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ABSTRACT

Subarcsecond lensing statistics depend sensitively on the inner mass profiles of low-mass objects and the faint-
end slopes of the Schechter luminosity function and the Press-Schechter mass function. By requiring the luminosity
and mass functions to give consistent predictions for the distribution of image separation helesvshow that
dark matter halos with masses beld@@? M, cannot have a single type of profile, be it the singular isothermal
sphere (SIS) or the shallower “universal” dark matter profile. Instead, consistent results are achieved if we allow a
fraction of the halos at a given mass to be luminous with the SIS profile and the rest to be dark with an inner
logarithmic slope shallower than1.5 to compensate for the steeper faint-end slope of the mass function compared
with the luminosity function. We quantify how rapidly the SIS fraction must decrease with decreasing halo mass,
thereby providing a statistical measure for the effectiveness of feedback processes on the baryon content in low-
mass halos.

Subject headings: galaxies: evolution — galaxies: structure — gravitational lensing

1. INTRODUCTION halos does not work either. Instead, we discus§ i4 how a
combination of profiles is needed to resolve the problem.
The distribution of the luminosity of galaxies and the distri- 1S Letter complements several recent studies on strong
bution of the mass of dark matter halos are well approximated '€NSing statistics in which the emphasis is on the effects of lens
by the Schechter luminosity function (Schechter 1976) and the Mass profiles and baryon compression on the cumulative lens-
Press-Schechter mass function (Press & Schechter 1974), relnd rates av = 1" “and the implications for cosmological pa-

spectively. Both functions increase as a power law toward the rzmetters 8]:rc|)\/|m (;che Sé%fgf_'tyKOf tlarg(;bsoelpa}zatlehiﬁ() iygewﬁ.t
low luminosity and mass ends, but the mass function increase eeton acau , Keeton , rochane e

with a steeper slope than the luminosity function. Low-mass 001; Kochanek 2001; Sarbu, Rusin, & Ma 2001; Li & Ostriker

halos must therefore contain relatively less luminous baryonic 2002; Og_un 2002). It IS pointed out that modeling cluster-scale
material in comparison with massive halos. Detailed models of lenses W'th mass prof|le.s shallower than the SIS greatly reduces
galaxy formation have been able to account for this difference the Iensmg_rgte af‘d brings the Con_cordance C_Old dark matter
by feedback processes such as supernova explosions, stell ode_l predictions into agreement with observations. The focus
winds, and photoionizations that suppress the amount of baryon p(raergicljegnsglaepelze?osr ?ﬁfglg?ﬁedrﬁggr%?se;%ﬁigﬁnc?ﬁ'm\ggeeussspt.he
gggzs'tgrol;zgmﬁlgrgrgtﬁ; ;réllogs;gészat?rlﬁgn(r? '%\}h?[gnzogs;t_ all'aration to ql_Jantify how. rapidly the fraction of SIS halos must
derdc;ni 1993) ' ' ' decrease with decreasing mass.

In this Letter, we examine this issue from a different per- In this Letter, the cosmological model is taken to have a

spective of small-separation strong gravitational lensing. The present-day matter densify, = 0.3  (with 0.05 in baryons),
Sp ; eparali 99 9. cosmological constarft, = 0.7 , Hubble paramdier 0.75
image separation distribution of lenses beloind&pends sen-

sitively on both the inner mass profile of galactic halos and the and matter fluctuation, = 0.92 . The lens potentials are as-
Hvely prohie of g : sumed to be spherically symmetric because we are mainly con-
faint-end slope of the mass and luminosity functions. We com-

are the traditional approach that models. the lenses as the si cerned with the lensing optical depth, which is more sensitive
P ” pp Mo the velocity dispersion and the radial profile of the lens than

gular is_othermal sphere (SIS) and the Schechterluminosityfunc—its ellipticity (Kochanek & Blandford 1987). The luminosity
tion, with a dark matter—based approach that models the lenseg , +ion is assumed to have a constant comoving galaxy num-
with a certain halo.mass profile anq the Press'-Schechter Masger density, which is consistent with the nearly constant co-
function. We investigate the constraints on the irtoésl mass ing halo number density (for a fixed velocity) up to redshift

profiles of halos by requiring the two approaches to give con- g i, the press-Schechter formula (Bullock et al. 2001).
sistent predictions. Since evidence based on stellar dynamics of

elliptical galaxies (e.g., Rix et al. 1997; Romanowsky & Ko-
chanek 1999; Treu & Koopmans 2002), modeling of lensed sys-
tems (e.g., Cohn et al. 2001), and flux ratios of multiple images 2. LENSING RATES FROM LUMINOSITY

(Rusin & Ma 2001; Rusin 2002) all give an inner profile for AND VELOCITY FUNCTIONS

lensing galaxies that is consistent with SIS, we will use SIS in

the lensing calculation with the luminosity function. Dark matter ~ The galaxy luminosity function takes the form (Schechter
halos then clearly cannot all be SIS because if so, the massl976)

function is steeper than the luminosity function and would lead

to a relatively higher lensing rate at smaller angular scale. We

will show that modifying the SIS to angingle flatter profile for (L)AL = &, (LL)Q oL dLL _ 1)
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An alternative measure is given by the (circular) velocity
function

v

v p n
Vo) = ¥, (U—) e @

v*

which is related to the luminosity function by oc " G+

1 =n(a+1), andy, = ng,. The velocity function can be
derived from galaxy survey luminosity functions and kinematic
luminosity-velocity relations, e.g., from various large pre—
Sloan Digital Sky Survey optical surveys (Gonzalez et al. 2000)
and the Two Micron All Sky Survey (Kochanek 2001). The
image separation distribution of lenses at arfgle related to
the galaxy velocity function by

J

wheredr/dz = cH;*(1+ 27 Q1+ 2%+ Q,] ** (forQ,, +

Q, = 1), 9,06 IS the lensing cross sectioB,is the magnification
bias, and/(v,, z)dv, is the physical number density of galaxies
with circular velocity betweem, and + dv. at lens redshift
z

a _
dg

dzE%C

IdZ d0 ¢(Uc! Zl)alens(vcl ZI)Bv
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An SIS lens has a density profile(r) = v8xGr?  and
produces an image separation 6f= 26, , whelg=
2w (v./c)?D,/D; is the Einstein radius. Fa&t = 1”7 and source
redshiftz, = 1.2,v, ranges from 225 to 325 km'dor z,
0.3-0.7 The lensing cross section i, = 7(0D,)?
473(v./c)*(D,D,/D;)? (Schneider, Ehlers, & Falco 1992). For
small § (<1"), one can show analytically that the slope of
dP/dd in equation (3) depends only on the faint-end sl@pe
of the velocity function:

% oc 0(6+3)/2 oC 0n(a+1)/2+1 for Sma” 0'

(4)
where +1 = n(a + 1) is used to relatg to the faint-end
slopea of the luminosity function and the luminosity-velocity
relationL oc v". The distributiomP/dd therefore has a positive

slope on a subarcsecond scale if the velocity function is shal-

lower than@ = —3 or if the luminosity function is shallower
thana = —(1 + 2/n) . Figure 1 illustrates this dependence. Re-
centsurveysfavgs ~ —1.3 te-1.0 (e.g., Gonzalez et al. 2000;
Kochanek 2001), indicating a positive slope @5/df at small

SCHECHTER VERSUS SCHECHTER

Vol. 584
F T T T 1 IIIII T T T 1 IIIII T T T

0.01 = =
'T;, L _
[}
0
2 103 -
& c ]
@ i N
o C ]
~N
n-' - -
—U - -

10 E

1 1 1 1 ) IIII 1 1 IEI 1111 1 \\\
0.01 0.1 1
0 (arcsec)

Fic. 1.—Image separation distributiai?/dé  calculated from eq. (3) using
the galaxy velocity function in eq. (2) and SIS profile. For sndathe slope
of dP/df depends only on the faint-end slogeof the velocity function,
changing from positive to negative when the velocity function steepens beyond
B = —3. Other velocity function parameters used hereware= 250 ki s
n = 2.5 andy, = 0.073h* Mpc?® from the SSRS2 sample in Gonzalez et
al. (2000). The sources are put at the mean redshift 1.27 of the CLASS radio
sources with a power-law flux distribution of slope.1. The histogram shows
the 13 CLASS lenses and theg1Poisson errors (Browne et al. 2002).

tion (5) may or may not host central baryons depending on if
the lens is baryon or dark matter dominated near its center. We
will therefore consider different inner mass profiles. For lu-
minous lenses in which baryon dissipation controls the inner
density, we use the SIS profile as in § 2. For dark lenses without
a significant amount of baryons, we consider the shallower
profiles found in high-resolution dark matter simulations:
o o< r* (Navarro, Frenk, & White 1997, hereafter NFW) and
r~** (Moore et al. 1999).

The lensing properties of the three profiles—SIS, NFW, and
Moore—are as follows. For SIS, we relate the circular velocity
v, of galaxies to the virial velocity,, of dark halos by =
v,V Wherey, ~1.3-1.8 from various baryon compression

6. The image separation distribution of 13 lenses found in the models and observational constraints (Oguri 2002 and refer-

8958 Cosmic Lens All-Sky Survey (CLASS) radio sources
(Browne et al. 2002) is shown in Figure 1 for comparison. Note
that the smallest and largesbins contain only one lens each.

3. LENSING RATES FROM MASS FUNCTIONS

Lensing probes mass after all, so let us take an alternative, i the converaence:. = (c2/4xG)(D./D.D
approach by modeling the lenses as a population of dark matte A gencey, = (€ /4rG)(D./D,D.)
halos with a Press-Schechter type of mass function. Similar to

equation (3), the image separation distribution is given by

[d

wheren(M, z)dM is the physical number density of dark halos
with mass betweeM andM + dM atz, . We use the improved
version of the mass function by Jenkins et al. (2001). Unlike

a _
do

dr dM

Z, d_L@ n(M, z)0..(M, z)B,

()

the lensing galaxies in equation (3), the lensing halos in equa-

I

ences therein). We take Oguri’s best-fit valye= 1.67 here.
Using v, = (47GM %A, /3)%, we then haved = AM ?® |
whereA = 47G(y,/c)?(D,/D,)(4mpA,;, /3)"* andA,, ~ 178 .

For the Moore et al. (1999) profilgx) = pd/(x*?+ x%) , we
find the projected surface densily well approximated by
k(X) = LIZ, = 5.4 /[x"*(1 + 1.8x)*¥?], wherex = r/r,. Here
is the critical
surface density, angl, = rpdé/L, . The scale radius is related
to the concentration parameter by= r,; /r, , wheje is the
halo virial radius, andd = 100c% In (1 + ¢*?) . The reduced
deflection angle, related tax by «(x) = 2x*[ody y(y),
then has the simple analytic form(x) = (12x,/b"?x) x
{In [(bx)¥2 + (1 + bx)"?4] — (bx)¥¥(1 + bx) ¥}, where b =
1.8 The lensing cross section és., = 7(3,.D,)° , whedg,
is the angular size of the radial caustic, which we obtain by
solving the lens equation.

For the Moore profile, we find the fitting function
(B.aaD)) = 9.3k3/(1 — 1.Ak3* + 4.5 39 accurate (with<5%



No. 1, 2003 MA L3

error for k, < 6) and useful in speeding up the computa-
tion. Since the angular separation of the outermost images is
insensitive to the location of the source (Schneider et al.

1992), we use the size of the tangential critical curve for the 0.01
image separationd = 20,,, . We find the fitting function '
(6..,D) = 38r.k2/(1 — 1.85°+ 19% %) accurate (with<4%
error for k, < 6). Similarly for the NFW lenses, we use
(B.adD)) = —4ruo(1 — 0.4¢5 + 0.5¢ 39/ exp [(3+ «,')/2] for

Olens = 71—(5 ra(JDI)2 and (OtanDI) = 2rs(1 - 0'7Kg'5+ 135 X
ko2 exp [(1+ «,')/2] for 0 = 26,

We compute the magnification biBgrom the fitting formula
given by equation (21) in Oguri et al. (2002). We have tested
this formula against numerical calculations and found good
agreement. A similar fit given by equation (67) in Li & Ostriker
(2002), however, substantially underestimates the bias for -
ko, = 1 and overestimates it far,= 1 . This is because their
fit assumedda/dx = 0 and therefore neglected a factor con-
taining (1 — da/dx) , wherex is the deflection angle. We find
this not to be a valid assumption in general.

Figure 2 comparedP/d§ for SIS, Moore, and NFW lenses B
computed from the halo mass function in equation (5) and 1
dP/dé for SIS lenses computed with velocity functions of dif- 0.01 0.1 1
ferent slopeB in equation (3). It shows that no single mass profile 6 (arcsec)
with the halo mass functlon ,Can match tiie/do predicted by FiG. 2.—Image separation distributiaf?/dd  calculated from galaxy velocity
the observed velocity function o8 ~ —1.3 . The SISol{d function (eq. [3];dotted curves) vs. mass function (eq. [5]). The result depends
curve) and Moore [ong-dashed curve) profiles predict wrong strongly on the choice of the function and the assumed lens mass profile. The
shapes fodP/df , a reflection of the steeper faint end of the masslegsig?samlpgtude (;etcrealsES( ,\rllaloidly| as tgaegiqréger ma)Sf prcifiéeN iFSV\I/OW_ereéi from
function compared with the Iumln(_)sny function. The shape of by a(fact’osl?cl)f :‘L:(L;r;/gﬁtoin the ploé?gff—ggged curV(‘e;)L.lrl\\/l?)teothat no singrlilshiuo
dp/dé for the shallower NFW prpflleshorp-dashed _Cu.rve) re- profile can bring the mass function prediction é/d9  into agreement with the
sembles more closely the velocity function prediction, but the velocity function prediction. The histogram shows CLASS data as in Fig. 1.
lensing amplitude is miniscule. We note that the magnification
bias B has been included in Figure 2, which is generally sig-
nificantly higher for shallower inner mass profiles, but the re-
sulting NFW lensing amplitude is still much too low.
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vs. solid curve). We can then match the two predictions by
parameterizing the fraction of SIS halos at a given mass with

(M/M )m*nz
4. MASS VERSUS LIGHT: RESOLUTION fsis(M) o< 49(“,%;2 1

(6)

To bring the predicted shape for the image separation dis-
tribution from equation (5) into agreement with equation (3), which grows as a power lavig,s ~ (M/M_)™ , at smal and
we explore the possibility that at a given mass, a fraction of falls exponentially at larg®l. This makes the halos mostly SIS
the lenses is luminous, is baryon dominated at the center, ancbn galactic mass scaM. where baryon dissipation is important
has the SIS profile, while the rest of the lenses are dark matterand mostly NFW on cluster and subgalactic scales where dark
dominated and have a shallower inner profile. Instead of this matter dominates the potential. Our main interest here is in de-
bimodal model, one can presumably allow the slope of the termining the slopey,, which has the convenient property that
inner mass profile to decrease smoothly with mass. Observait depends only on the faint-end slogeand not on other pa-
tions of lensing galaxies, however, consistently show that the rameters in the velocity function in equation (2). It also gives a
combined stellar and dark matter mass profile inside the Ein-simple parameterization of the importance of feedback processes
stein radius is well fitted by the SIS profile (e.g., Rix et al. on the density profile as a function of halo mass. We note that
1997; Romanowsky & Kochanek 1999; Cohn et al. 2001; Treu since the relation between the image separatiand halo mass
& Koopmans 2002). At the same time, galaxy formation models M is redshift dependent, the facthr; must be included inside
show that the energetics of feedback processes are sufficienthe integral of equation (5). We do not consider explicit redshift
to expel baryons in some less thE0t* M halos. The bimodal dependence if,s here, which can be put in at the expense of
model combining SIS and dark matter profiles therefore appearsintroducing more parameters. Future work combirfing  deter-

physically motivated and will be used below. mined from lensing with galaxy formation models and simula-
From the solid and long-dashed curves in Figure 2, we con-tions may offer useful constraints on the time evolutiorfof
clude that a combination of SIS and Moore profiknot Figure 3 shows the excellent agreement between the two

reproduce the shape diP/dd  predicted by the velocity function predictions for the shape oP/dé  for four faint-end slopes of
with 8 ~ —1.3. This is because the inner slope of the Moore the velocity function. The requireg in equation (6) is<0.85,
profile is close enough to SIS that the two predict similar shapes0.75, 0.53, and 0.2 fof = —1 1.3, —2, and —3, respec-

for dP/df. Making some lenses dark with an>  inner profile tively. The other two parametel4.  amgddepend on the shape
will therefore not reproduce the monotonically risidg/d9  at of the velocity function. Fow, = 250 km s andn = 2.5
small § for the velocity function. If halos have the shallower from the Southern Sky Redshift Survey (SSRS2) sample (Gon-
r—* profile, however, the dark lenses will have negligible lensing zalez et al. 2000), we find a good match with ~ 4.5 x
optical depth compared with the SIS (FigsBort-dashed curve 10" M, andq, = 0.72. We also find it necessary to lower the



L4 SCHECHTER VERSUS SCHECHTER Vol. 584

0.01: T T T T T T T T T T |:
e :
T, 1073 |-
2 - =
o 3 =
1. L ~—
A 3
D
T
~
o, -
o
10-¢ |- 5 !
F __ _ n(M), mixed SIS}NFW A\ )
C : L ] A
I LY W
I : §‘%_ // v enl el [ llll‘."ll
1 el 1 d iy el 1 1 ‘&\\ 10]0 1011 1012 1013
0.01 0.1 1 M (M,)
0 (arcsec) ©

) o ) o Fic. 4.—Fractionfs(M) of halos with SIS profiles needed for the consistent
Fic. 3.—Different predictions from velocity vs. mass function in Fig. 2 can  predictions in Fig. 3. As the faint-end slopef the velocity function steepens,

be brought into agreement if at a given mass, a fractiptM) (eq. [6]) of 3 Jarger fraction of low-mass halos is allowed to be SIS. Galaxy surveys favor
the dark matter halos is assigned SIS and the rest NFW. The predictedg ~ —1.3 (solid curve), requiring fgs~M™ withy,~ 0.75 below 102 M, .

dP/d6 from the velocity functiondotted curves) and the mass functiouigshed The dotted curve shows the result of Oguri (2002), which agrees well with
curves) then agree very well for suitable choices of parameigrsy,, and our solid curve at large mass but assurhgs= 1 at small mass.

M, for fgs (see text). The histogram shows CLASS data as in Fig. 1.
all have the SIS profile. Current galaxy surveys favor a much
overall amplitude ofdP/df for the dashed curves in Figure 3 shallower faint-end slope @ ~ —1.3 . We thus conclude that
by ~20%-40% (for normalizefl,s shown in Fig. 4) to match the percentage of halos that can have the SIS profile must
the dotted curves. We have not attempted to fine-tune it sincedecrease rapidly with decreasing halo mass beléw M
the amplitude ofdP/dd depends on several uncertain parame-This implies that feedback processes are increasingly effective
ters, e.g., the source redshift distribution, the normalization andin reducing the baryon content in small objects, a trend con-
redshift evolution of the luminosity function, and the precise sistent with semianalytic galaxy formation models. Moreover,
value ofy, = v /v, for SIS halos. Instead we have focused the halos that have non-SIS profiles must have an inner density
on the constraints from the shapedi/dé . of p ~r~* or shallower so as to contribute negligible lensing
Figure 4 shows the requirefd(M) for each of the four- optical depth. (The possibly shallow profiles of dwarf galaxies
velocity functions in Figure 3. Ouf;s at the high-mass end will therefore not affect the lensing predictions here.) The
for 3 = —1.3 agrees well with the result from Oguri (2002), steeperp ~r~** would predict a shape for the lensing image
which usedg (M) = exp [1— (M/M,)*] foM > M, follow- separation different from the observed luminosity function.
ing Kochanek (2001) and séjs =1 fdd<M, ;i.e., itig-
nored the dark lens fraction for small masses. By contrast, our | have enjoyed discussions with Paul Schechter, Joe Silk,
form of 5 5 in equation (6) is a smooth function and takes into Aveshi Dekel, David Rusin, Dragan Huterer, and David Hogg.
account all masses. This work is supported in part by an Alfred P. Sloan Foundation
Figure 4 illustrates that a very steep faint-end slofe- ( Fellowship, a Cottrell Scholars Award from the Research Cor-
—4) for the velocity function will be required if low-mass halos poration, and NASA grant NAG5-12173.
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