difference between the actual

M and its assumed valueMobs in the data. To take into account the

uncertainties arising because of peculiar motions at low redshifts,

we add an uncertainty of ∆v = 500 km s−1 to the distance error

(Tonry et al. 2003), i.e.,

σ2
log10 Q(z) → σ2

log10 Q(z) +

(
1

ln 10
1
Q

∆v
c

)2

(6)

Note that this correction is most effective at low redshifts (i.e., for

small values ofQ). The minimization of (4) is done with respect to
the parameterM′ and the cosmological parameters cα.

Let us consider first the flat models withΩm +ΩΛ = 1; Ωk =
0, which are currently favoured strongly by CMBR data (for recent
WMAP results, see Spergel et al. 2003). Our simple analysis, with

two free parameters (Ωm,M′), gives a best-fit value of Ωm (after

marginalizing over M′) to be 0.34 ± 0.05 (all the errors quoted
in this paper are 1σ). In comparison, the best-fit Ωm for flat mod-

els was found to be 0.31 ± 0.08 in Paper I – thus there is a clear
improvement in the errors just because of increase in the number

of data points although the best-fit value does not change substan-

tially. The comparison between three flat models and the observa-

tional data is shown in in Figure 1.
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Figure 3. Confidence region ellipses in theΩm−M′ plane for flat models with non-relativistic matter and a cosmological constant. The ellipses corresponding

to the 68, 90 and 99 per cent confidence regions are shown. In the left panel, all the 194 data points from Tonry et al. (2003) and Barris et al. (2003) are used.

In the middle panel, data points with z < 0.34 are used, while in the right panel, we have used data points with z > 0.34. We have indicated the best-fit
values of Ωm andM′ (with 1σ errors).

Figure 4. Confidence region ellipses in the Ωm −ΩΛ plane for models with non-relativistic matter and a cosmological constant. The ellipses corresponding to

the 68, 90 and 99 per cent confidence regions are shown. (a) The confidence regions are obtained after marginalizing overM′. The best-fit values of Ωm and

M′ are indicated (with 1σ errors). (b – d) The confidence regions are obtained after fixingM′ to its best-fit mean value and the to the values in the wings of

1σ limit respectively. The fixed value ofM′ is indicated in the panel. The dashed line corresponds to the flat model (Ω m + ΩΛ = 1). We have indicated the
value of χ2 for the best-fit parameters in all the panels. The unbroken slanted line corresponds to the contour of constant luminosity distance, Q(z = 0.63) =
constant.
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w(z)

Standard rod ⇒distance-redshift ⇒ geometry(z) ⇒w(z)

The big idea...



More thought...
If x(z) is comoving distance...

considered a range of values for the baryon density !b. To
create a concrete example, we assumed a fiducial value
w¼ "1 for thedark energy and investigated how accurately
wecould recover thisvaluefrom thesimulated surveys.

3.1. Back-of-the-EnvelopeCalculation
For a flat geometry, the fundamental relation between

comoving distance x and redshift z can be written in the
form

dx
dz ¼

c
H0!

1=2
m

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zð Þ3þ !"1

m " 1" #
1þ zð Þ3 1þwð Þ

q : ð4Þ

For values of w near "1, the second term inside the radical
is small for ze 1, and the zeroth-order dependence is
x / H "1

0 !"1=2
m . This conveniently cancels the zeroth-order

dependence of the sound horizon scale on !m and H0 in
equation (1). Thus, our cosmological test hasreduced sensi-
tivity to uncertainties in !m and H0. Wequantify this in x 4
below.
Suppose!m ¼ 0:3 and the true dark energy parameter is

wtrue ¼ "1. Consider a measuring rod located at z¼ 1. I f
theassumed cosmology iswassume ¼ "0:9 (but constant with
redshift), then, using equation (4), the length distortion of
the rod is dx0=dx ¼ 0:975 if oriented radially (i.e., its ends
are at fixed redshifts) and x0=x ¼ 0:980 if oriented tangen-
tially (i.e., its endsareat fixed angular positions). Thus, the
zeroth-order effect is a rescaling in the length of the rod by
’2%, and the first-order effect is a radial/ transverse shear.
Thefull redshift dependenceof thesequantities is illustrated
by Figure5.
This distortion of spatial scales carries over directly into

k-spaceand suggeststhat ameasurement of kA with 2%pre-
cision at z& 1 translates into a measurement of w with an
accuracy Dw' 0:1. The corresponding figures at z¼ 3 are
dx0=dx ¼ 0:991 and x0=x ¼ 0:981; the smaller distortion in

dx suggests that the method is slightly less powerful when
applied at z& 3.
Wenote that in detail, when combined with CMB obser-

vations, the assumption of constant !m in this comparison
isnot quiteright. TheCMB power spectrum accurately con-
strains the angular diameter distance to the surface of last
scattering, which removes1degreeof freedom in theparam-
eters: we cannot vary !m and a constant w completely
independently. In addition, observations by Planck will
accurately determine the quantity !mh2 within a few years.
However, in this initial treatment, we consider our experi-
ment as independent and suppose that !m is specified by
external datasets.
I t is interesting to contrast the baryonic oscillation

method presented herewith theAlcock-Paczyński test. The
latter does not employ a standard length scale known in
advance, but rather compares quantities parallel and per-
pendicular to the line of sight. Physically, it is sensitive to
distortions in dx=x. Numerically, thisamounts to thediffer-
ence between the solid and dashed curves in Figure 5
( dx0=x 0ð Þ= dx=xð Þ½ ) " 1' dx0=dxð Þ " x0=xð Þ for small distor-
tions). Thebaryon wigglemethod usesa known ruler and is
therefore independently sensitive to distortions in x and dx,
through the parallel and perpendicular components of the
power spectrum (although in this initial treatment weaver-
age the power spectrum over angles). Numerically, this is
equivalent to the absolute deviation from unity of the solid
and dashed curves in Figure 5. Thus, the ‘‘ lever arm ’’ for
detecting any departures from w¼ "1 is a factor of &4
higher at z¼ 1 for our method, and, in contrast to the
Alcock-Paczyński test, it does not depend on small-scale
nonlinear clusteringdetails.

3.2. Simulations
Wesimulated surveys in theredshift ranges0:5< z< 1:3

and 2:5< z< 3:5 as before, using the same measured
ranges of k and linear bias factors. In each casewedefined
thesurvey volumeby a20* + 20* angular patch. Thisgener-
ated a volume V ¼ 3:9VSloan for the z& 1 survey and
V ¼ 8:0VSloan at z& 3. We assumed redshift catalogs of
N ¼ 106 galaxies at z& 1 and N ¼ 5+ 105 galaxies at
z& 3, so that the measurements were not limited by shot
noise. These examples are somewhat arbitrarily chosen but
are indicative of future large-scale redshift surveys. We
selected the galaxies from a redshift distribution that
populated thesurvey volumeapproximately uniformly.
We allowed the baryon density to vary over the range

0:1< !b=!m < 0:2 (centered on the result !b=!m ¼ 0:15
assumed in x 2). For each correspondingpower spectrumwe
generated a set of galaxy realizationsand converted theseto
redshift catalogs supposing a ‘‘ true’’ cosmology, w¼ "1.
Wethen remeasured P kð Þ for each realization for a rangeof
‘‘ assumed ’’ cosmologies,"1:3< w< "0:7. Therearesome
theoretical reasons to suppose w, "1, but we do not
imposethisrestriction on our analysis(Caldwell 1999).
For each assumed valueof wweused 400 different galaxy

realizations to derivea distribution of fitted wavescales in k-
space. I f theassumed valueof wdiffersfrom thetruecosmol-
ogy, w¼ "1, then thefitted wavescaleswill bedistorted (see
Fig. 6), and their distribution will not be centered on the
expected wavescale (computed from eq. [26] of Eisenstein &
Hu 1998). Thisallowed usto assign a likelihood to each value
of w, based on theposition of theexpected wavescale in the

Fig. 5.—Length distortion of a rod as a function of redshift, supposing
that the true cosmology is !m ¼ 0:3, wtrue ¼ "1 and the assumed
cosmology is!0m ¼ 0:3, wassume ¼ "0:9. The dashed and solid curves illus-
trate, respectively, thedistortion if the rod isoriented radially (i.e., dx0=dx)
and tangentially (i.e., x0 d!=x d! ¼ x0=x). Thus, it can be seen that the pri-
mary effect of assuming an incorrect value of w is a rescaling of distances
away from their true values. [See the electronic edition of the Journal for a
color versionof thisfigure.]
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= c H(z)–1

Angular oscillations ⇒ DA(z) = x(z) (1+z)–1

Radial oscillations ⇒ H(z) directly

Compare SNe ⇒ DL(z) = x(z) (1+z)



Precision measurement?
Imagine our 

precision could 
look like this at 

redshift z

We could measure 
this ‘wavescale’ to a 

few % accuracy

We would measure 
D(z) to few %.

÷ zero baryons

÷ smooth model



Baryon Wiggles in 2dFGRS?

Percival et al. 
2001 (2dFGRS)

95% significant detection



2dFGRS baryons



High-z is better

See more peaks

More leverage in D(z)



Simulated high-z surveys

2×106 galaxies

0.5<z<1.3

600 deg2

(6 Vsloan)

Δks/ks~1.4%



Remove overall shape from P(k)

Fit model of exponentially decaying 
sinusoid, treat wavescale as free 
parameter

ks(true)–ks(measured) represents 

accuracy one can recover D(z)

i.e. Δks = 1% at z=1 means D(z=1) is 

determined to 1%

Blake & Glazebrook 2003
(ApJ 594, 665)



Precision vs Size

2%

3%
5%10%



Required accuracy

(tangential)

(radial)

w = –0.8

w = –1



Simulated FMOS surveys

Assume 1000 deg2  ~ 5×106 galaxies

Redshift coverage 0.5<z<2 (Hα from 
1–2µm) 

w(z) = w0 + w1 z

How well can one do?



Simulated P(k)



FMOS survey



How competitive?

6 Choudhury & Padmanabhan

Figure 6. Confidence region ellipses in the Ωm − ΩΛ plane for models with non-relativistic matter and a cosmological constant. The ellipses corresponding

to the 68, 90 and 99 per cent confidence regions are shown. (a) The confidence regions are obtained for high redshift points (z > 0.34), after marginalizing
overM′. The best-fit value (with 1σ error) ofM′ is indicated. (b – d) The confidence regions are obtained for high redshift points (z > 0.34), after fixing
M′ to its best-fit value, and values near the upper limit and the lower limit respectively. The fixed value ofM′ is indicated in the panel. (e) The confidence

regions are obtained for low redshift points (z < 0.25), after marginalizing overM′. The best-fit value (with 1σ error) ofM′ is indicated.

Figure 7. Confidence region ellipses in the w 0 −w1 plane for flat models with Ωm = 0.29, 0.34 and 0.39 respectively, as indicated in the frames. The value
ofM′ is chosen to be the best-fit value, which is also indicated. The ellipses corresponding to the 68, 90 and 99 per cent confidence regions are shown. The

square point denotes the equation of state for a universe with a non-evolving dark energy component (the cosmological constant). The unbroken slanted line

corresponds to the contour of constant luminosity distance, Q(z = 0.6) = constant.
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Figure 6. Confidence region ellipses in the Ωm − ΩΛ plane for models with non-relativistic matter and a cosmological constant. The ellipses corresponding

to the 68, 90 and 99 per cent confidence regions are shown. (a) The confidence regions are obtained for high redshift points (z > 0.34), after marginalizing
overM′. The best-fit value (with 1σ error) ofM′ is indicated. (b – d) The confidence regions are obtained for high redshift points (z > 0.34), after fixing
M′ to its best-fit value, and values near the upper limit and the lower limit respectively. The fixed value ofM′ is indicated in the panel. (e) The confidence

regions are obtained for low redshift points (z < 0.25), after marginalizing overM′. The best-fit value (with 1σ error) ofM′ is indicated.

Figure 7. Confidence region ellipses in the w 0 −w1 plane for flat models with Ωm = 0.29, 0.34 and 0.39 respectively, as indicated in the frames. The value
ofM′ is chosen to be the best-fit value, which is also indicated. The ellipses corresponding to the 68, 90 and 99 per cent confidence regions are shown. The

square point denotes the equation of state for a universe with a non-evolving dark energy component (the cosmological constant). The unbroken slanted line

corresponds to the contour of constant luminosity distance, Q(z = 0.6) = constant.

D
L (z=0.6) = const.

Very!(flat models)



Great, but realistic?
Survey areas 500 - 1000 deg2  required

(2000 - 4000 FMOS fields!)

Exposure times and target selection?

Galaxy numbers:

Critical space density: 
1.3 ×10–3 galaxies/Mpc3 
≡1000 galaxies/deg2/Δz=0.2 bin (1<z<2)



Numbers of galaxies

Critical density



Hα LF z>1

LFs: Hopkins et al. , Yan et al.



Hα number-flux z>1

1.6×10–16 ergs/cm2/s



Easy?
FMOS numbers

 

User inputs in bold

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

Galaxy mag at wavelength 22.3 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 22.6872549  mags Sky brightness 19.4 mags/arcsec^2 inter-OH

Fnu from object cuum 3055.795513 nJy/m^2 Fnu from sky 63099.54809 nJy/m^2/arcsec^2

Flambda from object cuum 2.82944E-22 W/m^2/A Flambda from sky 5.84255E-21 W/m^2/A/arcsec^2

Photons from object cuum 0.002560579 ph/m^2/A/sec Photons from sky 0.052873762 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 2.014617246 electrons/sec/pix

Detected object electrons 497.7766447 per SRE Readnoise 10 electrons/sec/pix

Detected line electrons 7297.737557 per SRE Det .back. electrons 16318.39969 per SRE

Back. noise 131.2188999 per SRE

Cuum Signal/noise per integration 2.663614873 per SRE Sky subtraction fac. 1.414 sqrt(2) or 1

Line Signal/noise per integration 35.72683626 per SRE Sky/Object cuum 32.782574 per SRE

Number of integrations 1

Total exposure 900 secs Spec Resolution R= 666.6666667

Cuum Final Signal/noise 2.663614873 per SRE

Line Final Signal/noise 35.72683626 per SRE

SRE post-bin factor 1 Spec Res final = 666.6666667

Binned S/N 2.663614873

Note in this spreadsheet the SRE spectral bin size for the S/N calculation is constrained to be the spectral slit width



Practical survey
Need wide-field deg-scale IR spectrograph:
FMOS and ??

~ 5 bins width Δz=0.2 covering 0.5<z<2 (1–2 
µm coverage minus atmospheric gaps)

~5000 galaxies / deg2 = 900 per FMOS FOV
(note number of galaxies required ∝ bias–2)

1000 deg2  requires 300 clear Subaru nights 
at 30 mins per field. ~ 2dF survey.
(interesting w(z) for ≥ 500 deg2)



Issues
Looks easy but can we SELECT the Hα 
bright population to put fibers on them??

Narrow band imaging?

Broad-band imaging +photo-z + rest-
frame UV cut?

Need a LOT of deep imaging data over 
hundreds deg2.

Even at ~ 1 hour per field can still cover 
substantial volume and do this science



Conclusions
FMOS measurement of cosmic sound is 
possible, and can be quite precise.

Can constrain dark energy equation of state 
to an order of magnitude better than 
current/near-future SNe data

No other instrument can do this

Can be done in feasible number of nights

Result would be of major cosmological 
significance. Major FMOS success.

Go for it!



Photometric redshifts?

!z

1+ z
= 0.03

suppressed 
radial modes.

If 

×exp
(
−k

2
z

k20

)

⇒ k0 = 0.01 at z=1

(i.e. only see 
>100 Mpc modes)



kx

ky

kz

Spectroscopic survey |k|<0.2

N modes

kx

ky

kz

Photo-z survey

N/20 modes for
!z

1+ z
= 0.03


