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ABSTRACT

Using state-of-the-art adaptive mesh re nement cosmologial hydrodynamic simulations with a spatial
resolution of proper 021 h-4 kpc in re ned subregions embedded within a comoving cosmolgical volume
(27:4 h,4 Mpc)3, we investigate the sizes of galaxies az = 3 in the standard cold dark matter model

where reionization is assumed to complete at;

6. Our simulated galaxies are found to be signi cantly

smaller than the observed ones: while more than one half of # galaxies observed by HST and VLT
ranging from rest-frame UV to optical bands with stellar masses larger than 2 10'°°M have half-light

radii larger than
light radii larger than

2 h731 kpc, none of the simulated massive galaxies in the same masange have half-
2 h,5 kpc, after taking into account dust extinction. Corroborat ive evidence

is provided by the rotation curves of the simulated galaxieswith total masses of 1G*-10>M , which
display values (300-1000 km s) at small radii ( 0:5 h731 kpc) due to high stellar concentration in the
central regions, larger than those of any well observed galdes. Possible physical mechanisms to resolve

this serious problem include: (1) an early reionization atz;

6 to suppress gas condensation hence

star formation, (2) a strong, internal energetic feedback fom stars or central black holes to reduce the
overall star formation e ciency, or (3) a substantial small -scale cuto in the matter power spectrum.

Subject headings:hydrodynamics | galaxies: formation | galaxies: kinematic s and dynamics |
cosmology: theory | methods: numerical | ultraviolet: gala xies

1. introduction

The standard cosmological model has been remarkably
successful in accounting for observations on scales larger
than galaxy sizes (Krauss & Turner 1995; Ostriker & Stein-
hardt 1995; Bahcall et al. 1999; Tegmark et al. 2004;
Spergel et al. 2007). We intend to test this same model
with regard to galaxy formation and evolution, a regime
where astrophysical processes are important and hence a
detailed testing of the cosmological model becomes more
intricate. In this paper, the rst of a series, we focus on the
sizes of galaxies at redshifz = 3, including \Lyman Break
Galaxies" (LBGs) (Steidel et al. 2003). Previous works on
this subject include those based on semi-analytic methods
(e.g., Mo et al. 1999; Somerville et al. 2001; Somerville
et al. 2008); the observed size-mass and size-luminosity
relations at z = 3 were reproduced in these studies.

Here, we take a brute-force approach using high-
resolution adaptive mesh re nement (AMR) cosmological
simulations to minimize the number of adjustable astro-
physical parameters and thereby maximize the predictabil-
ity of the standard model. A physical resolution of our
simulations of 0:21 h731 kpc proper at z = 3 in re ned sub-
regions embedded within a comoving cosmological volume
274 h73l Mpc) permits, an accurate characterization of
the sizes of galaxies az = 3. More speci cally, we com-
pare the half-light radii of simulated and observed galaxies
in terms of size-mass and size-luminosity relations. This
comparison is motivated by a series of observations of
z 3 galaxies in the rest-frame UV (Giavalisco et al. 1996;
Lowenthal et al. 1997; Ferguson et al. 2004; Giavalisco et
al. 2008) and in the rest-frame optical (Trujillo et al. 2006;
Toft et al. 2007; Zirm et al. 2007; Buitrago et al. 2008).

We nd the simulated galaxies to be generally smaller
than the observed galaxies atz = 3 in the stellar mass
range 10'%°M where comparisons can be made. This
problem may be related to the disk size problem (also
called the \angular momentum problem") at z = 0 (e.qg,
Navarro et al. 1995; Navarro & Steinmetz 1997; Governato
et al. 2004). The galaxy size problem atz = 3 found in
the present work may also be related to an apparent large
excess of predicted but unobserved dwarf halos (Klypin et
al. 1999; Moore et al. 1999) and an over-concentration of
dark matter in simulated dwarf galaxies on the scale of

1 h,3 kpc (Moore 1994; Flores & Primack 1994; Burk-
ert 1995; McGaugh & de Blok 1998; Kravtsov et al. 1998;
Moore et al. 1999). Physical processes at high redshift
that may be responsible for the eventual resolution of this
problem should be manifested more clearly az = 3, as
they are una ected by additional complications that may
occur at lower redshifts. Therefore, one may be able to
obtain important \cleaner" clues to the nature of the dark
matter and/or important astrophysical processes at high
redshifts by studying z = 3 galaxies. Moreover, combin-
ing observations at bothz = 3 and z = 0 may provide still
more powerful constraints.

2. simulation and analysis methods

We perform cosmological simulations with the adap-
tive mesh re nement (AMR) Eulerian hydro code, Enzo
(Bryan 1999; Norman & Bryan 1999; O'Shea et al. 2004).
First, we ran a low resolution simulation with a periodic
box of 27:4 h,5* Mpc comoving on a side in a CDM uni-
verse with cosmological parameters consistent with the
WMAP3 results: ( m, . b h, 8, ng)=(0.24, 0.76,
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0.042, 0.73, 0.74, 0.95). We identi ed virialized dark mat-
ter halos in this simulation at z = 3 and resimulated 11 of
the most massive 20 halos in a suite of ve high resolution
simulations embedded within the same (27 h73l Mpc)?3
comoving box using the multimass initialization technique.
The ve high resolution subregions have comoving vol-
umes ranging from (3:4 h,5 Mpc)® to  (8:8 h.3 Mpc)2.
Within the high-resolution regions, the cell size of the rod
grid is 535 h73l kpc and additional grid re nements are al-
lowed to reach a maximum level oflhax = 6, resulting in
the maximum spatial resolution of 0:84 h73l kpc (comov-
ing) or 0:21 h,4 kpc (proper) at z = 3, while the rest of the
box is evolved at a lower resolution of 2144 kpc. The
dark matter particle mass in the high-resolution region is
46 10° M The simulations include a metagalactic
UV background (Haardt & Madau 1996), a di use form of
photoelectric and photoionization heating (Abbott 1982;
Joung & Mac Low 2006) and shielding of UV radiation
by neutral hydrogen (Cen et al. 2005). They also include
cooling due to molecular hydrogen (Abel et al. 1997) and
metallicity-dependent radiative cooling (Cen et al. 1995)
extended down to 10 K (Dalgarno & McCray 1972). Star
particles are created in cells that satisfy a set of criteria
for star formation proposed by Cen & Ostriker (1992).
A stellar particle of massm = ¢ mges t=t is created
(the same amount is removed from the gas mass in the
cell), if the gas in a cell at any time meets the following
three conditions simultaneously: (1) contracting ow, (2)
cooling time less than dynamic time, and (3) Jeans un-
stable, Where t is the time step, t = max(tayn; 10°yrs),
tayn = 3=(32G (ot) is the dynamical time of the cell,
Mgas iS the baryonic gas mass in the cell andc = 0:03 is
star formation e ciency. Each star particle is tagged with
its initial mass, creation time, and metallicity; star par-
ticles typically have masses of 10°M . Star formation

and supernovae feedback are modeled following Cen et al.

(2005) with esy =3 10 8. Feedback energy and ejected
metals are distributed into 27 local gas cells centered at
the star particle in question, weighted by the speci ¢ vol-
ume of each cell. The temporal release of metal-enriched
gas and thermal energy at timet has the following form:
f(tti; tayn ) (l:tdyn Mt t ):tdyn Iexp[ (t t ):tdyn I
wheret; is the formation time of a given star particle. The
metal enrichment inside galaxies and in the intergalatic
medium is followed self-consistently in a spatially resoled
fashion (Cen et al. 2005).

We identify virialized objects in our high resolution
simulations using the HOP algorithm (Eisenstein & Hut
1998), which is tested to be robust. We nd 49 halos with
virial masses> 5 101°M to compare with observations.

The light distribution is computed from the star parti-
cles using the GISSEL stellar synthesis code (Bruzual &
Charlot 2003). We calculate the luminosities of the simu-
lated galaxies in various rest-frame UV and optical bands
where observations are available forz 3 galxies with
measured half-light radii (see Fig. 2). To obtain half-
light radii in the right wavelength range, we placed the
same lter (blueshited to z=3) as used in each sample of

observed galaxies; this was necessary because the sizes of

simulated galaxies vary depending on the observed band,

3 For photon counting devices, the lter transmission curves
4 We use the response curve for the F814W Iter on HST's WFPC2.

as shown in the size-luminosity plot. We followed the pro-
cedure described in Appendix B of Rudnick et al. (2003)
to compute luminosities of the model galaxies in each given
band.® The stellar mass of each simulated galaxy is equal
to the sum of the masses of the star particles located within
15% of the virial radius of the galaxy at z=3. For the ob-
served galaxies, we adopt the stellar masses reported in
the papers referenced in Figure 2 and, where appropriate,
convert apparent magnitudes to luminosities in the wave-
length range of the given lter blueshifted to z=3. We
adopt an approximate model for dust extinction following
Binney & Merri eld (1998) but assume that dust attenu-
ation is proportional to the metal column density rather
than the total hydrogen density and correct for depletion
of refractory elements (Zn) onto dust grains parametrized
by fre, fraction of iron in dust (Vladilo & Peroux 2005):
Ay = 7 fre=(4 10" myF cm 2) mag, wherem, is the
proton mass, z is the mass column density of metals in
front of a given star particle. The factor, F = 3:7, is chosen
sothat E(B V) =0:3 (Pettini et al. 1998; Shapley et al.

2003; Steidel et al. 2003), corresponding td\15OOA 1.5

and an escape fraction in the rest-frame 1508 is 26%.
We choose a relatively high value oE (B V) to strengthen
our conclusion that, even though dust extinction acts to in-
crease half-light radii of the galaxies, our simulated gala-
ies are still generally smaller than the observed ones. The
conversions fromAy to A at other bands are based on the
dust extinction law proposed by Calzetti et al. (2000). All
half-light radii are measured directly using projected 2D
maps.

3. results

Figure 1 shows the projected stellar mass density of a
region of comoving size (4 h731 Mpc)? with a depth of co-
moving 3:3 h731 Mpc at z = 3, cut out from our largest high
resolution simulation sub-volume of size (8:8 h,4 Mpc)2.
The insets show magni ed images of the four most massive
halos in the displayed region in their projected luminosity
density distributions. For each galaxy, the images show,
from left to right, intrinsic (before dust attenuation is ap -
plied), apparent (after dust attenuation), and smoothed
(after dust attenuation and PSF ltering) luminosity den-
sities, respectively, all in the observed -band.# On the one
hand, we see that our high resolution permits formation of
extremely dense structures. On the other hand, many rich
and salient features produced by cosmological processes,
such as mergers and tidal tails, are clearly visible and
striking. Comparing the leftmost and middle pictures of
each row of the insets suggests that dust extinction signi -
cantly a ects the observed luminosity density distributio n
in the observedI -band. This can be understood simply as
a consequence of the empirical Schmidt-Kennicutt relation
(Kennicutt 1998): gas surface density increases monoton-
ically as star formation rate density increases; and we as-
sumed that dust extinction is proportional to the metal
surface density hence gas surface density (for a constant
metallicity).

Figure 2 shows the size-mass (top) and size-luminosity
relations (bottom) of the simulated and observed galaxies.

T( ) in Rudnick et al. (2003) should be replaced by T( ) .



The \intrinsic" half-light radii of the simulated galaxies
are displayed as \x", while dust extinction-applied half-
light radii are shown as lled circles where the shade in
grey scale indicates the amount of dust extinction in the
rest-frame V-band (darker for higher extinction; 0:35 .
Ay . 25). Each sample of observed galaxies is shown
by distinct symbols as indicated. The observedz 3
galaxies include the rest-frame UV samples from Lowen-
thal et al. (1997) and Giavalisco et al. (2008) as well as
rest-frame optical samples from Trujillo et al. (2006), Toft
et al. (2007), Zirm et al. (2007) and Buitrago et al. (2008).
In all panels, the intrinsic sizes of the simulated galax-
ies lie mostly between 0.2 and (& h-4 kpc, while the dust
extinction-applied sizes can be signi cantly larger. This
increase in apparent sizes is, on average, greater at shorte
wavelengths and for more massive and luminous galaxies,
and may be partly responsible for the observed relation
between star formation and size atz ~ 2:5 (Toft et al.
2007; Zirm et al. 2007). Remarkably, this trend is also
seen in the sizes of the simulated galaxies measured in the
rest-frame optical bands.

In the top display of Figure 2, the observational data
are only available for galaxies with stellar masses of
2 10°Mm In this mass range, there are more than
one half of the observed galaxies having the half-light
radii (all measured in the rest-frame optical) greater than
2 h,3 kpc, whereas all of the simulated galaxies in the
same mass range have the half-light radii smaller than
2 h73l kpc. A signi cant fraction of these relatively mas-
sive galaxies that are actively star-forming (SFR > 10
M yr 1) may be identied with the LBGs (Steidel et
al. 1996).

This discrepancy in half-light radii between simulated
and observed galaxies is also seen in the size-luminosity
relation at the bottom display of Figure 2, where lumi-
nosities at several di erent observed bands are shown in
four separate panels. Here, the half-light radii of the sim-
ulated galaxies again occupy the low-end of the distribu-
tions compared to galaxies observed in the HST WFPC2
F814W lter (Lowenthal et al. 1997), in the VLT ISAAC
Ks band (Trujillo et al. 2006; Toft et al. 2007). However,
the situation here is slightly more complicated in that we
nd apparent agreement between simulated galaxies and
observations of Giavalisco et al. (2008) in the HST ACS
F850LP Iter and, to some degree, of Buitrago et al. (2008)
in the VLT ISAAC K s band. Whether the discrepancy
among observed sizes is real or an artifact of the dier-
ent source extraction and tting algorithms employed is
an open question?

Overall, we conclude that there is fairly strong indi-
cation that the simulated massive galaxies are too small
compared to their observed counterparts atz 3, from
rest-frame UV to rest-frame optical bands. This suggests
that the concurrent star formation activities and the over-
all stellar mass distributions in the simulated galaxies at
z = 3 are both too concentrated near the galactic centers.
Concentration of stellar mass may be shown in an alter-
native way using rotation curves. Figure 3 shows rotation
velocity curves for the three top galaxies of total mass of
101! 10 M . These curves seem to peak at too high a

5 We note, however, that the measured half-light radii in Giav
compared to size measurements derived from ts to Sersic pro

alisco et al. (2008) { based on the SExtractor program { may be
les, for the faint galaxies in their sample (M. Giavalisco,

value (300-1000 km s?) at small radii (  0:5 h,3" kpc).

It is prudent to ask if our results depend on limited reso-
lution. To address this point, we ran higher resolution sim-
ulations (with the smallest cell size of 0.11 properh731 kpc
or twice the linear resolution as in our ducial models) of
2 of the 5 subvolumes, or 8 of the 49 galaxies discussed
in this Letter. In all of these cases, we nd that both the
intrinsic half-mass and intrinsic half-light radii are sig nif-
icantly smaller (by nearly a factor of 2), indicating that
our results have not yet converged in terms of obtaining
the absolute sizes of the high-z galaxies. We nd that the
dust attenuated half-light radii with the higher resolutio n
simulations are slightly smaller (10-30%) than those from
lower resolution simulation. While the absolute sizes have
not converged, these tests support and strengthen our con-
clusion that the simulated galaxies atz = 3 are too small
compared to their observed counterparts.

4. discussion and conclusions

The standard cold dark matter cosmological model is in
good agreement with a rich set of observations on large
scales. Our main purpose is to systematically examine it,
through a series of papers, in the context of galaxy forma-
tion and evolution, a regime where, relatively speaking,
it has not been seriously contested. Because astrophysi-
cal processes tend to play a progressively more important
role at smaller scales, in particular, on galactic scales ah
smaller, it is vital to employ as few adjustable astrophysi-
cal parameters as possible, to have a true test of the cos-
mological model.

In this paper we focus on the sizes of galaxies, includ-
ing LBGs (Steidel et al. 2003) at redshift z = 3, using
state-of-the-art AMR cosmological hydrodynamic simula-
tions with a spatial resolution of proper 0:21 h731 kpc in
ve re ned subregions embedded within a comoving cos-
mological volume (274 h.3 Mpc)3. We nd that, taking
into account dust extinction, the computed distribution
of half-light radii of simulated galaxies in the rest-frame
I - and V-bands occupy only the low-end of the observed
size distributions. While none of the simulated massive
galaxies have half-light radii larger than 2 h73l kpc, more
than one half of the observed galaxies have half-light radii
exceeding that value. We note that the intrinsic (i.e.,
in the absence of dust extinction and nite instrumen-
tal resolution) half-light (and half-stellar-mass) radii are
smaller at  0:3 h,5 kpc and our resolution tests indi-
cate that they become still smaller with higher resolu-
tion, hence strengthening our conclusions. Consistent wh
this apparent discrepancy between simulated and observed
LBGs, the rotation curves of the simulated galaxies of total
masses of 18#-102 M have unusually high values (300-
1000 km s 1) at small radii ( 0:5 h73l kpc). Such rotation
curves are not seen in local galaxies for which accurate
measurements are available, although no direct compari-
son with observed high-redshift galaxies can be properly
made at this time.

These discrepancies appear to originate from stellar
masses that are too highly concentrated in small €
1 h73l kpc) central regions of the simulated galaxies. This
may be caused by an over-abundance of smaller galaxies

biased low
private comm.).
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that formed at high redshifts and subsequently sank to
the centers via dynamical friction or by vigorous in situ
star formation in the central regions. Likely, any potential
viable solution to this apparent problem would have to re-
duce the amount of stars that formed. Possible physical
mechanisms include: (1) an early reionization withz,; 6
to suppress gas condensation that will reduce earlier star
formation (e.g., Bullock, Kravtsov, & Weinberg 2000), (2)
a strong, internal energetic feedback from stars or central
black holes to reduce the overall star formation e ciency

(e.g., Sommer-Larson et al. 2003; Governato et al. 2007),

or (3) a substantial small-scale cuto in the matter power
spectrum, for example, if the dark matter particles are
warm rather than cold (e.g., Hogan & Dalcanton 2000;
Sommer-Larsen & Dolgov 2001; Bode, Ostriker & Turok
2001)

Since the age of the universe az = 3 is only about 1=6

of the present age, a successful resolution to the galaxy

size problem atz 3 may provide important \cleaner"
clues to the nature of the dark matter and/or important

astrophysical processes at high redshifts. Moreover, com-
bining observations at both z = 3 and z = 0 may provide
still more powerful constraints.
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Fig. 1.| The large image displays the projected stellar mass density of a region of comoving size (1:4 h731 Mpc) 2 with a depth of comoving

33 h731 Mpc at z = 3, cut out from one of our simulation volumes. The insets zoo m in on the four most massive galaxies in volume region in
terms of virial mass and show their projected luminosity den sity distributions. For each galaxy, the images show, from | eft to right, intrinsic
(before dust attenuation is applied), apparent (after dust  attenuation), and smoothed (after dust attenuation and PSF Itering) luminosity
densities, respectively, all in the observed |-band. A Gaussian Iter with FWHM =0 90125 is applied for the PSF. The bars indicate lengths

in proper h;' kpc.
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Size-mass ({op) and size-luminosity ( bottom) relations of the simulated and observed galaxies. The \int
of the simulate galaxies (along six orthogonal projection d
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Fig. 3.] Rotation velocity curves for the three galaxies labeled \1" , \2" and \3" in Fig. 1. The solid curves represent rotation ve  locities
due to all the matter within a given galactocentric radius, w hile the dotted curves show those due to stellar mass only. Th e virial masses of
the three galaxies are 8 10,4 10 and1 101 M , respectively.



