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Deep multicolor galaxy surveys with photometric redshifts will provide a large number of two-point corre-
lation observables: galaxy-galaxy angular correlations, galaxy-shear cross correlations, and shear-shear corre-
lations between all redshifts. These observables can potentially enable a joint determination of the dark-energy-
dependent evolution of the dark matter and distances as well as the relationship between galaxies and dark
matter halos. With recent cosmic microwave background determinations of the initial power spectrum, a
measurement of the mass clustering at evesingle redshift will constrain a well-specified combination of
dark energy(DE) parameters in a flat universe; we provide convenient fitting formulas for such studies. The
combination of galaxy-shear and galaxy-galaxy correlations can determine this amplitadkiple redshifts.

We illustrate this ability in a description of the galaxy clustering with 5 free functions of redshift which can be
fitted from the data. The galaxy modeling is based on a mapping onto halos of the same abundance that models
a flux-limited selection. In this context and under a flat geometry, a 4008 defaxy-lensing survey can
achieve astatistical precision of o(Q2pg) =0.005 for the dark energy density;,(wpg) =0.02 ando(w,)

=0.17 for its equation of state and evolution, evaluated at dark energy matter equalty, as well as
constraints on the 5 halo functions outze-1. More importantly, a joint analysis can make dark energy
constraints robust against systematic errors in the shear-shear correlation and halo modeling.
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[. INTRODUCTION also[4]) are examples of the current state of the art in deep
surveys. Though shallower, the Sloan Digital Sky Survey
In the successful standard cosmological model wherdSDSS complements these given the larger population of
structure in the universe originates from Gaussian randorforeground and background galaxigs-7]. These observa-
density fluctuations in the initial conditions, all statistical tions have been interpreted in terms of the dark matter dis-
properties of cosmological structure observables depend ontebution associated with the lensing galaxies and their envi-
single quantity: the linear power spectrum of mass fluctuaronment under the halo model for galax[&s-10].
tions. The evolution of this spectrum depends on the proper- Ongoing and future surveys such as the Canada France
ties of the dark energy in a precisely calculable way. The tasklawaii Legacy survey, Pan-STARRS, LSST, and SNAH
of extracting dark energy information from cosmological will produce multicolor catalogs of galaxies. Photometric
structures reduces to determining the relationship betweeredshifts can then be estimated for these galaxies, allowing
observables and the underlying linear mass power spectrurfor measurements with foreground galaxies extending to
Deep, multicolor photometric galaxy surveys measure~1 and background galaxies up to twice as far in multiple
two sets of cosmological observables: the angular distriburedshift bins.
tion of the galaxies and the weak lensing shear induced on Photometric redshifts significantly augment the prospects
their shapes. From these observables, three types of twder joint galaxy-lensing studies beyond the current state-of-
point correlations can be constructed: the angular correlahe-art. The number of observable cross-correlation functions
tions between the positions of the foreground galaxies, théetween the galaxies and the shear scales as the product of
shear-shear correlations between background galaxies, attte number of lens and source redshift bins and can easily
the galaxy-shear cross correlations induced by the associexceed the number of galaxy-galaxy clustering observables
tion of dark matter with foreground galaxies. and independent shear-shear correlation observables.
Whereas these correlations have so far been analyzed We consider prospects for constraining the evolution of
separately and/or with data from different surveys, the jointhe dark energy through such surveys. The combination of
analysis of these measurements will be feasible from forthgalaxy-shear and galaxy-galaxy correlations is particularly
coming surveys. In this paper, we consider what can béruitful in that they allow for a joint solution of the evolution
learned from the combined two point correlations. We shallof the matter and galaxy distributions. These determinations
see that with the multitude of observables available, prosean be cross checked against those from the shear-shear cor-
pects for the joint determination of the cosmology and therelation. The latter depend only on the mass power spectrum
relationship between galaxies and mass are bright. but are typically subject to more severe systematic uncertain-
Galaxy-shear cross correlations, also known as galaxyties.
galaxy lensing correlations, were first detected by Brainerd We begin in Sec. Il with a description of the statistical
et al. [1], following earlier upper limits[2]. The Red- methods employed. These methods may be applied to any
Sequence Cluster and VIRMOS-DESCART survey3], model of the two-point correlations. In the Appendixes, we
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describe the parametrization of the linear mass spectrum idefines the three-dimensional source power spectrum.

the standard cosmological model, including convenient fit- For our purposes, the two-dimensional fields will be the

ting functions for the dark energy effects, and a generaliza*lens” galaxy number density fluctuations and the electric or

tion of the halo model for the association of galaxies with thee component of the weak lensing shear field measured with

mass. Our model for the latter is based on recent develop'source” galaxies. The lens and source galaxies of a given

ments in galaxy simulations which rely on matching the ob-survey may be divided into bins according to redshift, lumi-

served number density of galaxies to the predicted numberosity, color or other criteria. We will concentrate here on

density of halog12]. Utilizing these parametrized statistics, redshift binning. However for notational convenience we

we study prospects for constraining the properties of the darlill suppress the subscriptgienoting the bins for the rest of

energy in a spatially flat universe in Sec. Ill. We conclude inthis section.

Sec. IV. For the galaxy fluctuations, the source field is the three-
dimensional number density,(r;z) or rather its fluctuations

Il. STATISTICAL METHODS

In this section, we describe the basic statistical approach S(r;2) = 6g=—, (6)
to the joint study of galaxy and lensing power spectra. These ny
methods are independent of the specific parametrization of .
the power spectra described in the Appendix and employeénd the weight for the angular fluctuation fiegdn) is the
in the following section. We begin with a brief review of the normalized redshift distribution function
relationship between angular and three-dimensional power o
spectra in Sec. Il A. We relate these to the traditional galaxy- Di Ny

galaxy lensing observables in Sec. Il B. In Sec. Il C we de- Wqy(2)= H n. @)
scribe how the sensitivity of power spectra to underlying A
parameters may be quantified. where the normalization factor
A. Power spectra — Df\_
. _ . nA=sz—nV (8)
Under the assumptions of statistical isotropy and small H

angles, the two-point observables of a set of two-dimensional o _
scalar fieldsx(n), wheren represents the direction on the IS the angular number density in st Note that the weights

sky, are given by their angular power spectra are normalized so thgtWy(z)dz=1. _ o
For the weak lensing shear, the underlying scalar field is
(xF(hx;(1")y=(2m)?s(1-1")C™, (1) the electric component of the shear fiedgh) = e(n) which
manifests itself as a shearing of background galaxy images
wherel is the Fourier wave vector or multipole according to the complex shear
. d?l i . . d?l g
Xj(n)= Wxi(l)e : 2 y1(N) £iy,(n)= J We(l)e—2'¢'e"'“, 9

Here and throughout we use the same variable to represefyere ¢, is the azimuthal angle of the Fourier vector with

the field in angular and Fourier space. N o . L
Suppose these angular fields are related to threer_espect to they, axis. Thee field itself is a projection of the

dimensional source fields(r;z) by a weighted projection mass density fluctuation
i _5Pm
x(= [ dzw@s(r,=iD,;2) 3 s(riz)=om=p 19

whereD,(2) is the angular diameter distance in comovingand hence is equal to the convergenge). _
coordinates. We will use semicolons to denote arguments The weights are given by the efficiency for lensing a

that will be suppressed where no confusion will arise. population of source galaxies

The Limber approximatioi13,14] then relates the two- 3 H.HD 5
dimensional power spectra to the three-dimensional power WE(Z)=—Qm—O 0 OLJ dz—LSw Z), (1)
spectra as 27™"H a J, " Dgg ¢

XiXj _ W (2)W-(2)PSSi(k=1/D x - 4) Where the angular diameter distance to the lenDis
< J dzDi (DWj(2)P(k=1/Dai2),  (4) =D,(D), to the sourc®ys=D(D’) and between the lens
and the sourc®, =D A(D’'—D). HereD(2) is the comov-

whereH(z)=a"'da/dt is the Hubble parameter and ing coordinate distance and note tiat=D, in a flat uni-
. ) 5 B verse. The distribution of source galaxi#g(z') need not
(s (K)sj(k"))=(2m) s(k—K")P%si(k), (5 be the same as for théens galaxies above. Furthermore
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W, , the normalized redshift distribution, is the direct observ-Under the ergodic assumption, this quantity can be reinter-
able so that the efficiency, for a knownW, may be used preted as the average tangential shear around lens galaxies in
to probe cosmology. the sample volume.

The complete two-point statistics of the shear and galaxy For a narrow redshift distribution of source and lens gal-
correlations are thus specified by a choice of cosmology anexies, the tangential shear directly probes the galaxy-mass
a description of the underlying three-dimensional powermpower spectrum at the lens redshift. Substitution of the Lim-
spectraP’m’m P%% and P%°m as a function of wave num- ber equatior(4) in Eq. (15) gives
ber k and redshiftz. The latter two will depend not only on

cosmology but also on galaxy properties. R A3(R)
YT D_ = S
oL halo cr
B. Cross correlation functions
The galaxy-shear cross power spectra are related to the po [ dk(Hg\|k3P%m
more familiar cross correlation functions through the Fourier ==~ | vl v |77 J2kR),
. Ho2e) Kk k 2
transform relation$2),(9),
(16)
- o) d? ge il-(n—n") . .
(71(n)&y(n"))= WC' cog2¢))e : wherepy/Hy=8320,hMopc 2 andRis the distance trans-
verse to the line of sight. The critical surface density is given
b
f o CPecos24)3,(10) '
=— | s—C{°co 5(16),
2 71247TG DOLDLS: § H_(z) DOLDLS (17)
“ c® aDos 2py "aDos’

- - Idl
n)d,(n")y=— | =—CPsin(2¢)JI5(16), 12
{72(M) (")) qu-r sin(2)J2(16) 12 For a single lens galaxy with an azimuthally symmetric den-

sity profile p(R,D), these quantities are related to the pro-
jected or surface mass density
wheren—n'=(6,¢) is the angular separation vector with

magnituded and azimuthal angles with respect to thes, :f
axis. We have used the identity %(R) dbp(R.D), (18

G ” . through A% (R)=2%(R)—2(R), where the average is over
e =J(16)+2 21 iMIm(16)cogm( ¢ — ). transverse distances interior B Note that all distances are
m (13) in comoving coordinates.
The tangential shear technique throws away information

Note that the correlation functions depend on both the magt—)y combining the two components of the shear before aver-

nitude of the separation vectérand the azimuthal angk. aging. It contains the majority of the signal when considering

Despite this complication, Eq12) can be straightforwardly a spherically symmetric density distribution about a galaxy.

used to generalize a maximum likelihood estimator for theAt large radii, the usual approach is to attempt a reconstruc-

shear-shear angular power spectr(eng.,[16,17). tion _of th_e s_calar:(n) [=k(n), the convergence in th_e weak
Although the galaxy-shear cross power spectrum is thus §nsing limif out of both componentée.g.,[18]). This re-

direct observable, observations to date have focused on tf@nstructed field then acts as a template density map for the

tangential shear component around galaxies due mainly teorrelation

systematic effects in the shear measurement. It is therefore

useful to relate the two approaches, (€(6)3,(0)) d?l Coeqil
We can express the tangential shear about a galaxy at the 9 (2m)? "
origin as

Idl
yr(M) == y1(N)cos2) - yo(Msin2¢).  (14) = f 27C1 Jo(16). (19

The angular correlation function then becomes a function Ofb\lternately, one can go the other way and define a template
0 alone and is given by shear15]

() haic=(r7(6) 64(0) - - 2 R
<7T >h I <7T g > y%(n)iiyg(n):f(szl)zgg(De*ZI@ean, (20)

Idl
— | L oe
fZWCI J2(16). (19 and construct the correlation
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i ) Pronis
(73(6)72(0)+ 3(6) y,(0)) = J 5-CP(10) (D11 =D} = o (25
=(€(0)54(0)). 21D The inverse Fisher matrix approximates the covariance ma-

_ _ trix of the parameter€P~ (F1).
Formally the two techniques construct the same correlation one can also break this information down into subsets
function and preference for one versus the other is a matter

of considering errors in the reconstruction. I
Fop=fag (214 1)A1 > DIS[CH Dy

I iy ' b
C. Fisher matrix (26)

Given angular power spectra that are defined by a set %here the sum ovalj andmn pairs can run over a restricted

cosmological and galaxy parametgrs, forecasts on hOV.V subset of the observables. The covariance matrix of the sub-
well such parameters can be extracted from the data is alktted power spectra is given by

exercise in error propagation.
Ih gengral, _the obgerved two_poi_nts statistic; of the angu- [Elsub]ij,mn: Erixmalxjxmrarixn’érjxm_ (27)
lar fields C, will receive a contribution from noise sources
which we will assume to be statistically isotropic In the limit that the sum is over all combinations, H86)
~ oo returns Eq(24). This subsetting also clarifies the role of the
C/M=C"+N"M. (220 Gaussian assumption. Gaussianity implies a diagonal covari-
ance matrix inl and reduces its form to the product of power
We will further assume that the noise contributions for thespectra in Eq(27). Non-Gaussianity from nonlinear struc-
galaxy and shear fields arise from uncorrelated shape artdre formation correlates the power between Higlands but

shot noise in a fairly simple way: all bands share a common normaliza-
tion whose variance is determined not by Gaussian statistics

)2 but by the sample variance near the nonlinear scale. Under

Nfiejzaij —me the halo model of Appendix B, this behavior arises because
Naj the shape reflects the shape of halo profiles whereas the am-

plitude reflects their abundance. This abundance fluctuates

1 with the local mean density.
NPa%= 5p—, Under the Limber approximation of E¢), givenN, lens
Naa galaxy samples in disjoint redshift bins aig source gal-
axies samples, there aMy distinct galaxy spectraNg(Ng
Nfigazo, (23 +1)/2 shear spectra, and, Ng galaxy-shear cross spectra.

The potentially large number of cross spectra offers great

where y, is the rms shear in each component arising fromopportunities for stuc_iies of galfa\xy evolution and cosmology.
the intrinsic ellipticity of the galaxies and measurementConsider then the Fisher matrix of cross spectra alone

noise. N_Ng

Ja€i IpEj
The shear fields are expected to be nearly Gaussian with FOe _f E (21 +1)Al 2 9C" ~ge]710”cl l
respect to power spectrum errors fez10° due to linearity ap skyg (@) IPa ! P,
and projectio{19] as borne out in simulatiorj0]. For the (28

galaxy fields, the transition scale is at somewhat lolae-

pending on the width of the projectide.g.,[21,39). How-  Where

ever for both, the noise contributionslat 10* dominate the ~geaibi_ AOOER G S | HOaE B ObE

errors and mask the non-Gaussianity of the underlying fields. [CP]™ '=Cr bCl' I+ GG o (29
Under the assumption of Gaussian statistics for the fields, the ) )
information contained in the power spectra can be quantifie@/Ot€ that the total variance of the shear and galaxy fields

by the Fisher matrix contributes to the noise of the cross correlation as a type of
sample variance. Furthermore in the low signal-to-noise re-
(21+ 1)Al gime, the covariance is dominated by the product of power

FaﬁzfskyE —Tr[DmEleméfl], (24)  spectra of the galaxy and shear fields, not the sample vari-
[ 2 ance of the signal. In this case, theliagonal form of the
Fisher matrix depends on the assumption of statistical isot-
where the sum is over bands of widi in the power spec- ropy and remains valid even when the shear and galaxy
trum andfg is the amount of sky covered by the survey. fields are strongly non-Gaussian.

The roughfg, scaling is valid for contiguous regions with The framework described here is general and may be ap-
comparable extent in each of the two angular directions. plied to any parametrized model for the underlying three-
Here we have suppressed thigj) indices in a matrix dimensional power specti@’m’m, P°s°m and P%% and any
notation and selection criteria for the galaxies. In Appendix A we describe
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the well-tested standard model for the linear mass spectrum For the redshift binning, we typically choose between 2
and how it depends on the dark energy. In Appendix B weand 5 photometric redshift bins in the source distribution.
develop the halo model for the galaxy and cross spectraurther divisions do not substantially enhance constraints on
Motivated by recent simulations which associate galaxieshe dark energy given the broad efficiency functi@8].
with substructure in dark matter halos, we utilize 5 free func-These are taken to have equal extent in redshift ouz{e
tions of redshift to describe the occupation of galaxies inbut with the last bin containing the remaining high redshift
dark matter halos. By discretizing these functions into ob-galaxies. For the lens galaxies, we limit the populations to
served redshift bins we obtain a halo model parametrizatioa<<1 since they will require more accurate photometric red-
with 5N, parameters. shifts. We typically takéN, = 10 lens galaxy bins reflecting a
Because even this multidimensional halo model may nophotometric redshift accuracy adiz=0.1. The total lens
be sufficiently realistic, we will attempt in the next section to population then has an angular number density of 0.026 gal
separate cosmological information that does and does neircmin™? with a median redshift ofeqy =0.7.
depend on the details of the halo model. For instance in the Finally, we allow for uncertainties in the shape of the
large scale regime where galaxies clustering is nearly fullymass power spectrum and initial normalization by taking pri-
correlated with the mass, a measurement of the galaxy auters of o(In §)=o(ng)=o(In Q,h?)=0(In Q,h?=0.1 corre-
and cross power spectra is essentially a measurement of tegonding to a conservative interpretation of current con-
mass power spectrum. Furthermore, the angular cross specttaints (see Appendix A and, e.g[24]). With the fiducial
as a function of source galaxy redshift scale with distance iens survey, dark energy results depend only weakly on these
a known way through the lensing efficiency for any choice ofprior assumptions. Note that we take no prior constraints on
the underlying three-dimensional power spectrifia®n, the dark energy parameters so that the projected constraints
reflect only the potential of galaxy-lensing power spectra.

IIl. DARK ENERGY PROSPECTS

. . B. Model independent constraints
In this section, we study the prospects for dark energy

constraints with galaxy-lensing power spectra. We begin in Comparing lensing observables for different source red-
Sec. Il A by defining the fiducial survey and the galaxy Shifts has been proposed as a way of measuring distances
selection. In Sec. Il B we study the distance related or haldVith galaxy cluster$25-28. Recently, wide field weak lens-
model independent information in the galaxy-shear crosd1d statistics have also been developed to exploit this test
correlation and in Sec. Il C the joint constraints from all [15,29. In the limit of infinitesimal lens galaxy redshift bins,
power spectra. i.e., in Eq.(11)

Wg;L_’g(Z_ZL)a (31
A. Fiducial survey
For illustrative purposes, let us define a fiducial surveythe ratio of the galaxy-shear cross correlation in multiple
that is loosely based on a next generation ground based leng?€ar source bins depends only on the ratio of efficiencies.
ing survey. We take a source redshift distribution of the formThiS in turn depends only on angular diameter distances and
redshifts. In terms of the cross power spectra
Wg;soczze‘(Z/ZW)2 (30) .
C|g ! Wel(ZL)
with z,, corresponding to amedian redshiffeqs=1.5 and C?Ez - Wez(ZL) '
an angular number density af,=70 arcmin 2. This corre-

sponds roughly to a magnitude limit bf=27. For the shape Hence the galaxy-shear cross correlation provides informa-
noise we take a shear rms per componeny,gf=0.3 which  tion on the dark energy which is immune to uncertainties in
reflects the intrinsic ellipticity and measurement errors ofthe modeling of the underlying galaxy-mass correlation. The
ground based observatiortsee, e.g.[22]). Note that the ratio is also immune to sample variance in tignal i.e.,
noise variance scales a4,/n, in Eq. (23). We take a sur- galaxy to galaxy variations in the underlying mass correla-
vey area of 4000 dég tion and hence the non-Gaussianity of the signal. In the
From the survey galaxies we choose a galaxy lens popurisher matrix of Eq.(28), if the noise termsCP? and C[*
lation from the high luminosity tail. To balance signal vanish, the covariance matrix becomes singular implying in-
strength and halo model robustness per lens galaxy againfshitesimal errors in distance parameters. In fact the tech-
lens abundance, we choose lens galaxies with an abundaneigue works for individual galaxies in principle. Unfortu-
corresponding to a mass threshold\f,=10"*h "M in  nately with realistic noise estimates, the tradeoff between
the fiducial model. Due to this tradeoff, the net signal-to-model independence and sensitivity is severe. For example, a
noise ratio is only weakly dependent on the threshold. Notedl 0% change in the equation of state parameigs typically
that the mass threshold is not held fixed as halo and cosm@ields an~0.1% change in the efficiency ratio and so mea-
logical parameters are variégee Appendix B The fiducial  surement of the effect is only possible with large galaxy and
mass threshold simply defines the redshift distribution andhear surveys. Contrast this with the several percent change
angular density of the lens galaxies. These are the quantitiés the absolute growth or shear amplitude implied by Eq.
held fixed under the variations. (A9) and illustrated in Fig. 12.

(32
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Even for this statistic, the halo model enters in three [T T
ways: by defining the strength of the signal, the sample vari- sampling errors
ance of thenoiseand the accuracy to which the redshifts of P to sampling errors ]
the galaxy lenses must be known. The sample variance arises A ]
from contributions to the shear from structure along the line
of sight not associated with the galaxy population and from w
the intrinsic clustering of galaxies. Furthermore, with finite- £-08]
width redshift bins in the lens galaxy distributions, the effi-
ciency ratios depend on the model for the evolution of the
underlying power spectra across the Hih5]. Even with our
5 halo parameter model for the evolution in each bin, the
constraints are compromised. No constraints are possible

-0.9

with photometric redshift bins ahz~0.1 if we marginalize efﬁciencyratio:
all 5 parameters for a given bandpowerlirBy combining R T T
multiple bandpowers, one can recover dark energy informa- (4 .

tion, but that amounts to utilizing information from the shape . N .

of the underlying correlation and again degrades the model FIG. 1. Lensing efficiency ratio and 68% C.L. forecasts on a
independence of the effect. We will return to this type of tWo-parameter model for the dark enerdyde, Wpg). With two or
constraint in the next section. more source galaxy populations, héde=2, the ratios of galaxy-

To study the efficiency ratio test, we instead marginalize azrf‘ﬁec?gniov‘;:l;i jpﬁ‘;t:: V‘\)lgozle'ligs _alrgelsrs]sreagxd'StgnS;Sﬁ;:rsoggg the
single halo parameter per redshift and bandpower bin. This_ ™" y X . L= galaxy pop :
. : SO . marginalize the amplitude of the galaxy-mass power spectrum in all
model is equivalent to marginalizing a constant amplitude ot o i
bi band in th derlvi i bandpower and redshift bins. The inner contour shows the effect of
Hlas pgr i af‘ powgrf n .e L]fn er%mghpowebr Spe(? rumheglecting the sampling errors and shows that sample and shot
ence it eliminates information from the shape but retains an i« 4re comparable for a shear noiseygf.=0.3 and a source

?rs?rl:mlgtlonltondthene\t/o(;utlor:]é)f tziﬁalﬁxﬁgiss fpgwﬁé SPC G ensity ofna=70 arcmin2. These parameters and a 4000%eg

um. REsUulls do not depend on the number of bands ems'urvey are assumed here and throughout.
ployed so long as the signal and noise dominated regimes are
separated since the a_ddltlona_l parameters are employed sim- Raising the number of sourc&lg) and lens W,) divi-
ply to remove shape information from measurements of dif-

. sions or choosing less rare galaxy tracers only slightly im-
fere_nt t_)ands. We take th_e parameter to be th? satellite noffiroves these constraints. Note that the latter entails employ-
malization A for convenience and have verified that the

results do not depend on this choice ing less massive objects with higher number density but
. P o . _weaker shear signal. Finally note that the template technique
In Fig. 1 we show the constraints in the constant equatio

of state, dark energy densitype-Qpg) plane forN, = 10, bt [15] can be reexpressed as a measurement of the zero lag

Ns=2 (see Appendix A for dark energy parameter deﬁni_correlatlon of Eq(21) or a single bandpower

tions). Note that when moving to a varying, the errors on 2|

equation of state at the best constrained redshjft, remain Y8 = J' 2_2C|ge_ (33)

the sameo(Wpio) =0 (Wpg), Whereas those of)pe in- (2m)

crease. We can also assess the effect of sample variance by . ) ) )
artificially removing the terms in the covariant2?) that are Although the efficiency ratio constraints are relatively
proportional toCFC?9. This causes an improvement in the weak, .the.y are fairly robust to both the halo model and non-
errors by~ 2 indicating that the sample variance is com- Gaussianity of the correlation on small scales. Moreover,
parable to shot variance. This near equality reflects the faépey become more powerful when_ combined W'th comple-
that these halos have a projected scale radius of ordéset mentary probes of shape and amplitude of the various power
Fig. 1. On these scales, the assumed shape nois%DeCtra on large scales as we shall now see.

YVims! \/‘n—_Ag~O.02 is comparable to the cosmic shear. We in-
clude the information from all scales; in practice the signal to
noise has converged well before our numerical maximum  Given the underlying halo model parametrization, cosmo-
=30000. logical and halo model parameters can be jointly fit to the
The discrepancy of our results with thosg 28] is due to  observable power spectra. Let us first consider constraints
a factor of two error in the calculation of the sign@ince that are based on the galaxy-mass cross-correlation alone. In
corrected, astro-ph/0306046 )y3o a more realistic model Fig. 2(dashed lineswe show the cross power constraints for
for halo profiles, and the inclusion of sampling errors. Com-constantwpg-{lpe and Ny =10, Ng=2. We marginalize
parison of the results also requires implementing their priobN; =50 halo parameters and vary the maximuemployed
on Qe and their shape noise specifications. These resulti® Eq. (28) [see Appendix B Let us focus on the opposite
agree with an independent and concurrent study which alsgegion to the previous section, that of large scdledp
extended the model-independent techniques to shear-shearl0® where non-Gaussianity in the fields and inadequacies
correlationg 30]. in the halo model are minimized. Under the halo model pre-

C. Model dependent constraints
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FIG. 2. Galaxy-shear power spectrum 68% CL constraints on a FIG. 3. 68% C.L. constraints in a three-parameter dark energy
two-parameter dark energy moddlge, Wog) With power spec- Wpivot» Wa, Qpg) for shear-shear correlations onflight
trum information OUt. tOIleoO.O (uppey and 3000 (lowe). shaded ellipseand all 2-point correlationgdark shaded ellipsgs
que}xy-shear constrgm(sia_shed linesare _complementary to the with N =10 andNg=5 andl ,=3000. Also shown for comparison
efficiency ratio tes'(thls_ SO"Q and are asgsted by the aqd|t|on of are the efficiency ratio constraindashed linesand joint galaxy-
galaxy-galaxy constralntghlck solid which help. determine the shear and galaxy-galaxy correlatiofetted lineg. Even after mar-
5N, =50 halo parameters. Joint constr_aﬂshadet)zl is only weakly inalizing over N =50 halo model parameters, galaxy-shear with
dependent orp _and_ he_nce_ non-Gaussian errors. Here the numbegalaxy-galaxy power spectra have comparable constraining power
of source redshift distributionis=2. on the dark energy as shear-shear power spectra. Errors between
scription, t_here is sufficient informgtiorj in the power spectravzvp(i)vl‘g; r;?“\;v?saéﬁ): ; (t:grtrﬁ éagep(l fg :feg;:ﬂog n eTrg)e/ ggvnfitng%ﬁ‘f‘“
to constrain a degenerate combinationvafe and Qpe.
Note that the errors in the best constrained direction are in-
sensitive to the maximurp and hence to uncertainties in the samelp substantially assists dark energy parameter con-
non-Gaussianity of power spectrum errors. They are alsétraints by effectively acting as a prior and consistency check
then less sensitive to inadequacies in the halo modeling th&n the halo model parameters. The small interior ellipse il-
appear on small scales. lustrates the potential for simultaneous determinations of a

The degeneracy line follows a line of constant linearconstantwpe and Qpe by combining this information with
power spectrum amplitude and distance at the typical redthat from the efficiency ratio.
shift of the lenses. Breaking this degeneracy then depends Just as galaxy-galaxy correlations provide a powerful
both on the internal or external determination of parametersross check on halo model parameter determinations, shear-
in the halo model and its overall validity. Fortunately, the shear correlations provide a powerful cross check on cosmo-
efficiency ratio information from small scales is complemen-logical parameter determinations. It is well known that in
tary in direction. Furthermore, information from the other principle shear-shear correlations are an extremely powerful
spectra can be included. In particular the galaxy-galaxy corprobe of the dark energy parametéesy.,[23,32).
relations are more sensitive to the assumptions of the halo In Fig. 3 we show that with shear-shear correlations alone
model than the galaxy-mass correlatisee Fig. 12 It may  all three dark energy parametems;,;, W, and{)pe can be
be used to cross check and calibrate the halo model parargimultaneously measured. Note that we do not place external
eters and potentially extend the parameter space as needeprior constraints or{)pg unlike the convention commonly

In Fig. 2, we illustrate the utility of a joint analysis. Add- found in the literature but that the effect of a prior can be
ing in galaxy-galaxy power spectra information out to thereadily read off these figures since thk, dimension is
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[ shear-shear
[ all 2-point
rereeenn. +#CMB Planck

w, =dw/da

e e B e )
o 0.2 0.4 0.6 0.8
z

L L L FIG. 5. Halo parameter errors as a function of redshift for the
-1 -0.95 09 -0.85 N_ =10 lens galaxy bins antig=5 source galaxy bins with all
Wo 2-point information tol,=3000 and the efficiency ratio on all

. . scales. Parameters at different redshifts are largely uncorrelated

FIG. 4. I_Example Of_ combining external cons_tralnts. Mot whereas those at the same redshift are highly correlated. Linear
galaxy-lensing constraints can be transformed into other dark eng,mpinations that control the shape and amplitude of the power
ergy parametrization conventiofisereQ pe, wq, w,) for compari- spectra are better constrain@e text
son and joint studies. Dashed lines represent the improvement to thg
68% C.L. region due to the addition of projected CMB constraintsy given redshift are strongly correlated. The correlation indi-
fqr the Planck satel!ite \(vhich mainly constrain the angular diamete%ates degeneracies between the parameters as can also be
distance to recombination. seen in Fig. 12. Thus there are combinations of halo param-
eters that are better determined than implied by Fig. 5. These
combinations control the shape and amplitude of the spectra.
For example, the linear combination that controls the bias

. . alnd correlation coefficient across the €8< 0.4 bin and at
are not common to both. They also require a modeling of th%cales central to the constraint, ekg: 0.3 Mpc ! is sepa-

\?J:f:\?: ;l‘l;tirag%\éériance in the nonlinear regime. Her?ately constrained at the level of(Inb)=0.01 ando(InR)

Th bined qal h d qal | =0.004(fiducial valuesbh=2.2 andR=1.2). Constraints on
€ combined galaxy-shear and galaxy-galaxy POWe,q, .qrejation coefficient mainly reflect its insensitivity to
spectra potentially have constraining power that is comp

S alo parameters on large scales; they weaken in the deepl
rable to the shear-shear spectra. The combination of all thr P 9 Y Py

Sfonlinear regime. Constraints on the bias as a function of
reduces the errors by of ord¢® or more versus shear alone, gc4je remain at the percent level from the linear to well into
leading to marginalized errors a)f(QDE):O.OOS_, a(Wpivor) the nonlinear regime.
=0.02[ o(wg)=0.05], ando(w,) =0.17. More importantly
they provide important cross checks against shear systemat-
ics on the one hand and inadequate halo modeling on the
other. The joint analysis of galaxy clustering and lensing data

For comparison with other probes, it is useful to note thafrom next-generation surveys offers unique opportunities to
the dark energy pivot point of the combined power spectraimultaneously determine the evolution of clustering in the
information is z,,,=0.36~Zpg, the epoch of dark energy dark matter and galaxies. These surveys are expected to pro-
domination. EquatioitA11) then maps the errors back into a vide multicolor catalogs of galaxies with well characterized
more conventional description such\ag (a,=1). For ex-  photometric redshifts well beyond=1. We have shown
ample if we add in projected cosmic microwave backgrounchere that with redshift information, even at the 2-point or
(CMB) constraints for the Planck satellif81], the errors  power spectrum level, there is enough information in the
improve to o({Qpg)=0.004, o (Wpiye) =0.01 [o(wWp) galaxy-shear correlation, especially when combined with
=0.04], o(w,)=0.08 as shown in Fig. 4. Note that the com- galaxy-galaxy correlations, to jointly solve for a model with
bined pivot point shifts to higher redshift. Here we have ~50 parameters to describe the galaxy evolution and 3 dark
employed the sensitivities if33] amounting to, e.g., energy parameters. We have conservatively allowed the gal-
o(InD,)=0.002 whereD, is the angular diameter distance axy parameters to vary independently as a function of lens
to last scattering; note that current constraints are at the 0.0#dshift and marginalized the associated parameters when
level. quoting dark energy constraints.

Finally, with all three power spectra one can probe the The dark energy parameter determinations are statistically
evolution of the halo parameters and hence aspects of th@ompetitive with the shear-shear correlations and should be
evolution of the underlying galaxy population. We show in more robust to systematic errors in the shear determinations.
Fig. 5 the resulting errors on the 5 halo parameters as @hey furthermore can provide a better redshift localization of
function of redshift employing all 2-point information out to dark energy effects given the broad lensing kernel of the
,=3000. The errors for different redshifts are nearly inde-shear.
pendent whereas the errors between the 5 halo parameters atThese determinations are assisted by two relatively robust

shown. We have chosen hexg =10 andNg=5. However
shear-shear correlations are more susceptible to systema

IV. DISCUSSION
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features in the halo model: on large scales, the combinatiothe Wilkinson Microwave Anisotropy Prob®/MAP) deter-

of galaxy-mass correlations and galaxy-galaxy correlationsninations:,h?=0.024, Q,,h?=0.14, n=1 and 6,=5.07
may be used to determine the underlying mass-mass correla<10 ° [24]. The current uncertainties in these parameters
tions in a manner that is only weakly sensitive to halo modehre at the 10% level or better. Note th#tis related to the
assumptions; on small scales the ratio of galaxy-shear corr&¥ MAP normalization parameter by

lations at different source redshifts yields distance ratio in-

formation that is only weakly dependent on the evolution of A=(1.845,x10%?2, (A2)

the galaxy-mass correlation.

Equally important, by combining galaxy-galaxy and and current and future uncertainties in this parameter are
galaxy-shear clustering one can determine whether the haRxpected to be dominated by uncertainties in the Thomson
model employed here suffices as a description of the relaoptical depth to reionization, i.e.
tionship between galaxies and dark matter halos. Consis- (017-7) .
tency of the halo determinations can also be checked by se- 6,~5.07% ™ x10°°. (A3)
lecting lens galaxies with multiple cuts on luminosity or ) . 1
rarity. Consistency of the dark energy determinations can b&nus tf‘f’ power spectrum as a functionkoin Mpc™* (not
checked against the shear-shear correlations which depefigMPC ) in the matter dominated regime can be considered
only on the mass spectrum. A further extension to includé®S largely known.
contributions from the many galaxy-shear bispectra would
also improve parameter accuracies and provide cross-checks 2. Evolution

[34,39. The shape of this initial power spectrum does not change

Halo model parameter determinations will be valuable ing,ring gark energy domination on scales below the sound
testing models of galaxy formatiofe.g.,[36—-38). Galaxy  porizon of the dark energy. The amplitude of the linear

parameters measured from surveys as a function of galaxy, er spectrum depends on the initial normalizatirand
type, luminosity, and redshift can be compared with simulay, g «growth function,” here the decay rate of potential fluc-
tions and semianalytic model predictions of the same paramy,

eters. Although these studies may show that our halo modevatlonsG,

requires further modification and extension, we believe that

the prospects are bright for a joint solution of galaxy and P(k,z)=
dark matter clustering.

1 G(2))?
177 Gy P(k,0), (A4)

whereGy=G(z=0) and we assume that all relevant scales
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APPENDIX A: COSMOLOGICAL POWER SPECTRUM (2m)

The linear mass power spectriik) which underlies all S, Qph?| ~13/ Q) h?) 0563
observable power spectra depends only on well-motivated og~ —
: . 5.59x 10 5! 0.02 0.14
cosmological parameters in the context of the successful
ACDM cosmology. In this section, we describe its param- h \06%8 G,
etrization in terms of the initial conditiongAppendix A1) ><(3.1231)(”‘1)’2( 0—72) 076 (A5)

and evolution(Appendix A2.

whereW, (x) =3x3(sinx—xcosx) is the Fourier transform
of a top hat window. The approximation in E@5) is valid

We begin by assuming that massive neutrinos make a nede the 1% level for individual variations of the parameters in
ligible contribution to the matter density. The shape of thethe regime 0.01&Q;h?<0.03, 0.1k ,h?<0.18, 0.%n
mass power spectrum is then specified by the baryon densits 1.3, 0.5sh=<1 which more than span the current observa-
Qph?, the dark matter densitf2,,h?, and the spectrum of tional errors. Note that because the normalization is given in
initial curvature fluctuationg, h~1 Mpc, there is a strong scaling with the Hubble constant.
This scaling actually assists dark energy determinations since
in a flat universe)pe=1—-,, and precise measurements of
Q,h? makeh depend onQ)pe only. A measurement of the
Hubble constant is a measurement of the dark energy density.
wherek,=0.05 Mpc ! is the normalization scale. We take Likewise a measurement efg is a measurement of a spe-
fiducial values for these parameters that are consistent witbific combination of dark energy parameters.

1. Initial conditions

k n—-1
A2:52<—) , Al
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We will hereafter limit ourselves to flat universes but cor- with the expansion around some epagh this generalizes
respondinglyneglectthe dark energy information from the the form employed if41] wherea,=1.
CMB unless otherwise specified. The angular diameter dis- We instead choosa&,= ap, such that the errors iw;,q

tance to recombinatio®, has been measured tg(InD,)

and w, for a given observable are uncorreIat(nl;l,pivm\,\,a

:004[24] and this constraint will continue to imprOVe with =0. The pivot pOintainOt can be derived from a genera'

better measurements 6f,h? from the peaks a$see, e.g.,

[40])

1
a(In D*)wzo-(ln Q.h?). (AB)

representation via the transformation

ap,

[? !
Cr,=2 Pe (A12)

% dp, “Pop,

The rationale behind dropping this constraint is that thisFor the transformation to the pivot representafidg]
measurement will be used in conjunction with galaxy and

lensing constraints to eliminate any small curvature contri-

bution that might exist. In a flat universB,, closely follows

Gy in its dark energy dependence and so may be used as a

aWpivot -1
W,

(9Wpivot _
W,

n— apivot ’ (AlZ)

powerful consistency test for the absence of spatial curva-

ture. We discuss this issue further in Sec. 11l C.

from which it follows that the errors decorrelate for a shift in

The growth functionG then depends only on the dark the pivot of

energy densitf) pe(a) =87Gppe/3H? and equation of state

w(a) = ppe/ ppe through the equatiore.g.,[33])

+§[1—W(a)]QDE(a)G=O, (A7)

where the initial conditions ar@=1 anddG/d Ina=0 at an
epoch well before dark energy dominatiz® zpg,

QDE
1_QDE

~1/3wq
) , (A8)

1+ ZDE: aSé% (

WhereQDEEQDE(ZZO) andWOEW(ZZO).
Given a constant equation of sta®, follows the ap-
proximate form

) 0.236

Go~o.7e(o_—2m7 FLOBE(1+wpe)],

F(x)=(1+0.49&+4.88¢) 1, (A9)

where the approximation holds te 1% for separate varia-
tions of —1<wpe<—1/2 and 0.1Z(),<0.5. Here and

an~ Apivot™ — - (A13)

Moreover the resulting errors ow,,, are then equal to
those onwpg, a constaniv. The pivot redshift is therefore
also the redshift at whickwv is best constrained.

The drawback to choosing the pivot redshift is that it is
specific to the observable, survey and dark energy model. As
the redshift where the dark energy evolution is best con-
strained, the pivot point for growth measurements tends to
coincide roughly withz,~ 0.4 orzpg in the fiducialA model.

In fact, further takingwpe—w(apg) in Eqg. (A9) yields an
approximation to the growth function that is good to several
percent across a wide range wf,. Choosing this standard
normalization epoch then provides the benefits of the pivot
point without the drawbacks. Although we will employ the
pivot redshift for the galaxy-lensing study below, it is suffi-
ciently close tazpg that it may be interpreted in this manner.
Note that the pivot point for distance-based dark energy mea-
surements can be at even higher redshjft<z=<1 so that it
becomes even more important to choose,&0 for the
characterization of constraints.

In summary, our linear matter power spectrum is specified
by 7 parameters: 4 that are already well constrained by
the CMB §,(=5.07x10"°), n(=1), Qph*(=0.024),
Q,h?(=0.14), and 3 dark energy parameters

throughout we denote a dark energy parametrization fOQDE(:o.73)’Wpivot(:_1) (or wg), W,(=0) which galaxy-

which w is constant withwpe=w. Note the fairly strong
scaling of Gy with wpe around the fiducial moded G, /Gy
~— 0'3%WDE .

lensing power spectra can help constrain. Parameter values
of the fiducial cosmology are given in parentheses. Given a
linear power spectrum and cosmology, cosmological simula-

A dynamical form of dark energy is unlikely to possess ations can accurately predict the fully nonlinear mass power
strictly constant equation of state. Since it only has observspectrum and hence the shear-shear 2-point correlations. On
able consequences &t zpe, it is convenient to describe the the other hand, the power spectra involving galaxies will
function with its first-order Taylor expansion. We therefore require some semianalytic modeling for the foreseeable fu-
choose an equation of state parametrization ture. We now turn to a halo model for the parametrization of
the underlying relationship between the observable power
spectra and the linear theory predictions.

w(a)=w,+(a,—a)w,, (A10)
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APPENDIX B: HALO MODEL 10¢
To study the information contained in the lensing and gal- 1k
axy two point observables, we require a model for the un- E
derlying three dimensional galaxy and mass density power o1k
spectra. Recent work on comparing simulations to galaxy ]
clustering data have shown that to first approximation, gal- 001k
axies selected on luminosity are assigned to a mass-based E
selection of dark matteisubhalos of the same spatial num- 0.001F
ber density[12]. This mapping avoids the traditional prob-
lem of defining explicit halo mass-luminosity relationships. sl s sssul

In Appendix B1, we build this underlying ansatz into a halo 10t 10;1 lz_liM 10 10
description of the galaxies and masee[43] for a review h (Mo

and obtain a parametrized model for their joint power spectra £ 6. Host halo mass functicsn, /d In M,, and halo occupa-
If.ndAp.p??ldllx BZ.C\iNte'thzn des;nbg;he g)h(;,‘ndomtﬁnology.?f .tth?ion distribution function_g(Mh). Three halo parameters control
lducial halo model In Appendix anad study the Sensitivity ., shape of the distributios the satellite-host normalization or

of the power spectra to variations in the halo model anc} i : . . L=
cosmological parameters in Appendix B4. crossing pointmg the satellite slopgwhich pivots Ng about the

crossing point and oy, the scatter in the mass observable rela-
tion. Galaxies selected by a flux limit are matched in number den-
sity by adjusting the threshold mabé,, here illustrated foMy,
103 M. Here and throughout the fiducial model is a flat
CDM model with cosmological parametefs,,=0.27, h=0.72,
=1, 6,=5.07x10° (03=0.91) andQ,h?=0.024 and halo pa-
ametersA;=30, mg=1 ando, yw=0.1.

1. Host and satellites

Under the halo model, the power spectra are described by
the abundance, clustering, density profile, substructure a
galaxy occupation of dark matter halos. For the comovin
abundance of host halos, we take the mass fun¢tdh

dn,  po

N
dnM - M c(M,)=

1+z

M | —0.13
*

d
{OF=s ®1)

whereM, is defined byo(M, ;z=0)=1. We convert be-
tween the halo mashl, assumed to be defined at an over-
density of 180 times the mean density, and the virial mass
M, defined at an overdensify9]

where pg is the matter density todayq,=pmn(z=0), v
=o.lo

f(v)=A Eavz[1+(auﬂ)*p]exp[—aV2/2]. (B2)
™ ( ) 18’772+82(2DE(Z)_39:QDE(Z)]2
Z =

Ay 1+ Qpe(2) '

(B7)
Hereo(M;z) is the rms of the linear density field smoothed
with a top hat of a radius that encloses the miksWe
choose 6,=1.69, a=0.75, p=0.3, and A such that
fdvf(v)=1. The mass function of the fiducial model is
shown in Fig. 6 bracketing the redshifts of interest for lens-
ing (0<z<1).

using the NFW profilgsee, e.g.[50]).
The profile enters into the power spectra through its nor-
malized Fourier transform

The halo clustering is then given by the peak-background

split as[45,46|

ar’—1 2p
5. | oqlt(adr]’

b(M)=1+ (B3)

For the halo density profile, we take the NFW fof#v]

M _ AUPO C3 1
LM O = = ¥ o) —ci(1+c) R(1I+ROZ’
(B4)
whereR=r/r, with the virial radius
3M 1/3
rv=( ”) . (B5)
4mpg

We take the concentratid@8]

sin(kr)

kr (B8)

1
y(k’M’C):ML drdmr2p(r,M,c)

Although there are current uncertainties in these descriptions
of the halo mass function, bias and concentration, we choose
not to associate free parameters with thdaek matterclus-
tering properties. The characterization of these properties and
more importantly the mass power spectrum itself can in prin-
ciple be fixed by better simulations. Similarly for the asso-
ciation with galaxies, since we will be matching number den-
sities of objects, the halo mass definition employed here may
be replaced with any variable that defines the selection of
objects in the simulations and is a monotonic function of
galaxy luminosity on average.

The halo model predicts the galaxy and galaxy-mass
power spectra under an assumption for the statistics of the
occupation of the host halo by galaxig$51]. Since each
galaxy also carries its own dark matter halo we will hereafter
distinguish between the host halo of m&ég and its satellite
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halos of masdMg. For simplicity we take the satellites to M (KMy 2=0
also have NFW profiles but with an adjustable concentration; 1010101110 100 1% 10¥  10%
a more sophisticated model would account for the change in
the functional form due to truncation from tidal stripping and
trends in mass.

We begin by taking a simulation-motivated universal form
for the number of dark matter satellites in the host halo as a
function of their mass ratip52,53

e
jat

10135 My 2=0 .

10135 Mg 2=1

dng/d(np+ns)

0.01}F

(B9) .
1 10

dﬁs _ Mh Ms
dinm, s\ AM,

for M,/(100A) <M <M, where simulations suggest that

A~30 andm,~1 [12]. The cutoff to low masses prevents a FIG. 7. Satellite fractiordng/d(n,+ng). The satellite fraction

mild logarithmic divergence in the total mass; this arbitraryat @ given mass for a given halo occupation distributigiMy,) is

cutoff only affects the mass power spectrum at unobservabl{prgely a function of the peak height thresholdh Eq. (B1) as rare

small scales. objects are unlikely to be satellites. The conversion to mass at
We next associate galaxies with these satellites. The total 0 Ol'g'_sr?_"ie“ in the upper axis. The range of fractions fdr

number of satellite galaxies above a given threshold mass Mo and 0<z<1 is shown shaded.

My, then becomes . . . . .
th rather than satellite galaxidsee Fig. 6. This fact will be

useful in minimizing the uncertainties and systematic errors

— (= dMg dNg , ) — ) .
s= M- dinM associated with the model fodg and the satellite profiles,
Min ™ s e.g. the mass scaling of the concentration parameters. The
M. | ms satellite contribution can be quantified by considering the
:( h ) _ (B10)  satellite mass function
Athh o
To this population of satellite galaxies we add the central dns = fm dM, _dNs _dn,
galaxy associated with the host halo itself to obtain the total dinMg Jus My dinMgdinMy,
number of galaxies above the thresh(deée Fig. & ) JOO M, ( M, |™ dn, o
Ng(Mp ;M) = Np+ Ns. (B11) B Me My, Ms AM,) dInM, (B14)

These two pieces have different statistical properties. Thand comparing it to the host halo mass function itself,
central galaxy may be either above or below threshold and
hence either occupied or unoccupied leadingNg) = (N,) dng  dng

=Nj. We model the average value as a step function at d(n,+ng) dinM

some limiting mas#, smoothed by a Gaussian inNh, to

reflect scatter in the conversion of a magnitude limit to aThis ratio depends mainly on the peak height thresholor

mass limit a given form for the shape ®i4(M;) (see Fig. 7. With our

fiducial choice, it saturates at the low mass end-&0%.

N =Eer InM¢/Mp With a selection of rare objects, e.g. correspondindvitq
2 Vonw | ~10"* Mg, in the fiducial model, the satellite fraction

can be less than 10% at all redshifts.
The dark matter satellites follow a Poisson distribution with

d(ns+ nh) -t

dinM

(B15)

(B12)

(N2)=N2+N, [12]. B 2. Power spectra
Given a fixed shape fd¥, , the threshold masid ¢, is not The power spectra are defined by the host and satellite

a free parameter. Rather it is fixed by matching the spacgistriputions as
density of galaxies to the space density inferred by the ob-

served number counts Pomom(k) =11,(K)P(K) + 1 om(K),
_ *dMp—
Mz M) = fo d|\/|_hh'\l('\/|h;'Vlth)#nlil/lh Pa%(k) =174(K)P(K) +129(K),
B P29%m(k) =1 15(K) 1 1m(K)P(K) +15¢(K). (B16)
=naWy(2). (B13)

The indices 1 and 2 refer to the number of points in a single
Note that by choosing rare objects, the implistd,>M, halo. The first piece then represents two points in separate
and so the population will be dominated by host galaxieshost halos correlated by the linear power spectiifk)
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I J’ th Mh dnh b M Bl o T o :':
lm_ Mh dInM ( h)yh! ( 7) S 10:_ . // ::
1 [ dM, — § Mﬂ, et
llg:: M_[Nh+Nsyg] b(Mh) [
Ny &
o
and the second piece is the contribution from two points -l ]
within a parent halo including its satellite contributions 4L ]
| —f dM 2 dn, . dn, ul s sl “
2m— M dInMyh dInMys ’ 10:— —
% F ]
1 [dM 2 2. M
Izg_ﬁ_\zlj V[N +2Ny NS‘yg]dl ﬁ ;@lih_tlrlM.
-9 ‘“\\
dM dn, — &
= —f Y 7 (Npyp+ Nsyhyg) E 10210,
Y N ST E—T
k (h Mpc!
d m I\/lH(M Min)Vs!- (B18) (h Mpc)

FIG. 8. Relative galaxy-galaxy and galaxy-mass power spectra.
Here we have employed the shorthand conventign In the linear regimek<0.1h Mpc™2, both b= (P %%/ P mdm)L/2
=y(k,chs:Mps), Yg=Y(k,cg,Mp) and the step function andb/R=P?%?/P%?m return the linear bias which increases as the
H(x)=1 for x=0 andH(x) =0 for x<0. The effect of sat- objects become rarer. In the nonlinear regirfés’s and P%°m
ellite galaxies occupying satellite halos takes the same formontinue to track each other and exceed the mass power spectrum.
as the central galaxy occupying the host Hdld] except that
we have neglected the small effect of smoothing around theameters. They are shown relative to the mass-mass spectrum
threshold mass. In this description, the satellite-satellite masgt z=0 for halo abundances corresponding to several differ-
correlation and satellite-halo mass correlation are implicitlyent mass thresholds in the fiduci&alCDM cosmology(see

included as the replacement of mass lost to subhalos in th&ppendix A). In the linear regimé&<0.1h Mpc™? the ratios
term involving the parent profileg, in Eq. (B18).

pogdg | 12
3. Fiducial model b(k)= P Smdm (B19)
Five functions of redshift specify our halo model: the
satellite-host normalizatiors, the slope of the satellite and
mass function and occupation distribution, the scatter in
the mass observable relatioty, ,, the concentration of the b(k) P%%
satellites in the host halo, and the concentration of the WE D% (B20)
g9m

mass profiles of the satellites. We assume that the latter
two follow the mass scaling of isolated halos in E§6) but
have an arbitrary normalization. We further represent the
functions by a set of §; parameters that specify their values
at the redshifts of th&l, lens redshift bins.

The values of these parameters will in the future be de-
termined by fitting to the joint power spectra. However, to
study the potential of these future data sets we must specify
their values in the fiducial model. The sensitivity of observ-
ables to variations in their values around this model is then
quantified through the Fisher matrices of Sec. Il C.

We choose fiducial values that are roughly consistent with
low redshift measurements from the SDSS lensing {ata

and N-body simulationsAs=30, ms=1, o1n=0.1 for all FIG. 9. Correspondence of spatial wave numbgn~* Mpc) to
redshift bins. These three parameters define the shaNg of angular wave number as a function of redshifz given by the
shown in Fig. 6. In our fiducial model the concentration pa-Limber approximation in the fiducial cosmology. Also shown is the
rameterscs=Ccy=Cp,. projected nonlinear scale, where k3P°m’m/2772=1. Note thatl

In Fig. 8, we show the galaxy-galaxy and galaxy-mass~10® corresponds to the mildly nonlinear regime for the redshifts
power spectra with the fiducial halo and cosmological padin question.
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FIG. 10. Angular power spectra in the fiducial halo and cosmo-
logical model for two galaxy d;:0<z<0.5; ¢g,:0.5<z<1; My,
=10""h"!Mg) and source bins & :z2<1.5; €,:2>1.5; Zpeqs
=1.5). Note the inflection dt~fewx 107 and the large number of
cross spectraN; Ng=4).

both return the constant linear bias of the objects. In other

words, in the linear regime the correlation coefficient 001 ol 1
k (h Mpch)
P 2g%m FIG. 12. Halo parameter sensitivity compared with dark ener
RK=———~1 (B21) P y comp gy

sensitivity of galaxy-galaxy and galaxy-mass power spectra. In the
nonlinear regime, galaxy-galaxy power spectra become highly sen-
sitive to most halo parameters. Galaxy-galaxy power spectra are
independent of the population or halo model parameters. linsensitive to dark energy effects on the growth rate since a lower-
this regime, a measurement®fe’m andP %% is a measure- ing of the amplitude is compensated by an increase in bias due to
ment of the mass power spectrdfnand hence in combina- the increased rarity of the objects. Conversely the galaxy-mass
tion can be used to study the dark-energy dependent growtppwer spectra are less sensitive to halo parameters and more sensi-
rate. The linear bias increases with the mass thredtiglebr  tive to the dark energy.

more generally with the rarity of the objects.

In the nonlinear regime, the bias becomes strongly scalparameters. For fixed halo parameters, it marks the nonlinear
dependent reflecting the correlations within a parent halo. OBcale which also depends on the dark energy through the
the other hand, the ratib/R remains remarkably constant |inear growth rate.

[8]. Formally the combination indicates that the galaxy-mass These properties remain qualitatively true for angular
correlationR>1. Under the halo model, every galaxy has apower spectra with the caveat that projection effects can
dark matter halo around it and so the relevant power spedroaden the nonlinear transition regime for wide redshift
trum for computing the correlation cgefficient is correctedshells for the lens galaxies and the broad efficiency for lens-
for the excess shot noise powefs’s+ n\jl. The scale de- ing. In Fig. 9 we show the correspondencekaindl! in the
pendence ob and b/R can be used to pin down the halo fiducial cosmology and under the Limber approximation. In

Fig. 10, we show an example of the Limber projection to the
R (W Mpc) angular power spectra. Note that the inflection caused by the
0.1 1 transition between the one host halo affidean two host
halo regimes occurs at wave numberd offewx 10°. Note
that there aréN, =2 galaxy spectraN, Ng=4 cross spectra,
andNg(Ng+1)/2=3 shear spectra.

In Fig. 11, we highlight the one halo regime by showing
the predictions for the tangential shear from Etf) for a
given source and lens configuration. Note that the shear turns
A over as the angular radius resolves the scale radius of the
2.=0.5; z5=1.5 . halo and shows another break on large scales marking the

0.1 1 1o beginning of the two halo regime.
0 (arcmin)

= (Pégﬁgpﬁmﬁm)lIZN

001

E

3
AT (M hipc?)

FIG. 11. Tangential shear and surface mass density difference in
the fiducial halo and cosmological model for several choices of the
mass threshold. Here we take a delta function distribution of lenses The sensitivity of the power spectra to halo and cosmo-
(z.=0.5) and sourcesz¢=1.5). Note the turnover on small scales logical parameters is quantified by their derivatives with re-
(0.5-1") and inflection near 10causing excess signal at large Spect to the parameters in E@5). In Fig. 12 we compare
angles. the halo parameter sensitivity of galaxy-galaxy and galaxy-

4. Parameter sensitivity
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TABLE I. Easily confused variables. since they enter into the calculation of the mass threshold
M, and hence the bias of the host halos. A change in the
Variable Definition Eq.  cosmology that for example lowers the present amplitude of

the matter power spectrum makes galaxies of a given number

Ne Lens galaxy bins (28 density rarer. Since rarer objects are more highly biased trac-
Ns Source galaxy bins (28 ers of the matter, the galaxy-galaxy power spectrum remains
Np Host halo occupation (B11)  Jargely unchanged. The same is not true for the galaxy-mass
N Satellite halo occupation (B100  power spectra. Indeed the galaxy-mass power spectra are
Ng Total halo occupation (B11) substantially more sensitive to cosmological parameters than
M Halo mass (B1) halo parameters. The combination of galaxy-galaxy and
M Host halo mass (B9) galaxy-mass power spectra is then particularly powerful for
M, Satellite halo mass (B9) simultaneously determining the halo and cosmological pa-
M, Virial mass (B5) rametgrs. .
N Anaular ition @) . Neither set of spectra are very sensitive to the concentra-
n gular positio
o tion parameterss andc, except at veryk values that corre-

n Initial tilt _ (Al) " spond tol>10° for the redshifts in questiofsee Fig. 9. By
Na Galaxy angular density ® definition, the concentration parameters only affect the
ny Galaxy space density @) power spectrum on small scales. Furthermore since we have
Nh Host halo space density (B1) chosen a high mass threshold, the fraction of objects that are
Ng Satellite halo space density (B14) satellites and hence affected by these parameters is low. This
w Dark energy equation of state (A7) insensitivity helps justify our crude treatment of the profiles.
Wpe Constantw(a) (A9) As for the mass-mass power spectrum, and hence _t_he
W, Specific epochw(a,) (a10)  shear-shear power spectrum, it is of course the most sensitive
Wiivor Best constraineav(ayyq) (A12) to the dark energy parameters being directly related to the
W Present dayv(a=1) (A8) linear growth function of Eq(A7). It formally also depends

0 : on the satellite mass function and hence the halo model pa-
Wy Evolution —dw/da (A10)

rameters that control it. However here we take the perspec-
tive that the form of the mass-mass power spectrum as a
function of cosmology will in the future be fixed directly by
mass spectra to the equation of state parametgr at z  simulations replacing the halo model description. Hence we
=0 for a population with an abundance in the fiducial modeltake the uncertainties in the halo parameters to only affect
corresponding tVly,=10***h~*M,. Since the initial nor- the galaxy-galaxy and galaxy-mass power spectra. Opera-
malization of the power spectrum is here fixed, sensitivity totionally we assume that variations Rfm’n due to the varia-
Wpe is equivalent to sensitivity to the present-day normaliza-tions in the satellite mass function are localized to the galaxy
tion og [see Eq(A9)]. mass regime and compensated by variations at other masses

The galaxy-galaxy spectrum is strikingly insensitive toto leave the spectrum invariant. This corresponds to dropping
wpe compared with the halo parameters that controlthe parameter derivative terms in the Fisher ma2i4).
Ng(My): Ag, mg and oy, o. Changes in the parameters that We provide a guide to easily confused variables in
control its shape change the power spectrum on all scaleEable I.
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