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ABSTRACT

We present stellar mass measurements for a sample of 36 luminous compact blue galaxies (LCBGs) at redshifts
in the flanking fields around the Hubble Deep Field–North. The technique is based on fitting a two-z p 0.4–1.2

component galaxy population model to multi-broadband photometry. Best-fit models are found to be largely
independent of the assumed values for the initial mass function (IMF) and the metallicity of the stellar populations,
but they are sensitive to the amount of extinction and the extinction law adopted. On average, the best-fit model
corresponds to a LMC extinction law with . Stellar mass estimates, however, are remarkablyE(B�V ) p 0.5
independent of the final model choice. Using a Salpeter IMF, the derived median stellar mass for this sample is

M , i.e., ∼2 times smaller than previous virial mass estimates. Despite uncertainties of a factor of 2–3,95 # 10 ,

our results strengthen prior claims thatL* CBGs at intermediate redshifts are, on average, about 10 times less
massive than a typicalL* galaxy today.

Subject headings: galaxies: evolution — galaxies: fundamental parameters — galaxies: photometry —
galaxies: starburst — galaxies: stellar content

1. INTRODUCTION

Luminous compact blue galaxies (LCBGs) refers to a hetero-
geneous class of starburst systems with typical luminosities
aroundL* that become very common at intermediate redshifts
(Koo et al. 1994, 1995; Guzma´n et al. 1996, 1997; Phillips et
al. 1997; Mallén-Ornelas et al. 1999; Hammer et al. 2001).
LCBGs are particularly interesting for studies of galaxy for-
mation and evolution since they have evolved more than any
other galaxy class in the last∼8 Gyr (Mallén-Ornelas et al. 1999)
and have been identified as a major contributor to the observed
enhancement of the global star formation rate (SFR) density of
the universe at (Guzma´n et al. 1997; Gruel 2002). Despitez ≤ 1
their cosmological importance, the nature of LCBGs and their
relation to today’s galaxy population still remain largely un-
known. The most comprehensive study of LCBGs at intermediate
redshift to date—only 45 objects—is that of Phillips et al. (1997)
and Guzma´n et al. (1997), who concluded that the LCBG class
is populated by a mixture of starbursts. About∼60% of galaxies
in their sample are classified as “Hii–like” since they are spec-
troscopically similar to today’s population of vigorously star-
forming H ii galaxies. The remaining∼40% are classified as
“SB disk–like” since they are more evolved star-forming systems
similar to local spiral galaxies, with a central starburst, and giant
irregular galaxies.

Given the diverse nature of the LCBG population, they are
unlikely to evolve into one homogeneous galaxy class. There
are two popular scenarios. Koo et al. (1994) and Guzma´n et al.
(1996) have suggested that some subset of the most compact
H ii–type LCBGs at intermediate redshifts may be the progen-
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itors of local low-mass spheroidal galaxies (or dwarf elliptical
galaxies), such as NGC 205. Alternatively, Phillips et al. (1997)
and Hammer et al. (2001) have suggested that SB disk–like
LCBGs may actually be more massive disks forming from the
center outward to become present-dayL* spiral galaxies. At the
heart of this debate is the following question: Are the masses of
LCBGs comparable to that of today’s massive or low-mass gal-
axies? Prior measures of Keck velocity widths andHubble Space
Telescope sizes show that LCBGs have mass-to-light ratios that
are only∼0.1–1.0 , i.e., about 10 times smaller than aM /L, B, ,

typical L* galaxy today (Koo et al. 1994; Guzma´n et al. 1996;
Phillips et al. 1997). Since ionized gas emission-line widths may
not reflect the true gravitational potential, an independent esti-
mate of galaxy mass is desirable. Stellar mass is an obvious
choice, since Hi and CO emission-line widths are too difficult
to measure in galaxies beyond the local universe.

Several authors have pointed out that the near-IR luminosity
of a galaxy is a robust estimator of its stellar mass (e.g., Arago´n-
Salamanca et al. 1993; Alonso-Herrero et al. 1996; Charlot
1998). The main uncertainty in the inferred stellar masses arises
from the age of the stellar population (Rix & Rieke 1993). Instead
of using Ha to constrain the strength and age of a young burst
(Gil de Paz et al. 2000; O¨ stlin et al. 2001; Pe´rez-Gonza´lez et al.
2003a, 2003b), an alternative approach when studying galaxies
at higher redshifts is to use rest-frame far-UV fluxes (Brinchmann
& Ellis 2000, hereafter BE00; Papovich, Dickinson, & Ferguson
2001). Here we use a modified version of the method described
in BE00 to estimate the stellar masses of a sample of LCBGs
at intermediate redshift. Our goal is to test previous claims that
LCBGs have, on average, an order-of-magnitude smaller masses
than typical galaxies today with similar luminosities. In § 2, we
introduce the photometric data set used in this analysis. In § 3,
we describe the technique developed to derive stellar masses.
The results are summarized in § 4. For consistency with previous
work, throughout this Letter, we adopt km s�1H p 500

Mpc and .�1 q p 0.050

2. THE DATA

The initial galaxy sample consists of 40 LCBGs at redshifts
selected from the flanking fields around the Hubble0.4 ! z ! 1.2

Deep Field–North, as described in Phillips et al. (1997). A wide
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TABLE 1
Grid of Model Spectral Energy Distributions

Parameter Range

Age . . . . . . . . . . . . . . . . . . . . 106– yr in steps of 0.1 in log yr102 # 10
SFR (burst) . . . . . . . . . . . . Instantaneous and Gyrt p 1.0
SFR (underlying). . . . . . Gyr andconstantt p 1.0
IMF . . . . . . . . . . . . . . . . . . . . Salpeter andKennicutt
Metallicity . . . . . . . . . . . . . 0.4 and 1Z,

. . . . . . . . . . . . . . . .E(B�V) 0.0, 0.25, 0.5, and 1.0 mag
Extinction law . . . . . . . . . MW,LMC, LMC-modified, SMC, and C94

variety of information for this sample was made publicly avail-
able by the Deep Evolutionary Extragalactic Probe collaboration,
including F814W surface photometry, (VF606W�F814W) colors,
oxygen and Balmer emission-line equivalent widths, velocity
widths, SFRs, and virial masses (Phillips et al. 1997; Guzma´n
et al. 1997). In addition, deep optical ,G, andR photometryUn

for the entire Hubble Deep Field�flanking field area is available
through the Caltech Faint Galaxy Redshift Survey (Hogg et al.
2000), while deep near-IR photometry in the notchedHK� filter
is listed in the Hawaii Flanking Field Catalog (Barger et al. 1999).
After cross-correlating the various catalogs, we ended up with
a final sample of 36 objects with deep ,G, R, F814W, andUn

HK� photometry. Two-thirds of the objects are classified as
H ii–like, while the remaining one-third are classified as SB
disk–like. The limiting magnitudes for the photometry in each
of these bands are , , ,U p 25 G p 26 R p 25.5 F814Wpn

, and . As described in Phillips et al. (1997),′25.0 HK p 20.7
all LCBGs in our sample are brighter than F814Wp 23.74
mag, and their half-light radii are smaller than 0�.5. For F814W
andHK�, an estimate of the total magnitude was derived from
the total flux within a 3� diameter aperture. For ,G, andR,Un

total magnitudes were derived after correcting the magnitudes
within 1�.7 diameter apertures for flux outside the aperture con-
sidering the point-source case, as described in Hogg et al. (2000).
The largest errors in the combined data set are due to the com-
paratively shallower near-IR data (typically mag).j ∼ 0.2′HK

3. STELLAR MASS ESTIMATES

The resulting photometric data set covers throughHK�Un

in the observed frame. The red end of this range corresponds
to ∼0.9 mm in the rest frame of the highest redshift considered
here and to∼1.3 mm for a more typical galaxy in ourz ∼ 0.7
sample. The blue end corresponds to a rest frame of∼0.18mm
and of∼0.23 mm, respectively. Gil de Paz & Madore (2002)
have shown that this filter combination is well suited for de-
riving physical properties of galaxies at from broadbandz ∼ 0.7
data alone, including the star formation timescale, age, metal-
licity, and stellar mass.

Similar to the stellar mass estimates method described in
BE00, we adopt a grid of evolutionary synthesis models with
simple star formation histories (G. Bruzual & S. Charlot 2003,
in preparation) and select the most appropriate evolutionary
history by the error-weighted fitting of the optical and IR pho-
tometry. The models have three main parameters: initial mass
function (IMF), SFR history, and metallicity. There are, how-
ever, some differences between our method and that described
by BE00. First, instead ofk-correcting the observed magnitudes
for our LCBG sample, we chose to shift all model spectra to
the redshift of each of our objects. Redshifted model spectra
were convolved with the empirical filter functions correspond-
ing to the actual ,G, R, F814W, andHK� broadband filtersUn

used in the observations to derive the model magnitudes. These

magnitudes were then corrected for extinction by assuming not
only a range of values for the color excess a la BE00E(B�V )
but also a variety of extinction laws, including those derived
for the Milky Way (MW; Mathis 1990), Large Magellanic
Cloud (LMC; Bouchet et al. 1985), LMC with wavelength-
dependent extinction correction (LMC-modified; Mas-Hesse &
D. Kunth, private communication), Small Magellanic Cloud
(SMC; Bouchet et al. 1985), and the so-called Calzetti’s law
(Calzetti, Kinney, & Storchi-Bergmann 1994, hereafter C94).

Second, there is growing evidence that LCBGs, both in the
local and distant universe, have a composite stellar population
that can be well represented by a young burst superposed on an
older underlying population (Guzma´n et al. 1998; Bergvall &
Östlin 2001; Östlin et al. 2001; Gruel 2002). We use a composite
“underlying�burst” model to fit the observed broadband mag-
nitudes. The burst and underlying components are defined in
terms of the assigned SFR histories, e.g., the instantaneous burst
versus constant or exponentially decaying SFR. For simplicity,
both populations are assumed to have the same IMF and me-
tallicity. The best-fit model is found using a two-step, iterative
procedure. First, a single burst model is fitted to the observed

, G, andR optical bands alone; i.e., the extinction-correctedUn

model magnitudes are compared with the observed magnitudes,
and the best fit is selected using a simple, weighted, least-squares
minimization technique.7 Weights were scaled with the flux in
each band using the limiting magnitudes to provide the reference
minimum weight. Since the observed ,G, andR bands mapUn

approximately the rest-frame UV region of the spectrum at the
redshifts of our galaxies, light is entirely dominated by the young-
est stars in the burst. The fitted model will provide an initial
value for the age of the burst. Second, we fitted an underlying�
burst model to all observed magnitudes, including F814W and
HK�. The burst component is now restricted to vary by less than
10 time steps (or a factor of∼2) in age from the initial value.
Stellar masses are estimated by normalizing the combined un-
derlying�burst spectral energy distribution to the observed mag-
nitudes modulo the IMF. Table 1 summarizes the model ingre-
dients.

Over 800 different model combinations were investigated. As
shown by Gil de Paz & Madore (2002), the comparison of broad-
band photometry with the predictions of evolutionary synthesis
models to derive galaxy physical properties yields, in general,
highly degenerate results. A first set of “best-fit” models were
selected on the basis of having the lowest residuals, i.e., the
lowest standard deviations for the five differences between model
and observed magnitudes.8 The median residuals of the best-fit
models are less than 0.15 mag. The largest median residuals are
∼0.35 mag, which correspond to models that use the MW ex-
tinction law with . On this basis alone, we wereE(B�V ) p 1

7 No corrections for the nebular continuum were made to the ,G, andRUn

magnitudes since its contribution is only significant for burst ages of a few
times 106 yr, which are ruled out by the Hb equivalent widths measured for
our sample galaxies (Guzma´n et al. 1997). The corrections for nebular line
emission on these broadband magnitudes are estimated to be less than 10%
(Bergvall & Östlin 2002) and were not applied.

8 During the model fitting procedure, it was found that offsets needed to be
applied to the observed magnitudes. We have not been able to identify the
source of these offsets. They were derived iteratively as part of the fitting
technique. Extensive Monte Carlo simulations were performed to ensure that
our code could identify and recover artificially introduced zero-point offsets
in fake galaxy catalogs that best mimic the properties of our LCBG sample.
We are confident that the uncertainty in the derived stellar masses is dominated
by model degeneracy and random photometric errors, as explained in the text,
and not by offset errors, which contribute only 0.1–0.15 dex to the mass
estimates.
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Fig. 1.—Histogram of stellar masses for our sample of LCBGs at intermediate
redshift.Solid histogram: Distribution of stellar masses for the whole sample.
Gray histogram: Distribution of stellar masses for SB disk–like LCBGs.Hatched
histogram: Distribution of stellar masses for Hii–like LCBGs.

able to reject the following cases: (1) models with constant SFR
for the underlying component; (2) models with MW and LMC-
modified extinction laws; and (3) models with LMC and SMC
laws and . The residuals were found to be onlyE(B�V ) 1 0.5
slightly dependent on the choice of IMF, metallicity, and star
formation timescales. Since there is growing evidence that the
IMF in star-forming and starburst regions is universal and con-
sistent with Salpeter’s (Leitherer 1998), we adopt a Salpeter IMF
with lower and upper mass cutoffs of 0.08 and 125M , re-,

spectively, for both the burst and underlying components. We
also adopt a metallicity , consistent with the rangeZ p 0.4 Z,

of metallicities observed in distant LCBGs (Guzma´n et al. 1996;
Kobulnicki & Zaritski 1999). Finally, we set the star formation
timescales to be instantaneous for the burst and to be exponential
with Gyr for the underlying component.t p 1

The more restrictive choice of parameters reduces signifi-
cantly the number of best-fit models. The solutions, however,
are still degenerate since various combinations of ,E(B�V )
ranging from 0 to 0.5 mag, and extinction laws (LMC, SMC,
and C94) all produce a low residual fit to the data. Since the
timescales for the burst and underlying components in the mod-
els are now fixed, we find that the dominant source of degen-
eracy is the age-extinction degeneracy (Gil de Paz & Madore
2002). This is in the sense that an older burst with less dust
extinction may yield as good a fit to the data as a younger but
more extincted burst. If the burst is assumed to be less than
108 yr old, as suggested by the relatively strong [Oii] l3727
and Hb equivalent widths (Guzma´n et al. 1997), then we find
only one best-fit model that fulfills all the conditions described
in our analysis. According to this model, LCBGs are consistent
with experiencing, on average, a 9% burst of star formation
that is only 13 Myr old. This young component is superposed
on an older, redder population that is, on average, 2 Gyr old.
These results are qualitatively in good agreement with the burst
strength and age estimates based on mass-to-light ratios and
color analysis for a different sample of LCBGs (Guzma´n et al.
1998). The derived amount of extinction, mag,E(B�V ) p 0.5
is also in good agreement with the average value measured in
starburst galaxies similar to LCBGs (Gil de Paz et al. 2000;
Hammer et al. 2001; Rosa-Gonza´lez, Terlevich, & Terlevich
2002). We emphasize, however, that the results of the stellar
mass measurements are remarkably independent of the final
model choice, as it is discussed below.

Figure 1 shows the distribution of stellar masses for our
LCBG sample. The median value of the overall distribution is

M . This value is very similar to that derived for95 # 10 ,

nearby LCBGs (O¨ stlin et al. 2001). Note, however, that this
value is about∼10 times smaller than the average stellar mass
in the sample of compact galaxies at intermediate redshifts by
Hammer et al. (2001). This difference is most likely due to the
intrinsic higher luminosity of their sample and the fact that
these authors adopted a differentK-band mass-to-light ratio.
The median values for the Hii–like and SB disk–like LCBGs
are and M , respectively. Although not sig-9 105 # 10 2# 10 ,

nificant in this small sample, these values suggest that SB
disk–like LCBGs tend to be more massive than Hii–like
LCBGs. The mean value for the subsample of 17 LCBGs with
blue luminosities aroundL* (i.e., ) is∗M � 1 (1.8� 1) #B

M . This value is 1 order of magnitude lower than the1010 ,

stellar mass expected for a localL* galaxy. Assuming ∗M pK

(for km s Mpc ; Mobasher, Sharples, &�1 �1�25.1 H p 500

Ellis 1993) and aK-band mass-to-light ratio of 1M /L, K, ,

(Héraudeau & Simien 1997), the estimated stellar mass is
M . Thus, we conclude that theL* CBGs at inter-112 # 10 ,

mediate redshifts are about 10 times less massive than a typical
L* galaxy today. This result is in good agreement with previous
claims based on virial mass estimates (Koo et al. 1994; Guzma´n
et al. 1996; Phillips et al. 1997). Our conclusion is not affected
by the final choice of the model we adopted here. The median
value for the stellar mass estimates derived from the other best-
fit models differs by a factor of∼2 from the median value
given above. The highest values correspond to models using
the C94 extinction law; these models yield a median stellar
mass of M . We also note that a Salpeter IMF yields101.3# 10 ,

systematically higher masses, although only by dex.0.2� 0.05
The use of a different IMF would strengthen our conclusion.
Most interestingly, we find that LCBGs at intermediate redshifts
span the same range of stellar masses and stellar mass-to-light
ratios as that characteristic of Lyman break galaxies at redshifts

(Papovich et al. 2001).z ∼ 3
Figure 2 shows the comparison of the stellar masses with the

virial masses derived by Phillips et al. (1997). The virial masses
used for this figure have been corrected for a systematic under-
estimate of the galaxy gravitational potential when emission-line
velocity widths are used. This effect amounts to an∼30% in-
crease in observed velocity widths (Guzma´n et al. 1996; Rix et
al. 1997; Phillips et al. 1997; Pisano et al. 2001). No corrections
for inclination were made. Rotationally supported, face-on
LCBGs are likely to have virial masses significantly lower than
their stellar masses. The 1j error bars have been calculated by
propagating the magnitude errors, the standard deviations of the
fit residuals, and the quoted errors in half-light radii and velocity
widths. The largest source of uncertainty is associated with the
errors in the shallowerHK� photometry. The average error in
the stellar mass measurements amounts to 0.36 dex (in ).log M
Excluding the two most uncertain measurements, the average of
the estimated errors drops to 0.27 dex, i.e., a factor of∼2. This
value is comparable to the median error estimated by BE00 in
their error analysis. The average random error for the virial mass
measurements is estimated to be 0.18 dex. The median virial-
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Fig. 2.—Virial mass vs. stellar mass for LCBGs in our sample in logM,

units. Open squares: H ii–like LCBGs;filled squares: SB disk–like LCBGs.
The error bars correspond to average 1j errors.

to-stellar mass ratio is 0.39 dex. Thus, the stellar mass estimates
of LCBGs are, on average,∼2 times smaller than the virial mass
estimates. This result is also in good agreement with the com-
parison between stellar masses and dynamical masses made by
BE00 and Papovich et al. (2001). The scatter in the virial-to-
stellar mass ratio is slightly larger than expected from the error
analysis, although the exclusion of the two most deviant points
results in 0.54 dex or a scatter of a factor of∼3. No systematic
differences in the virial-to-stellar mass ratios are detected be-
tween the SB disk–like and Hii–like LCBGs. We note, however,
that Figure 2 suggests a trend in the sense that the lowest stellar
mass LCBGs tend to have the highest virial-to-stellar mass ratios.

4. CONCLUSIONS

We have presented a new method for determining robust
stellar masses for LCBGs up to redshifts . Our methodz ∼ 1.2
expands on previous work in the field by including a two-
component burst�underlying model population fitted to a com-
bination of rest-frame UV, optical, and near-IR broadband pho-
tometry in an iterative fashion. Although specifically tailored
for starburst galaxies with a composite stellar population, this
method can also be used to estimate the stellar masses of the
field galaxies, in general, of known redshift. According to our
best-fit model, LCBGs at intermediate redshifts can be de-
scribed, on average, as starburst systems that are undergoing
a 13 Myr old burst involving 9% of the galaxy mass superposed
on an underlying, older population (2 Gyr). This model requires
a modest amount of extinction [ ], with a LMCE(B�V ) p 0.5
extinction law. We have demonstrated via comparisons and
simulations that the stellar masses can be estimated with a
precision of dex and that they are not signif-log DM ∼ 0.3star

icantly affected by the main assumptions needed to constrain
the degeneracy intrinsic to this method. The median stellar mass
for LCBGs in our sample is M , or∼2.5 times smaller95 # 10 ,

than previous mass estimates based on the virial theorem using
scale lengths and emission-line velocity widths. The new, in-
dependent mass estimates are consistent with previous claims
that L* CBGs at intermediate redshifts are about 10 times less
massive than a typicalL* galaxy today.
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