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Armstronget al. have recently presented new ways of combining signals to precisely cancel laser frequency
noise in spaceborne interferometric gravitational wave detectors such as LISA. One of these combinations,
which we will call the “symmetrized Sagnac observable,” is much less sensitive to external signals at low
frequencies than other combinations, and thus can be used to determine the instrumental noise level. We note
here that this calibration of the instrumental noise permits smoothed versions of the power spectral density of
stochastic gravitational wave backgrounds to be determined with considerably higher accuracy than earlier
estimates, at frequencies where one type of noise strongly dominates and is not substantially correlated be-
tween the six main signals generated by the antenna. We illustrate this technique by analyzing simple estima-
tors of gravitational wave background power, and show that the instrumental sensitivity to broad-band back-
grounds at some frequencies can be improved by a significant factor of as mueti2¥9in spectral density
hfms over the standard method, whdrdenotes frequency anddenotes integration time, comparable to that
which would be achieved by cross-correlating two separate antennas. The applications of this approach to
studies of astrophysical gravitational wave backgrounds generated after recombination and to searches for a
possible primordial background are discussed. With appropriate mission design, this technique allows an
estimate of the cosmological background from extragalactic white dwarf binaries and will enable LISA to reach
the astrophysical confusion noise of compact binaries from about 0.1 mHz to about 20 mHz. In a smaller-
baseline follow-on mission, the technique allows several orders of magnitude improvement in sensitivity to
primordial backgrounds up to about 1 Hz.
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[. INTRODUCTION used in LISA, the signals from detectors in the different sat-
ellites can be combined, if the hardware allows, to give vari-
In ground-based interferometric gravitational wave detecous observables that are free of the laser frequency noise. In
tors such as the Laser Interferometric Gravitational Waveaddition, several of these observables have considerably re-
Observatory(LIGO), VIRGO, GEO-600 and TAMA, sto- duced sensitivities to gravitational wave signals at low fre-
chastic backgrounds will be best detected by correlating Sigquencies(below about 30 mHz, corresponding to the 33-
nals from more than one interferometer within a wavelengthsecond roundtrip light travel time on one arm of the triangle
of each other. If in-common noise sources can be eliminatedyne ohservables:, 8, and y defined in[1] correspond to

the correlation allows a direct estimate of the “noise” com- gagnac observables: they correspond to taking the difference
ing from gravitational waves, separately from instrumental;

f noise. In thi he d . ¢ 2 broadb in phase for laser beams that have gone around the triangle in
sources of noise. In this way the detection of a broa ar]g’lpposite directions, each starting from a different spacecratft.

background can take advantage of a broad detection band-

: o I However, another of the observables defineflij called
width B, and sensitivity to rms strain in a broad band grows L o bl

o . s {, has even less sensitivity to gravitational waves at low
with time like h, < (B7) ™"

The problem is different for the Laser InterferometerfrequenCieS; We wil refe_r o it as the “symme_trized Sagnac
Space Antenné_ISA) , which consists of three spacecraft in observable,” since the signals that are combined to fgrm
a triangle configuration. Although two “independent” ob- &€ the same as far, B, andy, but they are evaluated at
servables can be measured with this arrangement, yieldinge"y nearly the same time instead of at substantially different
orthogonal polarization information for sources, the observiimes. This observable allows a more complete “switching
able signals are not truly independent since they include co@ff” of the sky signal, and can be used to give a valuable
related instrumental noise. Separation of the instrumentdl€termination of the other sources of noise in the interferom-
noise from stochastic gravitational wave signals requires agter, as discussed [1-3].
alternative approach, as well as careful attention to correla- More recently, Tintcet al.[4] have discussed the problem
tions in the different types of noise affecting the signals.  of separating the confusion noise due to many unresolvable

A fundamental recent development has been the introdugjalactic and extragalactic binaries in each frequency bin
tion by Armstronget al. of a new way of precisely cancelling from instrumental noise. In particular, they consider the case
laser frequency noise in interferometric gravitational wavewhere the confusion noise level is comparable with or larger
detectors where the arm lengths are not exactly elue8].  than the instrumental noise level. They show that what we
It is shown in these papers that for a triangular geometry as iare calling the symmetrized Sagnac observable permits the
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confusion noise level to be established reliably. 2
What apparently has not been pointed out previously is
that using the symmetrized Sagnac observable to calibrate (32,12)-(31) \(13’2)'(12'3)
the instrumental noise potentially makes possible consider- o
ably higher sensitivity for determining smoothed values of 1 3
the power spectral density for broad-band isotropic gravita- (21)-(23,13)

tional wave backgrounds, such as binary confusion back-
grounds or primordial stochastic backgrounds. For each fre-

quency bin, with a width roughly equal to the inverse of the 2
data record length, the noise power in the sky signal can be (32,2)-(31,1) (13,3)-(12,2)
separated from the instrumental noise power by using esti- Z;

1*+——— 38

mators which combine the symmetrized Sagnac observable

with the other observablgsuch as Michelson observables

which are fully sensitive to gravitational waves. For isotropic (21,1)-(23,3)
backgrounds with fairly smooth spectra, the precision can be

improved substantially by integrating the estimated power 2

spectral density over many spectral bins, after removing and

fitting out recognizable binary sources. In this paper we dis- (31,22)+(32,322)

cuss this idea and its impact on studies of backgrounds ob- -(31)-(32,3) //X\

servable by LISA and by a possible high-frequency {— 3

_foIIow-on mission. Our_ mai_n conclus_ior_1 is_that this_ capabil- (21)+(2m_(23,233)

ity should be included in science optimization studies for the

detailed mission design for LISFS]. FIG. 1. lllustration of the signal combinations discussed in the

text. The numbers labelling each pair of arrows correspond to the
subscript labels of signals in the notation of Armstroegal.:
Il ESTIMATING STOCHASTIC BACKGROUNDS USING “12,3” for example refers toy,, 3, the signal traveling on the side
THE SYMMETRIZED SAGNAC OBSERVABLE AND opposite spacecraft 1, received by spacecraftdn spacecraft 8
A BROAD BANDWIDTH with a time delay corresponding to the light travel time along the
side opposite 3. Thg8 and y observables correspond to cyclic

nall;or”SI(Tpll_CIIyé \év)e imlggzgzgebr ?rlr{];?rir? Fspﬂe[&]slg- permutations of the indices far. The symmetrized Sagnac observ-
Yij \L1=L.2, y gt al. ! able ¢ is very similar to the round-trip-difference observables

rather than the more complete results including the addi-

. . . a,,v, except that forZ all the signals are compared with almost
tional 6 S'gnalszii given by Estabroolet al. [3] to allow for the same time delays, leading to a minimal sensitivity to low-

having two separate proof masses in each spacecraft. Thigquency gravitational waves. Thé observable is based on a
corresponds to setting the; in [3] equal to zero. The two ichelson interferometer using only two sides, but is the difference
lasers in each spacecraft are thus assumed to be perfecffysignals at two times separated by approximately the round trip
phase locked together, but to run independently of the lasefgavel time on one arm. ThéandZ observables are equivalentXo
in the other two spacecraft. On each spacecraft, the phases @it based on the other spacecraft pairings.
the beat signals between the laser beams from the two distant
spacecraft and the local lasers are measured as a function rgisponse to incoming gravitational wave powd—8].)
time and recorded. This gives the total of 6 signals that arélowever, the uncertainty in the instrumental noise level still
considered. They are sent to a common spacecraft and the@mains. The sensitivity is then limited to a factor of order
combined, with time delays equal to the travel times ovemunity times that obtainable in one frequency resolution ele-
different sides of the triangle, to give various different ob-ment,5f~ 71, wherer is the length of the time series. This
servables that are free of the phase noise in the lasers.  factor is the fractional uncertainty in the level of the instru-
The data combinations relevant for this discussion are ilimental noise. In effect this means that the sensitivity to sto-
lustrated in Fig. 1. Although laser and optical bench noisechastic backgrounds does not increase with time. The tech-
exactly cancel in these combinations, they contain variousique we propose is to usgto calibrate the noise power
mixtures of gravitational wave signals and instrumentallevels differentially in each frequency bin, i.e., use Sagnac
noise. The Sagnac observables 8, and y have a lower calibration, allowing a sum of sky signal from a broad band-
sensitivity for gravitational waves at frequencies near 1 mHavidth, B~f/2. For broadband backgrounds, this approach
than do the Michelson observablésy,Z discussed by Arm-  begins to “win” after an integration time~2f 1,
strong et al. Thus, we will base our strategy on using the We now sketch in more detail a specific strategy for ana-
observable¥, Y, andZ to detect the gravitational waves, and lyzing the data. This strategy allows an accurate calibration
the symmetrized Sagnac observableo calibrate the noise. of the main sources of noise entering into e, without
The technique usually considered for estimating the stoassuming that these either are the same or are krzopuir
chastic background is to use time variations in the observedri. We adopt the notation 48], and assume that the com-
power during the year to model out noise sources with nonplex Fourier coefficientX,, Yy, Zx, and{, for X, Y, Z, and
isotropic components such as confusion noise from galacti¢ have been derived from a long data set, such as perhaps a
binaries.(Integration over a year will give a nearly isotropic year of observations. We also defiﬁpé as the mean of the
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squares of the absolute valuesXf, Y,, andZ,. [Savelsg]est:Gl(f)[(8/3)3in2(277ﬂ—)]1 (7)
Since the laser noisg;; exactly cancels for these combi-

nations, the main instrumental noise sources are due to thehere

noninertial changes in the velocities of the proof masfsps
(the “proof mass noiseyf°" ™2*§ and the combination of Gy(f) = 1+2[1+coS(27fL)IRes ®
noise from pointing errors, shot noise, and other optical path ! 1+4[sirP(mfL)]Rest '
effects (the “optical path noise”y??"°® P2 From Egs.
(3.5 and(3.6) in [3], and from cyclic perturbations of Egs. To first order in the actual value & minus the estimated
(3.1 and (3.2), with the z;=0, the noise power spectral valueR.g, the bias inE is given by
densitiesSy(f), Sy(f), Sy(f), and S,(f), without gravita-
tional waves, can be obtained in tergms of §ife°°" Ma%%and (6Ei)bias=[Save(f)I[2+2 cog(2mfL)

optical path e defineS,,e(f) to be the average dy(f), —4 sirf(mfL)J[R—Reg. (€)
Sy(f) and S,(f), and(Sp°°" ™25 and(SP1° P to be
the averages of the corresponding noise power spectral den- To the extent that the bias i, can be neglectedE,)
sities for the 6 signalg;; . Then we obtain the same results depends just on the GWB power:
as for Egs(4.1) and(4.3) in [3], except withSy(f) replaced
by Sae(f) and with S Mass and PUeAl PN replaced (EW)=Scw,ave—[(8/3)sirP(27fL)|Sew,, (10
with their average values:

whereSgyy o IS defined as

Save(f)=[16sir?(27-rfL)]{[2co§(27rfL)+2]<S§r°°fmas§ S ) 1
W,ave ™ GW,k

+<S§;ptical patly} (1)
Sy(f)=24sirf(arfL)(ST M5+ 6(SPIo Py (2)

and

Sew.:={|{cwil*) = €Sew.ave - (12
These formulas do not assume that the noise contributions to ) . . .
the individualy;; are the same. At frequencies which are not too high, the Sagnac gravita-

The quantities(,Y,, etc., can be divided into an instru- tional wave sensitivity is low se<<1. The estimator is most

mental noise part and a gravitational wave background!Seful at frequencies low enough so thBy,) is comparable
(GWB) part: i.e.,. X=X, k+ Xew., etc. We can then define with Sgw ave @and thus can be used to estimate the GW back-

an estimatoiE, for the gravitational wave power ground power efficiently. For LISA with triangle sides of
K ' lengthL=5%10° km, or 16.67 seconds in units with=1,

E.= nﬁ_D(f)|gk|2, (3)  this condition is satisfied if <f~25 mHz.
The sensitivity to GWB is given by estimating the uncer-
where tainty SE, in (E,) from the relation
7= (UI[X?+ Vi >+ (242, @) SE?=(EQ) —(Ex)%. (13

The coefficientD(f) is defined in such a way that the noise This is done in the Appendix. The results are found to de-
component of the second term subtra@s averagethe pend on the individual noise spectral densities for the six
noise component of the first, leaving only contributions frommain LISA signals, rather than just their average value. For
the gravitational wave power of both terms; that(i§y) isa  the case of all six noise spectral densities being equal, the
known multiple of the GWB. In generd (f) will be com-  results are

puted numerically based on a model of LISA and its noise

sources. Here we estimate the bias in the estimate and the SE*~[(64/3)sin*(wL)][9+4 cogwL)—cog2wl)]
sensitivity level for a detection or upper limit based Bp,

optical path,2
for two situations where we can identify analytical approxi- X<Sv r> ' (14)
mations toD (f) based on the simple model described above. . ptical path
We first define a high-frequency estimatgy for the GW SE<[16sirf(wl)]S) : (15

background power, useful when the optical path noise domi- ) .
nates(but whenf is not so high that the Sagnac combination f We let SE=\(7; ), then the facton characterizes the

becomes nearly fully sensitive to gravitational waves noise level of the estimate relative to an ideal instrument-
noise-limited measurement.
Ex= 75— [ Save/Scles{ (% (5) Similarly, for very low frequencies wher@>1 and the

proof mass noise dominates, the estimator becomes
For frequencies high enough so that
_ E= 72— G,(f)[(16/3cog(mfL)|[1+co(2mfL)]|Z|?
R=<S§,)r00f mas§/<$pt|cal path) (6) (16)

is small, where
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1+R.Y2+2 cog(2mfL)]t individual frequency bins can now be averaged over a band-
G,(f)= es‘_l : - (17)  width of roughlyf/2 to give an improvement ing/N)? by a
1+ Reg{ 4 sirf(wfL)] factor of about {7/2)Y2. SinceSgw awe=Sew.x for an iso-

tropic background, the overall reduction in the rms back-
ground gravitational wave amplitude needed in order to

achieveS/N=1 can be as large as a factor
1/4

; (22)

In this case, for all six noise spectral densities eqdil, can
be shown to be

SE~[(2/3)+ (4/3)cog wl)
+(5/6)cos(wl) VX Spro°t mass, (18

; fr
F={1-[(8/3)sirf(wL)]e}*? s

. ) ] . ~ relative to the standard estimated sensitivity. The symme-
The interesting frequency range wile-1 is near 100 mi-  trjized Sagnac calibration approach achieves about the same
crohertz, and thusL is very small, giving gain in sensitivity as the cross-correlation approach em-

A~ (17/612=1.7 (19 ployed by ground-based experiments, and discussed by Un-
o garelli and Vecchid9] for two separate LISA-type space-

It should be noted that, for frequenciéss100 microhertz, Pased antennas. N
the Combinatior[(Res,)_l]Msinz(wL/Z) in the denominator The discussion above has |mp|ICIt|y assumed that the

of Eq. (17) is expected to be small for LISA even though dominant instrumental noise contributions to all of the six

(wL) is very small. ThusG,(f) will be very close to unity, recorded signaly;; are not correlated in phase. This is cer-

and the bias irE, , is negligible tainly true for the shot noise, but careful instrumental design
,n )

The standard estimate of the amplitude signal-to-noise rawill be necessary to make it a useful approximation for other

tio SIN for detecting a gravitational wave background isN0iS€ sources. For example, wobble of the pointing of a
given by given spacecraft could give rise to correlated noise in the

received signals at the other two spacecraft due to wavefront
> Sewx distortion. Also, correlated proof mass acceleration noise for
k_<|Xn k|2>' two proof masses on the same spacecraft can occur if the
’ effect of common temperature variations is significant. A
As noted above, this sensitivity estimate implicitly assumegjuantitative discussion of such correlations will be required
that the uncertainty in estimating the instrumental noisébefore the extent of realistically feasible improvements in
power level is about the same as the level itself. Howeverstochastic background measurements can be determined.
the error in estimating the instrumental noise level may wellHowever, this is beyond the scope of our current knowledge
be highly correlated over a bandwidth comparable with theof such effects. We therefore will assume that the six signals
frequency, so that averaging the results from many frequencgay have different noise levels but are uncorrelated in phase.
bins gains little if anything. Our results thus are rough upper limits to the possible im-
With the symmetrized Sagnac calibration approach, theorovements with the symmetrized Sagnac calibration
S/N contributions from individual frequency bins are given method.

by

(S/N) (20

Sew IIl. SENSITIVITY LIMITS AND BINARY BACKGROUNDS
ave
’ (21)

2 _ .
(SIN)g={1-[(8/3sir(wL)]e} The approximate threshold sensitivity of the planned

LISA antenna with 5 10° km arm lengths and for a signal-
Thus there are two possible inefficiency factors, characerizetb-noise ratio S/IN-1 is shown in Fig. 2. The sensitivity us-
by e and\. However, these are more than offset for detecting the standard Michelson observable can be approximated
ing broad-band backgrounds, since the contributions fronby a set of power law segments:

)\<772 K .

n,

J
hyms=1.0x 10729 f/10 mHZ/\Hz, 10 mHzf

1.0x10 2% \Hz, 2.8 mHzf<10 mHz
7.8x10°19(0.1 mHzf)?])/\Hz, 0.1 mHz=f<2.8 mHz
7.8x10719(0.1 mHzf)?%)/yHz, 0.01 mHz=f<0.1 mHz (23)

where the sensitivity has been averaged over the source di9 wHz, provided that the cost impact is not too high.
rections. Below 100uHz there is no adopted mission sen- A number of authors have discussed the expected levels
sitivity requirement, but the listed sensitivity has been rec-of gravitational wave signals due to binaries in our galaxy,
ommended as a goal for frequencies down to at leastnd the essentially isotropic integrated background from all
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FIG. 2. Instrument sensitivity in terms of rms strain pérz, to broad band backgrounds, assuming a one year integration. The
“standard” S/N=1 levels in one frequency resolution element, for LISA and for the shorter-baseline follow-on mission described in the text,
are shown as lighter lines. The sensitivity is shown for both(stiendargl Michelson observablX and the symmetrized Sagnac observable
{. The levels theoretically attainable with Sagnac calibration and averaging over bandvddine shown in bold lines. The Sagnac
estimator loses its advantage at high frequencies whHé&eo longer insensitive to gravitational waves; the analytic form for the estimator
discussed here is also inefficient at frequencies where the proof mass noise and optical path noise are comparable. At low frequencies where
proof mass noise dominates, another analytic form yields a significant improvement in sensitivity, which allows the confusion background
to be measured to lower frequencies. Estimated astrophysical backgrounds are shown for Galactic binaries, extragalactic white dwarf
binaries, and extragalactic neutron star or black hole binaries.

other galaxies out to large red shifts. The normalization igametersQ),,;=1 andQ,=0.7. However, the value of 5.5
uncertain, since only a few binaries above 0.1 mHz in frekpc that they used for the scale height of the distribution
guency are known, since they were selected from highly biperpendicular to the plane of the disk is more appropriate for
ased surveys, and since the evolutionary history for some iseutron stars, and a reduction by a factor of about 1.5 is
poorly constrained. We adopt most of the levels estimated imeeded for a CWDB scale height near 90) pc.
[10] for the total binary backgrounds, with estimates from Below about 1 mHz there are so many galactic binaries
[11] for the reduction of confusion noise at higher frequen-that there will be many per frequency bin for one year of
cies by fitting out Galactic binaries. The estimate for heliumobservations, and only a few of the closest ones can be re-
cataclysmics discussed [t2] is not included. solved. Above roughly 3 mHz most Galactic binaries will be
For close white dwarf binarie€CWDBSs), a factor of 10 a few frequency bins apart, and can be solved for despite
lower space density than the maximum yield estimated earsidebands due to the motion and orientation changes of the
lier from models of stellar populationée.g., [13]) is as- antenna. The effective spectral amplitude of the confusion
sumed. However, the resulting value is within a factor 2 ofnoise from both galactic and extragalactic binaries remaining
the latest theoretical estimate of Webbink and fib#]. The  after the resolved binaries have been fitted out of the data
factor 10 reduction factor is conventional, as discussed neaecord(see e.g.[11]) is shown in Fig. 2. Essentially none of
the end of{10], and gives a signal level a factor¥0lower  the extragalactic stellar-mass binaries can be resolved with
than given in Table 7 df10]. It should be noted that there is LISA's sensitivity [in contrast to intense signals from an ex-
about a factor of three uncertainty in the estimated total gapected small number involving massive black holes
lactic signal level, and the estimated extragalactic signa(MBHSs)].
level is even more uncertain. The ratio of extragalactic to Except for the shot noise, it is difficult to know what the
galactic signal amplitudes is taken to be 0.2 for CWDBs andnstrumental noise level is to better than perhaps a factor of
0.3 for neutron staftNS) binaries.(A ratio of 0.3 was found two by conventional methods. Tintet al. [4] have empha-
by Kosenko and Postndu5] for CWDBs with an assumed sized the value of using the symmetrized Sagnac calibration
history of the star formation rate and for cosmological pa-to determine the total gravitational wave signal for frequen-
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cies of roughly 200uHz to 3 mHz, where the expected x10°° yr 1, which is a factor of 10 lower than assumed in

level is above that of the optical path measurement noiselable 7 of[10]. This estimate may still be somewhat on the
Our main point is that, after using Sagnac calibration inhigh side and has a high uncertaiffy’], but we regard it as
properly selected frequency bands where either the opticajiving a plausible estimate of the total gravitational wave
path noise or the proof mass noise dominates strongly, avebackground level, allowing for some additional contribution
aging over a bandwidth comparable with the frequency confrom black hole binaries. We also increase the expected
siderably reduces the instrument noise in measurements gfavitational wave amplitude by a factor 1.5 to allow very
the smoothed spectral amplitude. This allows better sensitivoughly for eccentricity of the neutron-star—neutron-star
ity for measurement of stochastic backgrounds over a largeiNS-NS binaries[18]. With the ratio of 0.3 between the

range of frequencies. _ extragalactic and galactic amplitudes froid], this gives an
The possible improvement factor above 5 mHz is up Wextragalactic amplitude of RymexoNsE= 8

about  7/2)", which equals 20 at 10 mHz, but two types of 1 -25-76 1,12 The background sensitivity with the

I|m|tat|o_ns have to be considered also. One is d_ue to thPSagnac calibration gets within a factor of 4 of this extraga-
uncertaynty 'nRe.St qt el bgl_oyy. The other is due to lactic NS plus black holéBH) binary background at 0.5 Hz.

the similar gravitational wave sensitivities gfand at fre- ¢ fo)10w-on antenna would give detailed measurements of
quencies of 25 r_n_H_z a_nd above. We estimate that the resulfe,o gravitational wave background spectrum up to about 100
ing overall sensitivity improvement factor for LISA would mHz, as well as limits at higher frequencies and much im-
Proved measurements of coalescences of binaries at cosmo-

At frequencies below 20QuHz, the improvement factor |oqica) distances containing intermediate mass black holes.

is about ( 7/6)Y4. At 100 wHz this is a factor of about 5, so
the sum of the galactic and extragalactic backgrounds could
be determined down to somewhat lower frequencies than

. . V. INFORMATION CONCERNING EXTRAGALACTIC
otherwise would be possible.

ASTROPHYSICAL BACKGROUNDS

IV. SAGNAC CALIBRATION WITH ENHANCED HIGH- For the LISA mission, the Sagnac calibration approach
FREQUENCY LISA FOLLOW-ON MISSION will make possible measurements of the extragalactic

CWDB backgroundXGCWDB) at frequencies from about 5

If the LISA mission indeed finds several types of sourcesto 25 mHz. This is important because it will give new infor-
involving massive black holes, there will be strong scientificmation on the star formation rate at early times. Kosenko and
arguments for follow-on missions aimed at achieving considfostno\ 15] have investigated the effect of a peak in the star
erably higher sensitivity at both lower and higher frequen-formation rate at redshifts of z 2 or 3 on XGCWDB, with
cies. Some preliminary discussion of possible follow-on mis-emphasis on the observed frequency range from 1 to 10
sions has been given by Folkner and Phinfég] and mHz. However, going to somewhat higher frequency would
Ungarelli and Vecchiq9]. In order to give some indication improve the sensitivity to the star formation rate.
of the future background accuracy achievable by calibrating The CWDBs[10-15,19-2]include He-He, He-CO and
and smoothing, we consider an illustrative example of a highCO-CO white dwarf binaries, as well as a few binaries con-
frequency follow-on mission. taining the rarer O/Ne/Mg white dwarfs. Here He and CO

We assume the same basic triangular geometry and 60stand for helium and carbon-oxygen white dwarfs respec-
ecliptic inclination as for LISA, but the arm lengths are tively. Rough estimates of the comparative rms signal
50000 km instead of 510° km. The noise level for the strengths for the first three types as a function of frequency
gravitational sensor6.e. free mass sensoiis a factor of ten  are given in Fig. 1 of11]. It can be seen that the frequency
lower than for LISA, and the fractional uncertainty in mea- cutoffs due to coalescence are different for the different
suring changes in the distances between the test masses ist§pes, ranging roughly from 15 mHz for the first type to 60
times lower than for LISA. It should be remembered thatfor the third. This is mainly because the He dwarfs are less
making the arm lengths much shorter also makes the requirenassive and larger than the CO dwarfs. In addition, the total
ments on the laser beam pointing stability, and on the fracbinary mass ranges for the three types, in units of the solar
tion of a fringe to which phase measurements have to benass, are about 0.50-0.75, 0.75-1.45 and 1.45-2.4, which
made, much tighter. The shorter antenna might have the rateseans that there is a range of coalescence frequencies for
of change of the distances between the test masses kept caach type.
stant to make the phase measurements on the signals easier,The He-He binaries will contribute the most to determin-
provided that the required forces on the test masses can lieg the star formation rate, since their coalescence frequen-
kept free enough of noise. cies at redshifts of 2 or 3 will shift down into the accurately

The extragalactic CWDB background would be goneobservable 10 to 25 mHz frequency range and thus will
above about 0.1 Hz, provided that merger-phase and ringzhange the way in which the XGCWDB varies with fre-
down radiation from coalescences are not significant. Aguency. Information on the distribution of chirp masses for
higher frequencies, the binary background is expected to bihe different types of CWDBSs in our galaxy can be obtained
almost entirely due to extragalactic neutron star binaries anffom the resolved signals above about 3 mHz. However,
5 or 10 solar mass black hole binaries. We take the neutrooareful studies will be needed in order to determine the sen-
star binary coalescence rate in our galaxy to be Isitivity of the resulting star formation history to factors such
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as possible differences in the CWDB chirp mass distributiormesoscopic energy flows a@=100 GeV, whose only ob-
at earlier times. servable relic is a gravitational wave backgroU@@—25.

The possible high-frequency LISA follow-on mission Because the gravitational radiation processes are not per-
with Sagnac calibratipn would give an upper limit tq the-fecﬂy efficient, the total energy densifidinfQgy in gravi-
combined extragalactic NS-NS, NS-BH and BH-BH binary 51ional waves must be less than that in the thermal relativ-

backgrounds between 0.1 and 1 Hz. For the CO-CO binarieggic rgjic particles(photons and three massless neutrinos

the highest frequency signals will come _from the Merger e the “waste heat’ resides toda)&)re|hS=4.17
phase of coalescence and from possible ringdown of the re-

— 54
sulting object, if two conditions are met: that the orbit is X 10" °T3 76, Wherehy refers to the Hubble constarihe

nearly circular before coalescence, and that a supernova nitiegrated density is already limited by nucleosynthesis argu-
result. Even though all redshifts will be integrated over, theMents to less than about 0.1 of this value because of the
shape of the upper end of the CWDB background seem§ffect on the expansion raldt is interesting to pursue sto-
likely to still give new information on the binary mass dis- chastic backgrounds as far as possible below this maximal
tribution, the coalescence process and the star formation hi¢evel since most predicted effects, for example waves from
tory. even strongly first-order phase transitions, are at least several
Above 0.1 or 0.2 Hz but below the range of ground-basedrders of magnitude weaker.
detectors, no other astrophysical backgrounds have been sug- The spectrum of the background conveys information on
gested except those due to extragalactic NS-NS, NS-BH angarly stages of cosmic history. Classical processes typically
BH-BH binaries. Only a crude estimate for the combinedproduce backgrounds covering a broad band around a char-
background level has been included in this paper, and it iacteristic frequency determined by the scale of the energy
highly uncertain. As has been suggested by a number of adtows, fixed by the gravitational timescale. The band acces-
thors, the BH-BH binaries may be the dominant sousse  sible to the proposed space interferometers,®1® 1 Hz,
e.g.,[22,17). Higher levels would permit LISA follow-on corresponds to the redshifted Hubble frequency from cosmic
observations up to somewhat higher frequencies, where pogamperatures between about 100 GeV anti TeV—often
sible confusion with a high frequency tail from CO-CO thought to include processes such as baryogenesis and super-
white dwarf merger phase or post-merger ringdown would b&ymmetry breaking, and possibly also activity in new extra
reduced. Approximate information on the relative strengthslimensions[26,27. We adopt the point of view that it is
of the NS and BH binary backgrounds probably will be interesting to explore new regions of frequency and ampli-
available from ground-based observations of the coalesceneade for broad-band backgrounds, regardless of theoretical
rates, but probably with only the BH-BH coalescences goingustifications for a particular scale. We present in Fig. 4 a
out to substantial redshifts. Thus the main new informatiorsummary of the likely accessible parametérequency and
from LISA follow-on observations of these backgrounds mayamplitude for primordial backgrounds, optimistically taking

be on the history of the NS binary formation rates. account of the improvements suggested here, both for LISA
and the illustrative high-frequency successor considered ear-
VI. PRIMORDIAL BACKGROUNDS lier.

. A much more ambitious goal often cited is detection of
We have been characterizing backgroundshfly,, the  gravitational waves expected from the quantum fluctuations
spectral density of the gravitational wave stréatso some-  of the graviton field during inflation. These occur at all fre-
times denoted;). For cosmology, we are interested in sen-quencies up to the redshifted Hubble frequency from the in-
sitiv?ty in terms o_f the broad_band energy density of an iSO'fIationary epoch(which may exceed 8 Hz), but are in
tropic, unpolarized, stationary background, whosegeneral much weaker than the classical sources; a naive es-

cosmological importance is characterized by timate is thatQgwinflation™ N2 tiationrel WHere Ninfation
d A2 ~(Hinfiation/Mpianc is the amplitude of tensor metric
QGW(f)Ep;l(ﬁ_G‘]’cV: —2f3hr2ms(f) (24) quantum fluctuations on .the .Hubt_)le scale, &nqﬂation is
nt  3Hg the Hubble constant during inflation. From the microwave

background anisotropy we estimate that on large scales,
hinfiation™=(6T/Tiensor=<10"°. Unless the spectrum is
“tilted” in an unexpected direction(larger Hi,jation ON
smaller scales, which inflate lasthis is an upper limit on
2 3 the quantum effects and is a rough estimate of where gravi-
( f ) (25) tational wave data set limits on “generic” models of infla-

1 mHz "’ tion. The corresponding3Qcw~10*° is about ten orders

of magnitude below the maximal classical level, and well

whereh, conventionally denotes Hubble’s constant in unitsbelow the astrophysical binary noise.
of 100 km s *Mpc™1. In these units, the main sources of  The problem of separating primordial backgrounds from
instrumental and astrophysical noise are summarized schéinary backgrounds depends to some extent on how different
matically in Fig. 3. the spectra are. From general scaling argumi@k classi-

Primordial backgrounds can be produced by a variety otal phase transitions, where the radiation is emitted over a
classical mechanisms producing relativistic macroscopic oshort period of time, tend to generate spectra with a steep

where we adopt units of the critical densjy. The broad-
band energy density perfolding of frequencyQgw(f), is
thus related to the rms strain spectral density{ 2/

thwa( hrms(f)

108 | 2.82x10°18 Hz 12
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LISA

UB+WUMa+GCWDB+CV
follow-on

/o

Sagnac follow-on
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FIG. 3. Noise levels are shown in terms of the equivalent energy density of an isotropic stochastic background. Units are the energy
density per factore of frequency, in units of the critical density, normalized for Hubble consktgrtl. Where applicable, a one-year
integration is assumed. The sum WB/UMa+GCWDB represents the estimated confused background from the sum of unevolved Galactic
binaries, W Ursa Majoris binaries and white dwarf binaries. These estimates are uncertain by about a factofofTlkiconfusion noise
level drops abuptly above the frequency where almost all Galactic binaries can be fitted out. Extragalactic white-dwarf binaries “XGCWDB”
create a stochastic confusion noise which cannot be eliminated. At still higher frequencies above about 0.1 Hz, the white dwarfs coalesce,
leaving only the confusion background from extragalactic neutron star binaries and stellar-mass black hole(KiBAI&R). The LISA
instrument noise limi{S/N=1) after one year is shown, both the traditional narrow-band sensitivity and the broad-band sensitivity allowed
by Sagnac calibration and discussed here. The shaded regions show the main areas for improvement possible from using Sagnac calibration
The Sagnac technique allows a significantly improved measurement of a low resolution spectrum of the confusion background with LISA
both at low frequencies-0.1 mHz and at higher frequencies*®20 mHz, including an accurate measurement with LISA of the extraga-
lactic white dwarf binary confusion background. The Sagnac sensitivity limit for the smaller-baseline follow-on mission is shown for the
parameters discussed in the text; in this case the Sagnac technique offers a more substantial overall improvement in sensitivity.

low frequency limit, scaling likeQ gy f’ to f8 The high  can be carried out at this level is substantial, especially if we
frequency limit in some modelénvolving defects such as include the possible LISA follow-on mission discussed ear-
light cosmic strings or Goldstone waves, or brane displacelier (see Fig. 4. With the high-frequency antenna, the results
ment modes may be scale-invariant)gy> constant; in  with Sagnac calibration may reach a level beluﬁnew
phase transitions it falls off at least as fastyg,<f ' and ~10"!at a frequency above 0.1 Hz where there is a drop in
can be even steeper. Even though these processes have chhe astrophysical backgrounds.
acteristic frequencies, the primordial spectrum is quite broad Note added in proofRecently Cornish and Larsdi28]
and is not expected to have sharp features that would starghd Cornish[29] have discussed further the use of cross-
out as diagnostics. At frequencies above 100 mHz, where theorrelation of signals from two similar antennas to search for
astrophysical confusion background is mainly from neutrora primordial background. In particular, Cornish and Larson
star and black hole binarigfor which the main energy loss suggest that such antennas with roughly 1 AU baselines and
is gravitational radiatiop it obeys the scalin@ gy~ f?% At operating near ¥ 10~® Hz might be able to reach a sensi-
lower frequencies the dominant XGCWDB spectrum departsivity for h3 (g, of about 10 4. With the Sagnac calibra-
from this due to redshift and various nongravitational effectsjon, a low-frequency LISA follow-on mission could in prin-
on the binary population, as discussed earlier; in the 10 t@iple reach a similar primordial background sensitivity with
100 mHz range the dominant XGCWDBs are predicted tog single antenna, as well as provide additional valuable in-
closely mimic a scale-free spectrum. Depending on the situformation on MBH-MBH binaries.
ation, spectral features may or may not clearly distinguish a
primordial component. ACKNOWLEDGMENTS
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FIG. 4. Regions of new parameter space for
primordial backgrounds opened up by proposed
experimental setups and data analysis strategies.
Scale on the top axis shows the cosmic tempera-
ture for which classical waves generated at the
Hubble frequency and redshifted to the present
yield the observed frequency on the bottom axis.
Several characteristic energy densities are shown:
Classical primordial gravitational wave back-
ground limit (PGWB) shows the sum of energies
of photons and massless neutrinos, the maximal
level expected for primordial backgrounds;
“SBBN” denotes the maximum level consistent
with standard big bang nucleosynthei®th of
these for a background withf=f); and “infla-
tion” denotes a typical, untilted, scale-free
inflation-generated spectrum, at the maximum
level consistent with the background radiation an-
isotropy. Shaded regions lie above both instru-
ment noise and binary confusion backgrounds,
where primordial backgrounds can be detected.

inflation

-16]

The darker-shaded regions show the extra benefit
(for primordial background measurementsf
Sagnac calibration with both missions.

log(f/Hz)

follow-on missions: Sterl Phinney, Bill Folkner, Ron Hell-
ings, Bernard Schutz, Carlo Ungarelli, Alberto Vecchio,

(E)~Scw (A4)

Karsten Danzmann, and Neil Cornish. This work was sup{as promised for the estimator, by desigand since their
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APPENDIX: 6E FOR HIGH-FREQUENCY ESTIMATOR

The uncertaintySE in estimating(E,) can be estimated
from the relation
SE?=(E}) —(EW*. (A1)

We will be dealing withE, , but drop the subscrigtfor now.
Expanding Eq(5) into noise and wave parts,

BE={[|Xnl*+|Yn|?+]Z,|] - [8 sirP(27fL)]| {4l %}
H{[(Xn) Xew)* +(Yn) (Yew)* +(Zp)(Zow)*]
—[8sirf(27fL)(£n) (Low)* 1+ c.cho+{[|Xew®
+|Yowl?+1Zowl?1-[8 sirf(27fL) ]| Lowl?} 3.

(A2)

For frequencies wher&gyy 4, is small compared with
Sh.ave @nd wherg {gyl? can be neglected,

E~(13){}1+ (13)[|Xew >+ Youwl®+|Zew®]; (A3)

since the noise terms average to zero,

(E®)~(19([{}11%)-

We assume that the lengths of the three arms for LISA are
nearly equal to their average valueFrom the definitions of
X, Y, Z, and{ in Ref. [3],

(A5)

X= (Y32~ Y2 [ €3 — €]+ (ya— Yo [eF @t - 1],
(A6)

Y=(y1z—ya)[e¥ =M+ (- ya)[€2 - 1],
(A7)

Z=(yy—y1)[€¥“ -]+ (Y3~ yia)[ €7t —1],
(A8)

{=[(Yar+Yor+ Y19 — Yozt Yar+ Y1) ]t (A9)
Then:
|X|[2=4 sif(wL)[|ys2— Y24 *+ Y21~ Ya1l?

+{(Y32- Y29 (Y5 —y3)e'“t+c.c}], (A10)

etc. From such expressions, it can be shown that
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<E2>~(32/9)sin4(wL){(El)+[5+4 cogwl)|(E,) in E depends on the instrumental noise levels in the six main
_ signals, rather than just on their average. Assuming, how-
+[6—2cog2wl)](E3)}, (A1l)  ever, that they are all equal and uncorrelated gives the fol-
lowing estimates:
where
E1=1Y32%Y2d >+ Y21 *ly1d * + 1Y 1dl Y31 * + Y31 * Y24l (E?)=(64/3)sir*(wL)[9+4 cogwl )
+|y12l?ly3d >+ Y23l y1d?, (A12) —COE(ZwL)]<$p“caI path2, (A15)
5. = 2 24 2 24 2 24 2 2 )
2=1Y24 |y21| ly31| |Y;2| 2|y12| Y24 *+ Y32l | y1d 6E<16$ir12(wL)<Sy°p“°a' paihy. (AL6)
+1y1dl Y21+ Y21 lyadl s (AL3)
2= |Vad 2AYarl2+ V1 2V 1d 2+ [Varl 2l Yael 2 (A14) In general, even if the instrumental noise levels are unequal,

it can be shown thatE is less thany/9/87?, so that\
It is clear from these expressions that the uncertalifty =/9/8~1 for frequencies from 5 to 25 mHz.
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