A January 2004

FERMILAB-Pub-01/472

Fermilab

u] *(S4)d = Sd pue snipel o[eds [ESISATUN ST} ST S. ISYM
ope) (S T) o (S4/4)
Aﬂv ( €) < = Ang

‘(199J@0101 ‘AN AN ‘9661) 1A\ PUR YUSIL] ‘OLIeAeN]

Aq peaLdp a[goid o) Jo saul] oy Suo[e pozLowered sI
pigm ‘(4)d ‘ergord ofer e SunersusS Aq urSaq app

‘Jepowr remnorired jyey) Ioj

wnayoads remod pagorpaad oty sonpoad 09 18119809 WAy} Plof

ued oM ‘SUOIJR[NUIS IO SUOIJRAISSCO WOIJ IS} ‘PIUIULIa}aP

are sjusuodurod INoj 9sal} 290U() UOIDUNJ Isquinu Axe[ed

oYy pue ‘uorjouny SuIselq Ofey 9} ‘UOIDUNJ SSeul O[RY 31}

‘aqgoad orey ot :wnrgoads romod Axe[eS Ino ur sjuLIpaISul

[e1IURSSS INOJ aa®Y am ‘Nel[ag UL JusuIjeal) oY) SUIMO[[O]

VHdLOHdS HHMOd DNILVINDIVD ¢

.mm Ul [ppowl pIepue)s a1} 03 pappe sivjowered
MU 9y Aq pouueds soeds wnajoads 1emod oyy arojdxs om
F"m"m ur ‘A[[eur,] ‘S9seIq SAIJR[OI PIIRIDOSSE I SB [[oM S ‘UWIna)
-0ads romod-ssoad pue eiydads emod uoryendod-qns a1y a9e]
-ND[ED 0] ATeSSaDaU "m"m W01} 9R[NULIOJ Y] 0} SUOIeIYIPOUL oY}
Snoay) yIom am ‘AeuonIppy -sofey ay) Surpemndod sorxered
10J UOoIje[al ssewl-Iaquunu 3} pue sa[gold o[ey ayj 0} suory
-edyIpowt 9y} s[re)ap Wm ‘no pre[ sy Yupy e1goads temod
Axe[ed Sulje[no[ed I0J WSIRULIOJ 9YJ MAIADI oM F"mnm uf
‘sanpodord Surysn jusiey
-JIP 9L 9[qeAlasqo Joyjo Aue 10 2dAq Aq pajeredas sarxeles
10J [[Pm A[renbs yiom pnoys yoeordde ano :Lxeed aniq,
10 pal, e s9In)Ipsuod jeym Apsward Fuifjoads urory urey

Jeollotunu SpoYjotll — 9SISATUN 977} JO 9lIMNIOMNI)s 9]eds ow.H®~ SpJaom %@VH

‘s1ofowreted [PpoW Jo 90101 oy} 07 eIjdads remod Jurynsar oYy Jo
K£JTATHISUSS BT[] 9)€IJSUOISP 2 ‘STU) JO uoljeddIjUe U "SUOT)R[NUIIS 9ININJ PUR JUSLIND
IOJ jureI)suod [euoljealssqo mjremod A[rerjusjod e Suryseddns ‘sfoains Axe[es se [[om
SB SUOT)R[NUIIS JO SUOIJRIDUSS JULLIND 97} JO sorjI[iqeded o) UM ST uoljesedss Jo 1108
sty T, suoryendod-qns o1 JO oS I0J SUOTIOUN] UOTINIIISTP O[] pue suorye[al ( 7y )(N)
oY} 0} suoljeoyIpowt ysnoay) suorjendod-qns ,onjq, pue ,pal, OJUl IO[OD SUIBIJ-)S9I
£q uoryeredoss ojdurls ® U0 SPOYOW INO 9RIIULOUOD oM ‘suorjeredas 101)0 0} o[qeorjdde
ysnoy)y ‘suoryendod-qns £xe[eS UT PaAIssqo IOIARYS( SULISSN[D JUSISYIP oY) 0] MO[
-Te 0} ®Ijoads Tomod SurjeIous3 A[[eo1)ATRUE 10] WUSI[RULIOJ O[RT[-SSBUIL 91} PUSIXD dAN

SYH 0000 @

-o1 [[im am ‘o[qissod se [ereusd se [epowr Ino dsay 03 910]
-Jo ue uj ‘suonemndod-qns Axered i1oJ seselq pue eIads
Tomod 0] sppowr pojeanjowr AfedisAyd eonpoad 09 sjuowr
-pear) e1poads 1emod ISIIes 98} WOIJ SINSaI ) U0 Pling
app suorpendod-gns urirm SULIBISND JUSISPIP P2AISSO 31
ssaIppe jou pIp 491} Aﬁoom “Te 19 Gou:::wmv v190ods Jomod
Axeled 10J Ioiaeypq me| omod paslssqo ) paydjewt A[PSOD
s[opow 2891} Aq paretsus$ syMsal o) YSnoyIy (0007 ‘AL
23 TN ‘000Z ‘e 1° OLIRWIDN00S ‘0007 ‘Nel[og) 'Iioads 1emod
JO uoIjR[NO[RD YY) I0J PAPUIIXD U] SARY STUSUIIRAI) 2SI
A0y *(0007 WITWS 73 P02 REET T8 19 SUIl 1661
‘urer 2y TJ9YG) SUOIOUNJ UOTIR[PLIOd ddeds-[eal UO PIsnd
-0J soIxe[ed pue I9jjeW MIep I0J UIS[[RULIOJ O[el[-SSeu [eul
-3u0 a1y Jo suorsiaal o) Surdoppasp siaded jsmy oy,

‘[epouwr ofey
-SSeul oY} UI}lM WIOLJ saIXe[ed onjq pue pal 9say] I0J saseiq
pue eIyoads temod Furjessuss 1oj porleul dIA[RUR UR SALIDP
07 29s am JIoded sm) U] ‘sjUSWLINSEIUL BIRP Snotald [irm
MSWaI8e Po03 A[PAIR[AI UL 3 0) PUNOJ PUR PAINSLIU Ud(]
asey saIxe[ed  an[q, pue  pad, Jo selq pue eryoads semod a1
‘suoryernuals Jo sodA9 9s9Y) JO JIOMIUIRIJ 91 UIIIAA .Tooom
“Te 19 UosUR( ‘GEET JORWLLJ 2y S[[IAIDWOG (6661 T 10 Uueul X
-pmey]) sadA) pue s10700 AxeleS Jo STOTINLIISID JTIST[RAT ITM N ’
sSoTeqes pajemnuats aonpoid 01 (TEET ‘YUSL] 29 9ITAN ‘QL6T = *
‘599Y] 23 9IMAN) A[ROTIATRUR-TWSS PI[IPOW 9 Ted TUOTIN[OAS
Axe[ed aIoUyMm [9A9] 91 PalDdeal sel] sSUolje[nNuUIlsS [edl3o[our
-50D JO 99e)s 9] ‘A[Juadald 2IOJN O[qqny Aq sodA) ojur payis
-Se[D ISIYJ 2IoM SOIXe[ed 90Ul MO U9a( Sey salxe[ed anjq |
pue pal A[[eDISULIUl U29M)9q SULIDISN[D UL 9DUISJIP oY Hd

0}

NOILDNAJOYLNI T

LOVHLSIV

100 9=2d ¥T ¢A 9928010

£00T Ioquee( 67

npa .QQGU.@QUS\.@QN%%Q@EQ“EE&U%

VSN 01509 TI ‘vrevivg ‘0gg 20g “O'd ‘43jus) s215Aydoassy quprwsdf/VSYN o
VSN L§909 TI ‘obvoryn ‘obivoryyy fo fiprsuaniuy) ‘sowsfiydosysy puv fwououisy fo juswisnda(g I

7 UOIURIDG UeAY

I10[00) Aq Surrdlsn[) Axerer) SUI[OPOIA

(714 o[ o143s XALA NIN)

€007 I9quIeda(] G PRIULI]

(0000) 000—000 ‘000 20§ "UOIISY *Y "JON "UOIA



2  R. Scranton

most halo-model treatments, rg is replaced by a concen-
tration, ¢ = ry/rs, where r, is the virial radius defining
the region where the fractional overdensity of the halo §,
is approximately 200 and ¢ is a weak function of halo mass
(c = co(M/M*)ﬂ7 where ¢o ~ O(10) and § ~ —0(10_1)).
The traditional NFW profile gives o = —1, while the Moore
profile (Moore et al. 1998) has a = —3/2. We will use
a = —1.3 for the calculations in this paper, but the gen-
eral results are largely insensitive to the choice of a. Bullock
(2001) gives ¢o = 9 for a pure NFW profile; using Peacock
& Smith’s relation, c¢o a2 4.5 for a Moore profile. Since we
are using an intermediate value of a, we choose ¢g = 6 and
B = —0.15 for all the calculations in this paper. In principle,
one can also consider scatter in the concentration at a given
mass (Scoccimarro, et al., 2001), leading to an integral over
the distribution of ¢, but the magnitude of this effect is small
enough that it can be safely ignored.

Rewriting Equation IL in terms of the concentration and
the mass, we get

ps
7M = ? 2

P(’" ) (rc/”)_a (1 n rc/rv)3+a ( )

where

3 _ 3M
R @
§o5c> (M (M) 24« -1
ps = dupe” (M) dy—X | | (4)
3 0 (14 x)*e

p is the mean matter density and M is the mass of the halo.
Since we will be working in wavenumber space when we
generate the power spectrum, we actually need to consider
the Fourier transform of the halo profile,

y(k, M) = %/ 47r7"2p(7"7 M)%dr7 (5)
0

where we have normalized over mass so that y(0, M) = 1 and
y(k > 0, M) < 1. Note that this implies that p(r > r,) =0,
truncating the mass integration at the virial radius.

With this in hand, we can move on to the next compo-
nent of the halo model, the halo mass function, (dn/dM).
Traditionally, this mass function is expressed in terms of a
function f(v),

dn

rdM = L f () (6)

where v relates the minimum spherical over-density that has
collapsed at a given redshift (8.(z), §.(0) = 1.676 for an
Q,, = 0.3, @y = 0.7 cosmology) and the rms spherical fluc-
tuations containing mass M (o(M,z)) as

_ ()Y
v = (a(M)) . (7)

We define M, as the mass corresponding to v = 1. The
functional form for f(v) is traditionally given by the Press-
Schechter function (1974). This form tends to over-predict
the number of halos below M., so we use the form found
from simulations by Sheth and Torman (1997),

vfv)~ (1 +/7F

where v = av, a = 0.707 and p =
normalized by requiring that

)11/1/26_1//27 (8)

0.3. This relation is

1 [ dn

for the dark matter distribution.
On nonlinear scales, we expect the halos to cluster more
strongly than the mass, and vice versa for linear scales (Mo
& White, 1996). This means we need to positively bias the
clustering of the high mass halos relative to the low mass
halos. We can generate this sort of halo biasing scheme for
the ST mass function using
vV —1 2p

b(l/) =1+ de + 56(1‘1'1’/}7).

(10)

In order for the eventual power spectrum to reduce to a
linear power spectrum on large scales, we need to impose
the further constraint that

/OO f(w)b(v)dr =1, (11)

requiring that the biased halos with mass greater than M.
be balanced out by anti-biased halos with mass less than M.
This integral is satisfied automatically if we use Equation 1 '10
and have properly normalized f(v).

Using just these three components, we can generate the
power spectrum for the dark matter. However, in order to
predict the galaxy power spectrum, we need to know how
many galaxies are in a given halo (under the assumption that
the distribution of galaxies in the halo follows the halo pro-
file). Currently no theory completely informs the formation
of galaxies given a halo mass, but the traditional form of the
(N)Y(M) relation (Jing et al., 1998; Kauffmann et al., 1999;
Benson et al., 2000; White et al., 2001) has the galaxies pop-
ulating the halo as a simple power law, (N}(M) ~ (M /M;)”,
where My sets the unit mass scale and v < 1. Additionally,
one can put in constraints on the minimum mass to form a
galaxy and other modifications. For the purposes of the for-
malism for calculating the power spectrum, however, we can
put aside the question of precisely what this function looks
like. The 1nclu510n of galaxies does change the normalization
of Equation n9 to

o) _n
| s =2, (12

where 71 is the mean number of galaxies.

On large scales, the power spectrum is dominated by
correlations between galaxies in separate halos. We need to
convolve the halo profile with the mass function to account
for the fact that halos are not pointlike objects. Since we
are in Fourier space, we can perform the convolution using
simple multiplication. The halo-halo power ( PG (k)) is then
simply,

P& (k) = P (k) [5/ f(l/)%b(u)y(k, M)dv| ,(13)
0

where Prn (k) is the linear dark matter power spectrum. In
the small & limit, this reduces to a simple linear bias ((b}),

w=2 [

For small scales, the dominant contribution to the

)b(l/)dl/. (14)

power spectrum comes from correlations between galaxies
within the same halo. This single halo term is independent
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of k at larger scales, giving it a Poisson-like behavior. In or-
der to account for the fact that a single galaxy within a halo
does not correlate with itself, we use the second moment of
the galaxy number relation ((N(N = 1)}) to calculate the
Poisson power (P& (k

_h

@ / v
Seljak takes ¢ = 2 for (N(N = 1)) > 1 and ¢ = 1 for
(N(N = 1)) < 1; this is done to account for the galaxy at
the center of the halo in the limit of small number of galax-
ies. In the limit of large numbers of galaxies, (N(N — 1))
approaches (N)?, but in the small number limit, (N(N — 1))
can be approximated by a binomial distribution. This can

be implemented by using the fits given in Scoccimarro et al.
(2000), letting

(N(N = 1)) = a3y(N)?, (16)

Pl (k) = NN -—1) ly(k, M)|*dv. (15)

where apy = 1 for M > 1013h_1M® and ay =
log(\/Mh/101 M) for M < 1013h_1M®. Clearly, this
will not be exact for an arbitrary (N)}(M), but it should be
close enough for our purposes. Adding P&% (k) and P&y (k),
we recover the galaxy power spectrum at all wavenumbers,

Paa(k).

3 GENERATING RED & BLUE POWER
SPECTRA

Within the framework presented above, there are a number
of parameters which might be modified to generate mod-
els of different power spectra for red and blue galaxies. One
could modify the concentration index for each galaxy pop-
ulation, change the halo biasing relation, etc. In this paper,
we focus on two modifications to the standard treatment:
a modification of the (N) relations and the halo profiles for
each of the galaxy types.

The physical motivation in both of these cases is clear.
Semi-analytic models for galaxy formation indicate that the
primary determinant of galaxy color is the epoch of ini-
tial gas cooling to form the initial stellar population. Red
galaxies tend to form earlier, appearing in the deepest over-
densities, while the current blue galaxies form later when gas
in the shallower potentials and outskirts of the larger poten-
tials has cooled. Given this difference in development, the
prospect that the efficiency of galactic formation (and hence
number of galaxies produced within a halo of a given local
halo mass) would vary for the two epochs is a reasonable
conclusion. Likewise, for the different halo profiles, we know
from observations as well as simulations that red galaxies
tend to populate the centers of galaxy clusters and filaments,
while blue galaxies are more numerous at the fringes of struc-
ture and in the field. Changing the distribution function for
the different colored galaxies within a halo to reflect these
observations is an obvious step.

3.1 Modifying (N)(M)

The simplest model we can adopt for the galaxy number re-
lations for the red and blue galaxies ((N)r and (N)g, respec-

® 0000 RAS, MNRAS 000, 000-000
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tively) would be the simple power laws alluded to earlier,

(N)r(M) = Neo (=) (17)
(N)a (M) = Neo ()

In practice, this form actually over-determines the functional
form of the power laws; since we know the functions pass
through unity at some mass scale, we can set Nrg = Npo =
1 and determine the relative contribution of red and blue
galaxies by selecting Mro and Mpo appropriately.

Such a model does reasonably well, but the GIF simula-
tions (Kauffmann, et al., 1999) point to an extra abundance
of blue galaxies at small halo masses (M ~ 10"h~"My).
Sheth et al. (2001) include this effect by the addition of a
Gaussian term to the (N)p relation,

(N1 (a) = (575) " e oran e (15)
Mpo

O(1/2) and Mg, is the logarithm of the mass
corresponding to the peak in the Gaussian component. All
told, this gives us six tunable parameters for the (N) rela-
tions. For the purposes of our power spectrum calculations,
we will add an additional lower mass cut-off for the (N)R re-
lations at 1011h_1M®; the resulting power spectra are not
terribly sensitive to the precise value of this cut-off.

where A is

3.2 Modifying Halo Profiles

In modifying the distribution functions for red and blue
galaxies, we have a number of constraints. First, we require
that the sum of the matter associated with red galaxies and
that with blue galaxies match the total distribution of mat-
ter at all halo radii. This is not to say that all the matter
ends up in galaxies; rather, it merely requires that the com-
bined distribution of red and blue galaxies in the halo match
the total galaxy distribution. Although this would appear to
suppress natural correlations between red and blue galaxies,
Sheth & Lemson (1999) show that this sort of clustering by
conservation of number works reasonably well.

There are any number of profiles we might choose to
consider for the red and blue sub-profiles. In principle, the
shapes of these profiles could be found from analyzing the
results of simulations, but for the purposes of this exercise
we will forgo that complication. Instead, we will restrict our-
selves to profiles of a similar form as that given in Equation :L:
with different values of ps and « for the red and blue sub-
populations. Of course, the sum of two profiles with differing
values of & do not quite match a profile with a third value
of «, but we can come reasonably close with clever choices
of ar and ap for the red and blue populations, respectively.

In order to find the proper values for our extended halo
parameter set, we need only know the relative abundance of
red and blue galaxies at two points along the radial profile.
At large radii relative to the virial radius, all of the profiles
go as p ~ r~ 3, meaning that the ratio of the number of blue
galaxies to red galaxies (n) in this regime gives us the ra-
tio of psp/psr immediately, once we have transformed from
number of galaxies to mass assigned to galaxies (see below).
We consider the halos truncated at these large radii when
we calculate the power spectra, but this allows us to set the
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relative normalization of psgr and psp under the assumption
that n does not vary much beyond r,.

With this ratio determined, the choice of the second
radial point is somewhat arbitrary, but clearly we would
prefer this point to be at very small radius where the profiles
go as p ~ r. For all of the calculations, we set the inner
radius such that ric/r, = 0.1. This demands a resolution
smaller than most simulations can provide at the moment,
but does guarantee that we are well into the p ~ r® regime.

For a given ratio (u) of red to blue galaxies at small
radius, the difference in « for the red and blue profiles is

log (i)
log(1 + ric/ry) —log(ric/ry)’

where we have assumed that the mass follows the number

Ao =ap —agr = (19)

of galaxies linearly. However, to properly conserve the mass
in the halo, we need to transform g and n into mass-space
using the (N) functions for the red and blue galaxies to yield
p' and n', respectively. In the absence of the Gaussian term
in the (N)g relation, these transform as
1 _ H\J\w Nfkmwo
n = Vi (20)
1 _ H /7R Ngmo
Bz Mgo

If we wish to include the Gaussian term, a bit of algebra
gives the slightly more complex form of the transformation:

N = T| %éiziému%zm N@M (21)
poo= T T + %Lcoﬁswaéw%i:5 ﬁww

As one Ewmg expect, the limit that iw?imuo > Hoiwma
Equation mm effectively reduces to Equation Nﬁm Once we
have made this transformation, we then replace u and n
in Equation Mmm with ¢’ and n'. With this relation between
ar and ap in hand, we can perform a simple search over
values of ag to find the sub-profiles that combine to closest
match an overall profile with a given value of «. Since we
know that Aa must be positive, this relation guarantees a
flatter distribution of blue galaxies in the center of halos
relative to red galaxies, something which would be much
more difficult to accomplish had we varied ¢ for the differ
galaxy populations.
Using psr, psB, @r and ap, where
1
PSR = abm (22)
3\

w1

we can recalculate y(k, M) along the lines of Equation uw"a
making yr and yg. We can also recover the distribution of
galaxies by color/type within a given halo similar to that
seen in simulations (cf. Diaferio et al., 1999), as seen in Fig-
ure w_ Clearly, the agreement is not wmﬁmmnn but it is close
enough that we can proceed with confidence that the basic
approach 1s reasonable. These diagrams inform our fiducial
choices of i and n such that p ~ O(10) and n ~ QA/\TOZ
for our models we take g = 10 and n = 4.

El = T~ 3

E ~ 3
O.mul /W HW In
c f ¢ N -
o o \ [) \M\ ]
G o6l Nss 3
S F NS ]
= H N 3
Lo e O ]
> K4 /N ]
< RN ]
< %4H JOEN 3
O [ / x e ]
: i H m
0.2H - I e

+ — -+ "Blue" Galaxies

® Simulated Red Galaxied

A Simulated Blue Galaxie}

L aaanl L aaanl MR

1 10 100
relr,

% — — "Red" Galaxies

Figure 1. Fraction of “red” and “blue” galaxies as a function of
rc/ry compared to the distribution of galaxies from the GIF sim-
ulations. For the simulated data, red galaxies were taken to have
g' —r' < 0.6 in the rest frame for SDSS magnitudes (Fukugita,
et al. 1996).

3.3 Calculating Subpopulation Power Spectra and
Biases

Plugging all this into the standard formalism, we can calcu-
late the power spectra for these galaxy populations, as well
as their cross-correlation, in the same manner as described
in Seljak. In order to calculate the power spectra properly,
we need to re-normalize f(v) for each sub-population using
Equation 112 to account for the differences in (N) and 7

= (N)r _
\o M) fr(v)ydv =
T (N)s _
\o M(v) fal)dv =

Once this has been done, we can insert the above (along with
the color-dependent halo profiles) into Equations 13 and _Hw
to generate the power spectra for red and blue mm_mﬁmm.

Ph(k) b\g
Puw(k) | hr fal

Pag(k \ fr(v A |§: V_Qm@ . M)|Sdw,

Pgs(k) _ [ o [T

Pun(k) — %\ folv
(NN = 1) -

wmww \ .\.w Mﬁ.vw A V_QNQA N—RV_ & .

As before, we generate the total power spectra (Prr(k) and
Ppg(k)) by taking the sum of these parts,

Prr(k) = PLE(k)+ Pin(k) (25)
Peg (k) PEE (k) + Pig (k).

(23)

‘Q\|m‘ ‘b\|:,j‘

2

v) NA:zw b(v)yr (k, M)dv (24)

2

To generate the cross-power spectrum, we take one fac-
tor from each of the different power spectrum terms. This

® 0000 RAS, MNRAS 000, 000-000
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Figure 2. Power spectra for red (Prp(k)) and blue (Pgp(k))
galaxies and their cross-power spectrum (Prp(k)) compared to
the dark matter (Ppp(k)) and galaxy (Pgcg(k)) power spectra.

makes the halo-halo term

PiEE) _ 2 % p ) M
m o [%/0 fR(V)M(V)b(V)yR(k,M)dV]x

[é /0 o (v) ]<\4N(>f) b(u)yB(k,M)du] . (26)

For the Poisson term, we simply replace the second moment
of the galaxy number relations with the product of (N)r and
<N>Bv

P = [ 10 etk an s )

where f(v) and g(k, M) are the geometric means of the red
and blue values. ,

The results of such a calculation are shown in Figure @I
For our fiducial model, we choose the set of input parame-
ters in a ACDM model given in Table 1. As we would gen-
erally expect, the red galaxies show a stronger biasing than
either the total sample or the blue sample, as well as trac-
ing the shape of the dark matter power spectrum (Ppp(k))
more closely. The blue galaxies are anti-biased relative to the
normal galaxy power spectrum, and demonstrate a slightly
steeper slope. Additionally, the blue galaxies demonstrate a
sharp break from a power law at small scales. This effect
is due solely to the (N)}(M) relation for the blue galaxies
and not the halo profiles; the larger number of blue galaxies
in smaller, less massive halos sets in at this scale, driving
the power up. Remarkably, however, the galaxy populations
that generate these power spectra combine to produce a to-
tal galaxy power spectrum with simple power law behavior.
The exact comparison of these predicted power spectra to
those from simulations we leave as a detail for future work;
for now we are more interested in the flexibility of the model
than precise values for parameters.

With this machinery in place, we can calculate the rel-
ative bias between the various power spectra:

_ Pre(k) _ Prr(k)

bre(k)” = Pon(h) ; bra(k)’ = Poo () (28)

® 0000 RAS, MNRAS 000, 000-000
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1
Table 1. Fiducial model parameters for power spectra in Figure :g

Description Parameter Value
Red Unit Mass Scale Mgo 3% 1012p—1 M,
Blue Unit Mass Scale Mpo 7 X 1013h_1M®
Red Mass Scaling Index TR 0.9
Blue Mass Scaling Index B 0.7
Gaussian Normalization A 0.5
Gaussian Mass Scale Mg, 11.75
Outer Galaxy Ratio n 4
Inner Galaxy Ratio n 10
T T
| PN
’
/
10 / -
o / ]
[ 7 ]
[ , ]
[ , ]
[ - ]
-~ ”,
|- —————— —_—— - . ]
0 s
S 2 1
nm | - —-—————— - . -
1 - — -
_________ - P E
[ ~ ]
[ Vi ]
B beg(K) N Vs ]
I N— ]
L —— b ]
| - bRBG(k) 4
0.001 0.01 0.1 1 10 100
k [h Mpc']

Figure 3. Relative biases between red and blue galaxies (brp(k))
and the red, blue and cross power spectra and the galaxy power
spectrum (brg (k), b (k), and brpg(k), respectively).

>_ Pee(k) > _ Pre(k)
bBG(k) = W ; bRBG(k) = W

We choose relative biases between the various galaxy power
spectra rather than the absolute biases relative to the dark
matter for two reasons. First, in each of the cases in §%L‘
where we vary a parameter in our model, at least one of
Paa(k), Prr(k) or Pep(k) remains roughly constant, so we
can use that power spectrum as a baseline for seeing how
the other one or two vary. Second, while the absolute bi-
ases can be measured using galaxy magnification bias, the
relative biases involve real clustering that can be measured
over a much wider range of redshift for a given photometric
or spectroscopic survey (the evolution of these biases over
redshift will be left for future work).

As with the results calculated by Seljak, the relative bi-
ases shown in Figure :;’x' are constant on large scales, whereas
on small scales there is considerable variation, particularly
in the brp(k) and bpa (k) biases. As we will see later, the
behavior of these biases is a strong function of the model in-
put, suggesting that reasonably small error bars on the the
bias in wavenumber space could act as a powerful constraint
on the model parameters.
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Figure 4. brg(k) for several values of un in the limit where
Mpo > Mgo. Pga (k) and Pgp (k) are unaffected by changes in
un in this limit.

4 VARIATIONS
4.1 Inner and Outer Ratios

As Equations ié_' and él-_' suggest, the effect of our choices
for n and p will be at least partially determined by the ra-
tio of Mro/Mpo. In the regime where Mpo > Mro as in
the fiducial model, the actual values of p and n are not so
important to the resulting power spectra as their product.
Likewise, since the profile that the blue galaxies will popu-
late is relatively flat in the center of each halo, the effects
of changing the value of un does not significantly change
the clustering of the blue galaxies; the majority of the mass
associated with normal NF'W profiles is outside the p ~ r®
region anyway and, since ap > « by construction, this will
be even more pronounced for the blue galaxies. Thus, we do
not expect Ppp(k) to vary significantly with pn and we have
constructed ar and ap such that Pga(k) will not vary, so
the only sensitivity to un we expect to see is in Prr(k) and
PrB (k) and the associated relative biases. In Figure :éi, we
show bra (k) for several different values of un. There is some
change in the shape of the bias, perhaps indicative of a more
negative ar in the high pun models leading to a greater pop-
ulation of the inner regions of the halos with red galaxies.
Indeed, in most of these models, the matter associated with
red galaxies only exceeds that associated with blue galaxies
in the very inner regions of the halo.

In a model where Mpg &~ Mro, the degeneracy between
u and 1 is broken. Figure E‘ shows bra (k) and bgq (k) for two
models where M}go_: M}io_: 3 x 1012h_1M® and pn = 40.
Since Equations 19 and 22 are no longer dominated by the
ratio of Mro/Msa, we can see significant shifts in the biases
of both red and blue galaxies relative to Paa(k). In this
case, we have a more equal distribution between the mass
associated with red and blue galaxies and less extreme rel-
ative halo profile normalizations. Clearly, using future mea-
surements to constrain these parameters will require using
multiple biases to minimize these degeneracies.
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Figure 5. b (k) and bpg (k) for equal values of n in the Myo ~
Mpo regime. Pgg (k) remains constant for all values of un by
construction.

4.2 (N)(M) Relations

Unlike modifying the halo profiles, changing the parameters
in the (N)(M) relations can have significant effects on the
shapes of all the power spectra not just Prr (k) and Pgg(k).
The general effect of each of the modifications is to change
the behavior of the Poisson term in the power spectra, but
the specific effects for each modification show considerable
and sometimes surprising variations.

We begin with the unit mass scale for the blue galax-
ies, Mpo. In general, this parameter does not strongly af-
fect the total galaxy power spectrum; there is some slight
variation (N 5%) over the range 1012h_1M® < Mgy <
1014h_1M® in the quasi-linear regime of the power spec-
trum (k &~ hMpc™'). However, there is significant change
in the relative biases of the red and blue galaxies, as shown
in Figure E)l Additionally, as log(Mgo) approaches Mg, the
non-power law behavior of Pgg(k) is considerably damped
out.

In contrast to Mpo, modifying the values of Mro leads
to large variations in the shape and amplitude of Paa(k),
with lesser amplitude shifts to Prr(k) and almost no effect
on Ppp(k) (as we might suspect). Figure Z: shows brp (k)
and bpa (k) for a two decade range in Mo values. As Mro
approaches Mpo, the effect of the Gaussian term in (N)B on
Paa (k) increases, leading to a galaxy power spectrum with
a strong break in its power law at large wavenumber. Con-
versely, at lower Mgo, the galaxy power spectrum inflects,
leading to a stronger anti-bias in Ppg(k) relative to Paq (k)
around k ~ 1. Additionally, in this limit we can see the ef-
fect of the Gaussian component in the transformation from
n to ' (Equation :gy) changing the effective value of un.

Due to the sub-dominant role of (N)g to that of (N)r
over most of the mass range, varying v does not signifi-
cantly change any of the power spectra. Changing vyr alters
Prr(k) and Pga(k) slightly, generally smoothing out the
variations in bra (k) over k for larger values of ygr.

Changing A and Mps has minimal effect on the red
power spectrum, so long as we are in the Mgy, Mpo > 10Mss
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Figure 7. brp (k) and bpg (k) for several values of Mpo. Masses
are given in h_1M®. Pgg (k) is constant over this range in Mgg.

regime. There are, however, effects on Paq(k) and Pgg(k)
(quite strong effects in the case of MBS) and we can begin
to see our approximation neglecting the Gaussian term in
Equation 2@ break down as Mg approaches M, resulting in
biased Pgpg(k) relative to P (k) at small scales. Increasing
the value of A has aslight global effect on brs (k) and bra (k)
(Figure }3'), but mostly it controls the on-set of the break
in the P}-gB(k) power-law with large values of A lead to a
sharper break. The mass scale for the contribution of the
Gaussian term in (N)p plays a much more significant role.
Large values of Mg, increase Ppp(k) (and, to a lesser extent,
Paa(k)) on all scales, leading to a suppression of brg (k) and
bra (k) as Mg, increases (Figure !,_)‘) Likewise, as the mass
of the halos experiencing this boost in P} (k) increases, the
onset of the bump in the power law for PBB(k) occurs on
larger and larger scales.
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Figure 9. bpp(k) and br (k) for several values of Mp,. Again,
Pry (k) remains constant for different values of Mp;.

As mentioned above, the over-riding theme of these vari-
ations appears to be the effect of changing at what scale and
in what way the Poisson contribution to the power spectra
sets in. As Mpo and Mro increase, fewer galaxies resulting
from the power law parts of (N)p and (N)r populate the
lower mass halos and small scale power-law behavior is sup-
pressed in favor of the Gaussian contribution to (N)B. The
degree to which this non-power law behavior in the red and
blue galaxies is recreated in the data and simulations should
be an excellent clue as to setting the relative amplitude of

Mgy and Mgro as well as Mgs.

5 CONCLUSION

We have shown that, through relatively simple modifications
to the (N} and halo profile relations in the standard formal-
ism, we can generate reasonable power spectra for red and
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blue galaxies, as well as a number of relative biases between
the various galaxy power spectra. By manipulation of the
parameters constituting the (N} relations, we have consid-
erable ability to modify the shapes of the red and blue power
spectra. Likewise, in the limit where we are not dominated
by the (N} relations, our choice of halo profile parameters
allows us to set the relative large-scale biases between the
various power spectra over a large range, while keeping the
shapes of the power spectra relatively constant. There is
some degree of degeneracy between the choice of Mpo & Mro
and the halo profiles for each of the galaxy sub-populations,
suggesting that a simple fit to (N} from simulations without
including this effect could result in an apparently larger dif-
ference between the two mass scales than the data actually
indicate. Still, the degree of flexibility within the framework
and sensitivity to the various input parameters suggest that
measurements of these relative biases using current large
galaxy survey data will provide strong constraints on these
input parameters and the outputs of simulations.

6 ACKNOWLEDGMENTS

Many thanks to Scott Dodelson and Ravi Sheth for use-
ful advice and editing comments and thanks to Gilbert
Holder for many insightful conversations. Additional thanks
to Guinevere Kaufmann, Volker Springel and Antonaldo Di-
aferio for assistance with the simulation data.

Support for this work was provided by the NSF through
grant PHY-0079251 as well as by NASA through grant NAG
5-7092 and the DOE.

7 REFERENCES

Benson, A.J., Cole, S., Frenk, C.S., Baugh, C.M., & Lacey,
C.G. 2000, MNRAS , 311, 793

Bullock, J. S., Kolatt, T. S., Sigad, Y., Somerville, R. S.,
Kravtsov, A. V., Klypin, A. A., Primack, J. R., Dekel,
A. 2001, MNRAS |, 321, 559

Diaferio, A., Kauffmann, G., Colberg, J.M., & White,
S.D.M. 1999, MNRAS , 307, 537

Hamilton, A. J. S.; Tegmark, M., Padmanabhan, N. 2000,
MNRAS | 317, 23

Fukugita, M., Ichikawa, T., Gunn, J.E., Doi, M., Shimasaku,
K., & Scheider, D.P., 1996, AJ, 111,1748

Kauffmann, G., Colberg, J.M., Diaferio, A. & White, S.D.M.
1999, MNRAS , 303, 188

Jing, Y.P., Mo, H.J., Borner, G. 1998, ApJ, 499,20

Ma, C.-P. & Fry, J.N., AplJ, 543, 503

Mo, H.J., White, S.D.M 1996, MNRAS , 282, 1096

Moore, B., Governato, F., Quinn, T., Stadel, J., & Lake, G.
1999, MNRAS , 261, 827

Navarro, J., Frenk, C., & White, S.D.M. 1996, ApJ , 462,
563 Ap. J. Let. 499, L5

Peacock, J.A. & Smith, R.E. 2000, MNRAS , 318, 1144

Press, W.H. & Schechter, P. 1974, ApJ , 187, 425

Seljak, U. 2000, MNRAS , 318, 203

Sheth, R., Diaferio, A., Hui, L., Scoccimarro, R. 2001, MN-
RAS |, 326, 463

Sheth, R., Lemson, G. 1999, MNRAS , 304, 767

Sheth, R. & Tormen, G. 1999, MNRAS , 308, 119

Scoccimarro, R., Sheth, R.K., Hui, L. & Jain, B. 2001, ApJ
, 546, 20

Somerville, R.S. & Primack, J.R. 1999, MNRAS , 310, 1087

White, M., Hernquist, L., Springel, V. 2001, ApJ, 550, 129

White, S.D.M & Frenk, C.S. 1991, AplJ , 379, 52

White, S.D.M & Rees, M.J. 1978, MNRAS , 183, 341

® 0000 RAS, MNRAS 000, 000-000



