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ABSTRACT

We use the exceptional depth of the Ultra Deep Field (UDF) andJDF-
Parallel ACS elds to study the sizes of high redshift£ 2 6) galaxies and
address long-standing questions about possible biaseshe tosmic star formation
rate due to surface brightness dimming. Contrasting, V, andi-dropout samples
culled from the deeper data with those obtained from the shalver GOODS
elds, we demonstrate that the shallower data are essentlglcomplete at bright
magnitudes toz . 5:5 and that the principal e ect of depth is to add objects at
the magnitude limit. This indicates that high redshift galakies are compact in
size ( 0:1 0:3% and that large (& 0:4° & 3 kpc) low surface brightness galaxies
are rare. A simple comparison of the half-light radii of the BF-N + HDF-S U-
dropouts with B, V, and i-dropouts from the UDF shows that the sizes follow
a (1+ z) ¥05 021 gcaling towards high redshift. A more rigorous measurement
compares di erent scalings of outJ-dropout sample with the mean pro les for a
set of intermediate magnitude (28 < zgsoas < 27:5) i-dropouts from the UDF.
The best- tis found with a (1+ z) %902 size scaling (for xed luminosity). This
result is then veri ed by repeating this experiment with di erent size measures,
low redshift samples, and magnitude ranges. Very similaramgs are found for
all comparisons. A robust measurement of size evolution isdreby demonstrated
for galaxies fromz 6toz 25 using data from the UDF.

Subject headingsgalaxies: evolution | galaxies: high-redshift
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1. Introduction

Cosmic surface brightness dimming, with its (1#)* scaling, poses a signi cant challenge
to the study of high redshift galaxies (e.g., the bias proped by Lanzetta et al. 2002).
O setting this is the expectation that galaxies would be deser and therefore higher surface
brightness at high redshift (Mo, Mao, & White 1998). Only reently has it become possible
to explore these issues observationally (Bouwens, Broadahkt) & lllingworth 2003; Ferguson
et al. 2004). A study of objects from the Great Observatorie®rigins Deep Survey (GOODS)
showed a clear decrease in size (increase in surface brighs) fromz 1toz 4 and beyond
(Ferguson et al. 2004). Other studies (Bouwens et al. 200&guwens et al. 2004, hereinafter,
B04) then demonstrated that the decrease extended to 6. However, in extending this
trend, it was necessary to make some assumptions about thefage brightness distribution
at z 6 since only the highest surface brightness objects are asxible in GOODS at these
redshifts.

In this paper, we use the exceptional depth of the Ultra Deepi€ld (UDF; Beckwith

et al. 2004) and the UDF-parallel ACS elds (hereinafter, UB-Ps; Bouwens et al. 2004a)
to look at the size (surface brightness) distribution out taz 6. These elds reach nearly

2 and 1 mags deeper than GOODS and for the rst time permit clean coparisons
relative to lower redshift z 1 3) samples. The superb depth of these elds also allows for
an important estimate of the incompleteness at high redshiin shallow, wide area surveys
like GOODS. Throughout, we refer to thez 3 value forL , Mi700ag = 2107 (Steidel
et al. 1999) asL -3 and the F606W, F775W, and F850LP Iters asVggs, i775 and zgso,
respectively. We assume (y; ;h)=(0:3;0:7;0:7) (Bennett et al. 2003).

2. Observations and Analysis

To maximize our baseline for determining size changes in higedshift galaxies ¢

2.5 6:0), we adopt aUBV i dropout sample set. For ourz  2:5 U-dropout sample, objects
are selected from the WFPC2 HDF-N and HDF-S images (B04). Fdhe higher redshift
z 38 6:08B,V, andi-dropout samples, objects are selected at three di erent gés:
one based on the relatively shallow, wide-area GOODS eld80Q4), one based on the deeper
two UDF-Ps, and one based on the UDF itself. The selection teria for the samples are the
same ones that were applied in BO4, with magnitude limits gén in Table 1 (see B04 and
Bouwens et al. 2004c). These selection criteria include &t the reddest starbursts (UV
continuum slopes . 0, or equivalently E(B V) . 0:45 applied to a 16 yr burst) and
some evolved galaxies (Franx et al. 2003) though the formebjects are expected to be rare
(Adelberger & Steidel 2000). Contamination from low-redsft interlopers is also expected
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to be small for these samples. ( 10%, B04). Figure 1 shows some examplesiefropouts
from the UDF.

(a) Completeness / Surface Brightness DistributionsBefore addressing size evolution
across our sample set, it is important to examine what e ectjf any, surface brightness
biases might have on samples selected at the three depths sidered here. A convenient
way of looking at these biases is to use the size-magnitudagliam with completeness limits
overplotted. Figure 2 shows the objects observed from allrte elds for each dropout sample
using the passband closest to rest-frame 1680for the magnitude/size measurements. The
half-light radii are calculated in circular apertures and ely on Kron-style magnitudes (1980)
(with the Kron factor equal to 2.5) to establish the total ux. The 50% completeness limits
are determined from a grid of simulations over size and magwmie. As is clear from Figure 2,
the principal e ect of the additional depth is to extend theg samples to fainter magnitudes;
larger, lower surface brightness objects do not appear indldeeper data. This suggests that
high redshift galaxies are predominantly compact ( 0:1 0:3° and that surface brightness
biases only have a signi cant impact on samples close to theagnitude limit (e.g., the
GOODS i-dropout sample).

Binning the data in surface brightness provides us with an trnative way of identifying
biases. Incompleteness in shallower surveys will resultarlower surface density and a higher
mean surface brightness (re ecting the loss of the lower gace brightness population). To
do this simultaneously with all dropout samples, we deriveusface brightness distributions
over a xed range in luminosity (0.3-1.0L .,-3) (corresponding to the magnitude intervals
241 < V606;AB < 252, 249 < [ 775AB < 260, 254 < ZgsoaB < 265, and 260 < ZgsoaB <
27:1 for our U, B, V, and i-dropout samples, respectively { see the gray vertical basdn
Figure 2). The result is plotted in Figure 3. The surface brigtnesses for individual objects
are the mean values within the half-light radiusngoeas +2:5l0g(2r ) 2:5log(1+z)* using
the mean color and redshift for each sample (see B04) to cdbie mieo0as - AS expected,
no strong biases are apparent for the lower redshig or V-dropout samples, con rming the
essential completeness of samples derived from the shadiowata sets at these magnitudes.
This situation is di erent however for the i-dropouts as can be seen from the bias in both the
mean surface brightnesses and the surface densities: a isogmtly lower 17.6 mag/arcsec
in the GOODS elds vs. the 18.2 mag/arcsecin the UDF-Ps and 18.3 mag/arcsecin the
UDF; and a signi cantly lower 0:18 0:02i-dropouts arcmin 2 in the GOODS elds vs. the
0:4 0:1inthe UDF-Ps and Q7 0:2in the UDF, respectively. Such a bias is not unexpected
given the proximity of the GOODS i-dropout sample to its completeness limit (Table 1).

(b) Size/Surface Brightness Evolution. Having shown that our deeper data sets are
reasonably complete at intermediate magnitudes, we proct® measure the size evolution



{41

outto z 6. Before making more rigorous estimates using a speci c fttional form, it is
useful just to look at how the mean size (half-light radius) aried across our four dropout
samples for objects of xed luminosity (@3 1:.0L .,-3) from Figure 2. To minimize biases,
only the UDF is used for theB, V, and i-dropout samples. Similar to the strong trends
seen at high redshift with the GOODS data (Ferguson et al. 2d) where sizes decrease
monotonically towards high redshift, the present data fotw a (1 +z) % 92! relationship
with redshift (Figure 4).

The next step is to measure the size evolution in a more rigar® manner giving greater
emphasis to selection and measurement biases. To do this, wse di erent scalings of a
lower redshift sample to model the UDF-dropouts, our deepesz 6 sample. Previously,
we used such a procedure to estimate the size evolution frohetUDF-Ps alone (Bouwens et
al. 2004a). Here, we take advantage of the additional 1 mag depth available from the UDF
to extend this comparison to fainter magnitudes, 26 < zgsoag < 27:5, increasing the size of
our samples. This magnitude range is useful since the UDF igraplete tozgsopas ~ 27:5 for
objects of modest sizeq 0:3°% see Figure 2). As in our previous work, we adopt the 2:5
HDF-N + HDF-S U-dropout sample as our low redshift baseline to maximize lerage in

log(1+ z) and consider size scalings of the form (1) ™ where O< m < 3, projecting the
lower redshift objects toz 6 using our well-established cloning machinery (Bouwens &k
1998a,b; Bouwens et al. 2003; B04), which handles the artiat redshifting and reselection of
galaxies. Finally, before comparing against the clone 2.5 sample, the UDF observations
are smoothed to theU-dropout PSF (ACS images) projected t  6:0 (0.12° FWHM).

To evaluate the validity of the di erent scalings, comparisns are made using the mean
radial ux prole (see B04). This gives the mean ux in circular annuli as a function of
radius. An illustration of how the observations match di erent size scalings is provided in
Figure 5, and it is clear that the observations prefer a (1 + z) ! size scaling of theU-
dropouts (for xed luminosity). The (1+ z)° and (1 + z) 2 scalings produce pro les which
are too broad and too sharp, respectively. Deriving the meaand 1 scatter expected for
di erent scalings m and measuring the mean size from the observations (both cected for
PSF e ects), we can estimate the best-t value form, which is 094%:23. To verify this
result, the comparison was repeated in three distinct wayq1) making the comparison in
terms of the individual sizes of the clonedU-dropouts vs. the UDFi-dropouts, (2) using
the mean radial ux prole of a clonedB-dropout sample from the UDFto compare with
the UDF i-dropouts, and (3) making the same comparison between theonkd U-dropouts
and UDF i-dropouts at fainter magnitudes(27 < zgsopas < 28). With the possible exception
of the third comparison (where a slightly shallower scalingn  0:8 0:2 was obtained),
all three experiments yielded very similar scalingsn{ 1), suggesting that the basic result
here is robust.
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3. Discussion and Summary

In this paper, we use the exceptional depth available in thelF and UDF-Ps to examine
the distribution of sizes and magnitudes of galaxies & 2 6 and contrast the results
with shallow surveys like GOODS. We nd that the principal e ect of depth is to add
galaxies at faint magnitudes, not larger sizes, demonstiag that high redshift galaxies are
predominantly compact ( 0:1 0:3% and that large (& 0:4% & 3 kpc) low surface brightness
objects are rare at high redshift. The UDF therefore provide more conclusive evidence for
trends which were already apparent in the shallower HDF + GOOS data (Bouwens et al.
2003; Storrie-Lombardi, Weymann, & Thompson 2003; Fergusaet al. 2004; Giavalisco et
al. 2004; B04) and HST follow-up to ground-based dropout sates (Giavalisco, Steidel, &
Macchetto 1996) (see also discussion in Bunker et al. 2004).

Contrasting galaxy sizes at the high and low redshift ends alur sample set, we show
that objects follow an approximate (1+z) ! relationship with redshift (for xed luminosity).
Although consistent, this is less steep than the (1+ z) ¥ scaling determined at brighter
(1 mag) luminosities in our earlier analyses (B04; Bouwens at 2004a) and hence there
may be some luminosity dependence to this scaling (and théee evolution in the slope of
the size-magnitude relationship), see alsothle  0:8 0:2 scaling from the third comparison
above. Note that the current scaling is essentially identid to the H (z) 22" (1+2z) ! scaling
expected for systems of xed mass (Mo et al. 1998), pointingpta M=L ratio which does
not evolve much at high redshift forUV-bright galaxies. Since one can plausibly express
the UV luminosity as the gas mass divided by some star format time scale, one possible
implication of the constant M/L ratio is one where this time £ale does not evolve much with
cosmic epoch. This is in contrast to the steep (1 £) 32 evolution in dynamical time and
suggests a scenario where feedback processes are domimarggulating the star formation
e ciency.

Interestingly enough, a recent study (Trujillo et al. 2004)at lower redshift (0< z < 3)
found that size does not evolve much with redshift for a xedtsellar mass contrary to the
Mo et al. (1998) scaling. It is unknown whether this will holdrue for the dynamical masses,
or how this might change at earlier times. A resolution of thee questions will undoubtably
require the measurement of these quantities to higher redéh
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Table 1. Dropout Samples.

Area AB Mag.
Sample 0O # Limit 2 L P

U(HDFs) 9 197 VvV 269 0.08

B(GOODS) 294 1301 i 270 0.14
B(UDF-Ps) 21 231 | 280 0.06
B (UDF) 13 248 | 290 0.02
V(GOODS) 294 491 z 270 0.23
V(UDF-Ps) 23 127 i 280 0.09
V (UDF) 13 160 i 293 0.03
i(GOODS) 294 52 z 272 0.33
i(UDF-Ps) 23 37 =z 282 0.3
i(UDF) 13 85 z 294 0.04

aSample Selection Limit.

bimiting luminosity, using the Steidel et al.
(1999) value forL .

Fig. 1.| Postage stamps (zgso images) of the 10 brightest (2% < zgsoas < 27:2) i775-
dropouts from the UDF compared against a sample of HDF-N + HD¥S U-dropouts cloned
(via no-evolution) to z 6 and selected in a similar way. The high S/N of the UDF data is
apparent. For context, the object in the upper right corner bthe simulations is the familar
\quad" from the HDF-N (HDF4-858, Williams et al. 1996).
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Fig. 2.| The size-magnitude plots for the B, V, and i-dropout samples extracted from
GOODS (black dotg, the UDF-Ps (blue dot9, and the UDF (red dots). 50% completeness
limits are shown with black dashed lines for the UDF data (assning an exponential surface
brightness pro le). The completeness limit for anr** surface brightness pro le is also
shown. The transition from 90% to 10% completeness is quitkasp (shown in thei-dropout
panel with the short dotted segments at 90% and 10% completss). The magnitude range
corresponding to 0.3-1.0L .,-3 objects (featured in Figure 3) is indicated with the light
gray band. Sizes are half-light radii (measured from theirrgwth curves). To illustrate the
severity of the selection biases on the GOODiSdropout sample, 50% completeness limits
are shown for exponential ana*** surface brightness pro les. The principal e ect of depth
is to add objects at the faint end of the surveys, not at largesizes, demonstrating that high
redshift dropouts are predominantly compact ( 0:1  0:3%.
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Fig. 3.|] The surface brightness distribution (corrected for surface brightness dimming) at
rest-frame 1606 for our dropout samples in the luminosity range 0.3 .,-3 t0 1.0L .,-3.
Shown are theU-dropout sample from the HDF-N+HDF-S (top panel) and the BV i-dropout
samples drawn from the GOODS elds ed dashed liney the UDF-Ps (blue dotted line$,
and the UDF (solid black lineg. The corresponding magnitude ranges are 24<i ;7545 <
252, 249 <1 17508 < 260, 254 < Zg5pps < 265, and 260 < zgsoas < 27:1 for theU, B, V,
and i-dropout samples, respectively. The surface brightnessostn is the mean value within
the half-light radius. 50% completeness limits for the UDF r@ indicated with the dashed
vertical line (calculated using an exponential surface lghtness pro le). Very similar surface
brightness distributions are found forB and V-dropouts in all three data sets, con rming
that dropouts selected from the shallower data sets are reambly complete at the bright
magnitudes probed here. On the other hand, fordropouts from the GOODS elds, the
surface brightness distribution ed dashed ling is quite biased (both in number and mean
surface brightness) relative to that obtained from the deegr data sets (UDF and UDF-Ps).
Anet 15 2:0™ increase in surface brightness is observed fram 2:5 (U-dropouts) to
z 6 (i-dropouts).
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Fig. 4.| The mean half-light radius (measured from their growth curves and corrected
for PSF e ects) versus redshift for objects of xed luminogdy (0:3 1:0L .,-3). Shown are
data (crosses withl erors on the mean from our z  2:5 HDF-N + HDF-S U-dropout
sample and UDFB, V, and i-dropout samples plotted at their mean redshiftz  3:8,
z 49,andz 60, respectively (see B04). The dotted magenta line shows the+ z) °
scaling expected assuming a xed circular velocity and theaghed blue line shows the (1 +
z) ! scaling expected assuming a xed mass (Mo et al. 1998). A le¢asjuares t favors a
(1+ z) 195 021 gcaling (solid black line). This comparison is not unbiased since objects are
not selected or measured to the same surface brightnessshad. The UDF is nevertheless
deep enough at these magnitudes to minimize these biases. Armrigorous comparison is
presented in Figure 5.
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Fig. 5. The mean radial ux pro le determined for the 15 inte rmediate magnitude (260 <
Zgsoas < 27:5) objects from our UDF i-dropout sample compared against that obtained
from similarly-selected U-dropouts cloned toz 6 with dierent size scalings: (1 +2)°
(violet shading, (1 + z) ! (green shading, and (1 + z) 2 (blue shading. The inset shows
how the mean size of the projectetl-dropouts (shaded violet regiopvary as a function of
the (1+z) ™ size scaling exponentn (a correction is made for PSF e ects). Since the mean
half-light radius is 0:87 0:07 kpc (shown as a gray vertical bankl this suggests a value of
0:94'%% for the scaling exponenim. Signi cantly tighter constraints are possible on the size
(surface brightness) evolution from the UDF data than was pssible in our previous study
with the UDF-Ps data (Bouwens et al. 2004ared hatched region in the insgtand GOODS
(BO4: shaded orange regionthough these probe slightly di erent ranges in luminosity



