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CHAPTER 5

The Radio Continuum of the Metal-Deficient Blue Compact Dwarf

Galaxy SBS 0335−052

Abstract1

We present new Very Large Array observations at five frequencies, from 1.4 to 22 GHz,

of the extremely low-metallicity blue compact dwarf SBS 0335−052. The radio spectrum

shows considerable absorption at 1.49 GHz, and a composite thermal+non-thermal slope.

After fitting the data with a variety of models, we find the best-fitting geometry to be

one with free-free absorption homogeneously intermixed with the emission of both thermal

and non-thermal components. The best-fitting model gives an an emission measure EM ∼
8×107 pc cm−6 and a diameter of the radio-emitting region D ≈ 17 pc. The inferred density

is ne ∼ 2000 cm−3. The thermal emission comes from an ensemble of ∼ 9000 O7 stars, with

a massive star-formation rate (≥ 5M�) of 0.13-0.15 yr−1, and a supernova rate of 0.006 yr−1.

We find evidence for ionized gas emission from stellar winds, since the observed Brα line

flux significantly exceeds that inferred from the thermal radio emission. The non-thermal

fraction at 5 GHz is ∼0.7, corresponding to a non-thermal luminosity of ∼ 2× 1020 W Hz−1.

We derive an equipartition magnetic field of ∼ 0.6-1 mG, and a pressure of ∼ 3× 10−8 − 1×
10−7 dyne cm−2. Because of the young age and compact size of the starburst, it is difficult

to interpret the non-thermal radio emission as resulting from diffusion of supernova (SN)

accelerated electrons over 107−108 yr timescales. Rather, we attribute the non-thermal radio

emission to an ensemble of compact SN remnants expanding in a dense interstellar medium.

If the radio properties of SBS 0335−052 are representative of star formation in extremely low-

metallicity environments, derivations of the star formation rate from the radio continuum in

high redshift primordial galaxies need to be reconsidered. Moreover, photometric redshifts

inferred from “standard” spectral energy distributions could be incorrect.

1. Introduction

When and how the first episodes of star formation took place remains one of the main questions

of modern cosmology. Much effort has been devoted to measuring the cosmic star formation rate

1This chapter is taken from Hunt, L.K., Dyer, K.K., Thuan, T.X., & Ulvestad, J.S. 2004, ApJ, 606, 853.
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(SFR) of the universe as a function of redshift or look-back time initially at ultraviolet wavelengths

(e.g., Madau et al. 1996), and more recently in the millimeter and radio regimes (e.g., Blain et al.

1999; Haarsma et al. 2000). Unlike ultraviolet or optical wavelengths, radio emission at >∼ 1 GHz

is unaffected by dust, which eliminates the need for uncertain extinction corrections. Nevertheless,

the conversion of radio luminosity to SFR depends on canonical scaling relations (e.g., Condon

1992) which may not apply to star formation at high redshift.

Primordial star formation occurs in chemically unenriched environments. Besides the high-

redshift Lyα absorption systems which are very difficult to study, the only examples we have

of such environments are nearby metal-poor galaxies actively forming stars, such as the class of

galaxies known as Blue Compact Dwarfs (BCDs). Unlike solar-metallicity star-forming regions, the

radio emission in these objects tends to be predominantly thermal rather than non-thermal (Klein,

Wielebinski, & Thuan 1984; Klein, Weiland, & Brinks 1991). Low-metallicity BCDs also tend to be

of low mass. Hence, they may represent the primordial “building blocks” – or “sub-galaxies” (Rees

1998) – in hierarchical scenarios of galaxy formation. As such, the study of their radio properties

can be useful to better understand primordial galaxies.

One of the best candidates for the primordial building-block status is SBS 0335−052. At

Z ∼ 1/41 Z� (Melnick, Heydari-Malayeri, & Leisy 1992; Izotov et al. 1997), it is the lowest-

metallicity star-forming galaxy known after I Zw 18 (Z ∼ 1/50 Z�). Its mass in stars is <∼ 107 M�

(Papaderos et al. 1998; Vanzi et al. 2000), and it is embedded in an HI cloud of ∼ 2 × 109 M�

(Pustilnik et al. 2001). To explore the radio properties of star formation in a chemically unenriched

interstellar medium, and to better understand the nature of the starburst in SBS 0335−052, we

have obtained Very Large Array (VLA) D-array observations at five continuum frequencies. In

this paper, we first describe in some detail the extremely metal-poor BCD SBS 0335−052. We

then present the new radio observations and their reduction and analysis in §3, together with a

description of the optical-radio alignment. Models of the continuum emission and the results of

the spectral fitting are discussed in §4 and §3, respectively. In §6 we examine the properties of

the starburst in SBS 0335−052, as inferred from our observations, and assess the nature of the

non-thermal radio source. Finally, we discuss the possible implications of our results for primordial

star formation.

2. SBS 0335−052

At Z/Z� ∼ 1/41, SBS 0335−052 is the lowest-metallicity galaxy in the Second Byurakan Sur-

vey (Markarian, Lipovetskii, & Stepanian 1983). SBS 0335−052 comprises six main star clus-

ters surrounded by a very blue (V − I = −0.3 − 0.2) low-surface brightness diffuse component

which, because of its filamentary structure and color, is almost certainly gas (Thuan, Izotov, &

Lipovetsky 1997; Papaderos et al. 1998). It is more distant (redshift distance is 54.3 Mpc), and

fainter (V = 16.65) than I Zw 18, but more luminous (MB = -16.7, Thuan, Izotov, & Lipovetsky

1997). SBS 0335−052 has a companion of similar metal abundance ∼ 20 kpc to the west, and both

are embedded within a common HI cloud (Pustilnik et al. 2001). An HST (F791W) image of

SBS 0335−052 is shown in Fig. 1.

The star clusters in SBS 0335−052 are sufficiently compact (diameter upper limit ≤ 50 pc) and

luminous (−14.1 ≤ V ≤ −11.9) to be defined as Super Star Clusters (SSCs) (Thuan, Izotov,

& Lipovetsky 1997). Massive star density in the SSCs is >∼ 2.5 pc−2, with a high surface bright-

ness <∼ 16 mag arcsec−2 in K for the two brightest SSCs (Vanzi et al. 2000). Optical spectra of

SBS 0335−052 show evidence for Wolf-Rayet stars (Guseva, Izotov, & Thuan 2000), and a high

electron temperature (20000–22000 K) and density (500–600 cm−3, Izotov & Thuan 1999).

Extinction as measured from the optical hydrogen recombination lines in the brightest SSC

pair is AV = 0.55 mag (Izotov et al. 1997), but somewhat higher if measured with Brγ: AV = 0.73



Chapter 5 89

mag (Vanzi et al. 2000). Extinction is higher still if measured with Brα (Hβ/Brα: AV = 1.5

mag; Brγ/Brα: AV = 12.1 mag; Hunt, Vanzi, & Thuan 2001). Such high extinction appears to

be caused by warm dust whose emission has been measured in the mid-infrared with the Infrared

Space Observatory (Thuan, Savage, & Madden 1999) and from the ground (Dale et al. 2001). The

warm dust emitting in the mid-infrared is associated with the two brightest SSCs, and resides in

a region no more than 80-100 pc in diameter (Hunt, Vanzi, & Thuan 2001; Dale et al. 2001); the

dust mass is <∼ 105 M� (Plante & Sauvage 2002). The SFR as derived from the integrated Hα

emission is 0.4 M�/yr (Thuan, Izotov, & Lipovetsky 1997), while from the Brα luminosity in the

spectroscopic slit alone is 1.7 M�/yr (Hunt, Vanzi, & Thuan 2001). Those authors concluded that

optical observations do not detect roughly 3/4 of the star formation in the brightest SSCs, and even

2µm observations miss half of it.

3. VLA Observations and Data Reduction

Exploratory observations of SBS 0335−052 were taken on 9 November 2001 in D array at 8.4

GHz resulting in a detection of SBS 0335−052 in 3.5 hours of observation. A second round of obser-

vations at 1.4, 4.8, 8.5, 15 and 22 GHz were taken on 9 January 2002 during D→A move. While no

source was detected at 1.4 GHz in 10 minutes, Dale et al. (2001) report a detection of SBS 0335−052

at 3σ in a 1994 observation. We requested and received discretionary observing time on 12 Septem-

ber 2003 during the A→BnA move to confirm this detection and detected SBS 0335−052 at the 7σ

level.

There is no conclusive evidence that SBS 0335−052 is resolved in this 1.6′′×1.5′′ resolution

image, and we therefore assume it is unresolved in the images made with a larger beam at other

frequencies. This assumption is corroborated by the excellent agreement of our A→BnA flux

(0.47± 0.06 mJy/beam) and that obtained by Dale et al. (2001) at 1.49 GHz (0.40 mJy/beam) with

a 6′′ beam in the B configuration. Table 1 gives the fluxes, their uncertainties, the beam sizes and

position angle, and the integration time of each observation. The uncertainty on the flux given in

Table 1 includes the rms noise and 5% flux calibration uncertainty.
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Fig. 1.— 20 cm map overlayed on the HST/WFPC2 (F791W) image. Radio contours run from

0.12 mJy/beam (2σ) to 0.42 mJy/beam in units of σ (0.06 mJy/beam). The beam, 1.6′′×1.5′′, is

shown in the lower right corner. The radio source is clearly coincident with the two brightest SSCs

in the southeast portion of SBS 0335−052.

3.1. Optical-Radio Alignment

The radio source in our highest-resolution (1.5′′×1.6′′) image at 1.46 GHz is shown in Figure

1. The radio contours in units of σ are overlayed on the HST/WFPC2 image (Thuan, Izotov, &

Lipovetsky 1997) in the F791W filter which we obtained from the HST archive and re-reduced.

We performed our own astrometrical calibration using stars from the U.S. Naval Observatory As-

trometric Catalog A2.0 (USNOA2.02). In the 1600×1600 pixel WFPC2 image, there are five stars

in the USNOA2.0. The astrometric solution for the image, based on these stars, was calculated

with the imwcs routine in the WCSTools package (available from http://tdc-www.harvard.edu/

software/wcstools/). The solution has an rms uncertainty of 0.54′′, or roughly 5 WFPC2 (mo-

saic) pixels.

The correct HST/WFPC2 astrometry results in a virtually perfect alignment of the compact

20 cm radio source with the brightest SSCs (1 + 2) toward the southeast edge of SBS 0335−052. To

the level of ∼ 60µJy/beam, there is no significant radio emission coming from the other SSCs or

the low-surface brightness envelope surrounding the star clusters.

4. Models for the Radio Spectrum

The radio continuum spectrum of SBS 0335−052 is nearly flat with a small negative slope for

ν > 5 GHz, and a drop-off at ν = 1.4 GHz (Figure 2); the low-frequency drop-off is a signature

of free-free absorption. The apparent spectral index of −0.4 of the four points with ν > 1.4 GHz

is similar to that obtained for a large sample of BCDs (Klein, Wielebinski, & Thuan 1984) (α

from 1.4−5 GHz =−0.33), implying that absorption in most other BCDs must be less than in

SBS 0335−052. The apparent spectral index is also steeper than optically thin thermal emission,

implying that there must be some non-thermal contribution to the observed flux.

Because of the low-frequency drop, we did not attempt to fit the radio spectrum of SBS 0335−052

with the simplest model of combined thermal+non-thermal emission with no absorption (c.f., Klein,

Weiland, & Brinks 1991). The models we investigated include thermal and non-thermal compo-

2http://tdc-www.harvard.edu/software/catalogs/ua2.html
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nents, and the effects of free-free absorption from ionized gas with several geometries. If τff is the

free-free absorption optical depth 3:

τff ' 0.08235

(

T

K

)−1.35 (

EM

pc cm−6

)

( ν

GHz

)−2.1

(5.1)

where ν is the frequency, T is the ionized gas temperature, and EM is the emission measure, the

optically thin thermal emission f th can be written as:

f th
ν = φ (5.95 × 10−5)

(

T

K

)−0.35
( ν

GHz

)−0.1
(

EM

pc cm−6

)(

θ
′′

)2

mJy (5.2)

φ is a geometrical factor that is equal to π/6 for a spherical region of constant density and diameter

θ, and π/4 for a cylindrical region of diameter and length θ (e.g., Mezger & Henderson 1967). φ

also includes the filling factor, which we have assumed equal to unity. The non-thermal emission

can be written as:

fnt
ν = fnt

ν0

(

ν

ν0

)αnt

mJy (5.3)

where fnt
ν0

is the non-thermal (unabsorbed) flux at ν0. Model 1 includes absorption in the form of

a foreground screen of ionized gas that obscures both thermal and non-thermal components:

f tot
ν = exp(−τff)(fnt

ν + f th
ν ) mJy (5.4)

Model 2 assumes that the absorbing medium is intermixed with both thermal and non-thermal

emission:

f tot
ν =

[

1 − exp(−τff)

τff

]

(fnt
ν + f th

ν ) mJy (5.5)

Model 3 includes a screen absorption term only for the non-thermal component, while the absorbing

medium is assumed to be homogeneously intermixed with the thermal emission:

f tot
ν = exp(−τff) fnt

ν +

[

1 − exp(−τff)

τff

]

f th
ν mJy (5.6)

These models represent slightly different geometries. In models 1 and 2, thermal and non-

thermal regions are assumed to be cospatial. In model 3, the absorbing medium and thermal

emitting region must lie between the non-thermal emission and the telescope, or “outside” of it.

Models in which the non-thermal emission was not absorbed, for example when the non-thermal

source is more extended than the thermal emitter/absorber, give significantly worse fits than the

three models considered here.

We fit the VLA spectrum to these models using a χ2 minimization technique to estimate fnt
ν0

,

θ, and EM (through τff) based on the amoeba algorithm (Press et al. 1992). Errors for the fitted

parameters were obtained according to the precepts of Lampton, Margon, & Bowyer (1976) for

three fitted parameters and a confidence level of 95%. ν0 was chosen to be 5 GHz. αnt was fixed a

priori to −0.8, although values ranging from −0.5 to −1.1 did not affect the relative quality of the

fits (but see §3). The electron temperature Te was taken to be 20000 K (Izotov & Thuan 1999).

We have tested our fitting procedure against Deeg et al. (1993) for II Zw 40, and obtain results

consistent with theirs.

3This approximation for τff is accurate to <
∼ 20%.
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4.1. Additional Physical Processes

In addition to the models already described, we also investigated other physical mechanisms

that may help shape the radio spectrum of SBS 0335−052.

Since the ultraviolet (UV) radiation field in SBS 0335−052 is roughly 10000 times the local

value (Dale et al. 2001), inverse Compton losses may be important. Following Deeg et al. (1993),

we included this effect in the expression for the non-thermal spectrum. These fits gave a larger

χ2, probably because of the insensitivity of the spectrum to the non-thermal emission, given the

dominant thermal emission at high frequencies in SBS 0335−052.

We also investigated the possible effect of a thermal plasma in the synchrotron emission re-

gion. This effect, usually called the Razin-Tsytovich effect (e.g., Simon 1969), does not appear to

influence the shape of SBS 0335−052’s radio spectrum. For SBS 0335−052, the Razin-Tsytovich

cutoff frequency appears to be less than the thermal cutoff, since we were unable to obtain good

fits by including this effect. This would be the case if the magnetic field B > 4 × 10−5/
√
L where

L is the physical dimension of the emitting region in pc (see Verschuur & Kellermann 1988). For

L = 30 pc, B > 7µG. The equipartition magnetic field inferred from our observations (see §3) is

more than 100 times this value.

5. Spectral Fitting Results

For α = −0.8, the best fit for each of the three models gave a similar minimum of reduced

χ2
ν = 1.6. Nominally, the best fit was obtained with the mixed geometry for both components (model

2), but the lowest χ2
ν = 1.60 was only slightly lower than that obtained with screen geometry for

one or both of the components (models 1 and 3: χ2
ν = 1.67). The best-fit models together with

the observed spectrum are shown in Fig. 2. With model 2 (mixed geometry, left panel of Fig. 2),

assuming a spherical geometry and αnt =−0.8, the best-fit parameters are:

EM = (7.6 ± 2.9) × 107 pc cm−6 (5.7)

θ = 0.063 ± 0.001 arcsec (5.8)

fnt
ν0

= 0.68 ± 0.007 mJy (5.9)

The resulting mean-square residuals are 0.06 mJy, averaged over the 5 data points. The thermal

fraction at 5 GHz is 0.27, which gives a 5 GHz thermal flux of 0.25 mJy. With model 3 (screen

absorption for non-thermal, mixed for thermal, right panel of Fig. 2) and a spherical geometry and

αnt =−0.8, the best-fit parameters are:

EM = (2.8 ± 0.8) × 107 pc cm−6 (5.10)

θ = 0.11 ± 0.01 arcsec (5.11)

fnt
ν0

= 0.60 ± 0.005 mJy (5.12)

The thermal fraction at 5 GHz is 0.32, which gives a 5 GHz thermal flux of 0.29 mJy. Again, the

resulting mean-square residuals are 0.06 mJy.

There is an indication that the non-thermal spectral index is steeper than the canonical α =

−0.8, since the lowest value of χ2
ν (1.37) was obtained with model 2 by fixing α = −1.6. However,

while this result is formally a slightly better fit than that we obtain with α = −0.8, with such a

steep α the other geometries give substantially worse fits. Unlike steeper indices, α = −0.8 gives

similarly low χ2
ν also for the different absorption geometries. We therefore chose to fix α = −0.8.

Our data are unable to distinguish among the various absorption geometries (screen, mixed, or

combined), although a screen absorption of both thermal and non-thermal components is physically

unrealistic. Lower frequency observations would be necessary to distinguish the models (see Fig. 2).

In what follows, we therefore consider the range of the best-fit values implied by the mixed/combined
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Fig. 2.— Radio continuum flux versus frequency ν. Model 2 (mixed-geometry absorption of

thermal+non-thermal components) is shown in the left panel, and model 3 (mixed-geometry abs-

orption of thermal component + screen absorption of non-thermal one) in the right. The 1.49 GHz

point denoted by a filled square is from Dale et al. (2001). A solid line shows the best-fit model,

with the separate components given by a dotted line (thermal) and a dashed one (non-thermal).

geometries (models 2 and 3). The non-thermal fraction and flux levels do not vary much with

geometry (0.68−0.73, 0.60−0.68 mJy, respectively), but the thermal emission measure and source

size change by a factor of two or more.

5.1. Thermal Emission

The fitted diameter of the thermal emission region θ corresponds to a physical size D =

17 − 29 pc, several times smaller than the 80 pc diameter from Dale et al. (2001) and the outer

radius of 110 pc predicted by the dust model of Plante & Sauvage (2002). Given θ, the global

EM determined from our fit can be used to estimate the ionized gas density ne. The resulting

densities ne range from 980–2100 cm−3. These values are higher than those inferred from optical

spectroscopy ne & 600 cm−3 (Izotov & Thuan 1999). However in the optical we cannot probe very

far into the star clusters; hence the density could easily be higher than optical estimates. Also, the

optical spectroscopy is averaged over a larger region (& 260 pc) than the size we infer from our fit.

The best-fit emission measure of 2.8−7.6×107 pc cm−6 is not an extreme value for dwarf star-

burst galaxies. In He 2-10 and NGC 5253, emission measures range from 107 to 108 pc cm−6 and

implied densities between 500< ne < 104 cm−3. (Kobulnicky & Johnson 1999; Mohan, Ananthara-

maiah, & Goss 2001). In Wolf-Rayet galaxies, typical emission measures are 108 − 109 pc cm−6,

with densities & 103 cm−3 (Beck, Turner, & Kovo 2000). In II Zw 40, another BCD, Beck et al.

(2002) deduce an EM of 109 pc cm−6 for the most compact sources.

5.2. Non-Thermal Emission

Above 1.4 GHz, the apparent spectral index is −0.4, a clear indicator of significant non-thermal

emission. Indeed, the fitted fraction of non-thermal radio emission at ν = 5 GHz is 0.7, with a 5 GHz

non-thermal flux fnt
ν0

= 0.60 − 0.68 mJy. We can use fnt
ν0

to estimate the magnetic field strength

in SBS 0335−052, assuming equipartition between the magnetic field energy and the energy of the

relativistic particles (Pacholczyk 1970). We take the ratio of relativistic proton to electron energies

to be k = 40 (e.g., Deeg et al. 1993), assume a spherical volume of diameter 17-29 pc with unit filling

factor, and a constant spectral index from ν1 = 107 Hz to ν2 = 1011 Hz. We obtain a synchrotron



Chapter 5 95

luminosity4 Lsyn = 8−9×1037 erg s−1, and an equipartition B = 633−1065µG, an extremely high

value for magnetic field strength. The corresponding minimum pressure within the synchrotron

emitting region is 3× 10−8 − 1× 10−7 dyne cm−2, and the equipartition energy is ∼ 1052 erg. These

values, although extreme, are similar to the magnetic field strength and pressure estimated for the

compact sources in M 82 (Allen & Kronberg 1998).

Although magnetic fields in very active star-forming galaxies tend to be much stronger than in

less active galaxies such as the Milky Way (Kronberg, Lesch, & Hopp 1999), we cannot be certain

that such a high value for the magnetic field in SBS 0335−052 is correct. First, the source may

be too young to have achieved the minimum-energy configuration (see §6.4). Second, the standard

formula for magnetic field strength relies on a fixed integration interval in frequency. In the case

of SBS 0335−052, with its relatively high non-thermal radio luminosity, this procedure is almost

certainly inappropriate. A fixed frequency interval corresponds to different electron energy intervals,

because of the dependence on magnetic field strength (Beck et al. 1996). Using the correct formula,

and integrating from a proton energy of 300 MeV to infinity, we obtain an equipartition field of

30µG (R. Beck, private communcation), similar to the field strengths of other BCDs (Deeg et al.

1993).

6. Radio Emission and Star Formation in SBS 0335−052

The results from the spectral fits allow us to separate thermal and non-thermal emission in

SBS 0335−052. From the thermal emission, we can then derive the number of ionizing photons, the

star-formation rate, and the supernova rate.

6.1. Ionizing Photons

With a thermal flux of 0.25 − 0.29 mJy at 5 GHz, the inferred thermal luminosity LT = 8.8 ×
1019 − 1.0 × 1020 W Hz−1. Because of the high electron temperature in SBS 0335−052, the usual

scaling for ionizing photons (e.g., Rubin 1968; Caplan & Deharveng 1986; Lequeux 1980; Condon

1992) give inconsistent results. We therefore provide in the Appendix a new set of relations which

are valid to within 0.5% for 10000K≤ T ≤20000K. These are useful for comparing thermal radio

emission and optical/near-infrared recombination lines in low-metallicity high temperature envi-

ronments, and we use them here. With this thermal luminosity, Equation A6 gives the number of

ionizing photons Nion = 8.2−9.4×1052 photons s−1. With 1 O7V star = 1049 photons s−1 (Leitherer

1990), we obtain ∼ 9000 equivalent O7 stars.

From the Brα line luminosity of 3.2×1039 erg s−2 (Hunt, Vanzi, & Thuan 2001) uncorrected for

extinction, with T = 20000K, we infer a total of 19400 stars. A correction for a screen extinction

of AV
>∼ 12 (Hunt, Vanzi, & Thuan 2001; Plante & Sauvage 2002) would increase these values by

a factor of 1.6, a mixed geometry correction a factor of 2.4. It is clear that the Brα is powered by

between two and five times the ionizing photons responsible for the thermal radio emission.

Either our estimate of the thermal fraction is wrong, or there is a source of ionized gas emission

in addition to the H ii region associated with the SSCs. The apparent spectral index α of −0.4

is indicative of a substantial non-thermal component as mentioned before, and is also implied by

our spectral fits. Even if the entire observed 5 GHz flux (0.8 mJy) were thermal, a reasonable

extinction correction for the Brα emission would still give a similar discrepancy. We therefore favor

the hypothesis of an additional source of ionized gas, namely an extended envelope of ionized gas

resulting from massive stellar winds. Such winds are known to exist in SBS 0335−052 from its

4Lsyn is the total synchrotron luminosity obtained by integrating the non-thermal spectrum from ν1 = 107 Hz

to ν2 = 1011 Hz.
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UV spectrum which shows strong Si IV 1394, 1403 absorption lines with the characteristic P-Cygni

profiles (Thuan & Izotov 1997).

6.2. The Stellar Wind

To account for the presence of an extended stellar wind in SBS 0335−052, we performed a new

set of spectral fits which included the spectrum of free-free radiation from varying-density envelopes

(Panagia & Felli 1975), in addition to the thermal and non-thermal components described above.

Traditional H ii region constant density models do not fit such regions because of the different

spectral behavior (fν ∝ ν0.6). Physically, such a configuration could occur if there were a density-

bounded inner wind zone optically thick in the radio, but not in Brα, surrounded by an H ii region.

The χ2
ν from these new fits are formally equivalent to the best-fit models of §3, although the

influence of the wind in the radio spectrum would not be apparent in Fig. 2, because of the low

amplitude of the wind relative to the other components. The best-fit model gives the fraction of

the wind contribution at 5 GHz as 0.004, which corresponds to an 8.5 GHz flux of 0.0035 mJy. With

a cluster the size of that inferred in §6.1, this would correspond to a stellar wind of the order of

Ṁ� ∼ (v∞/1000 km s−1) 1 × 10−4 M� yr−1 per star (e.g., Lang, Goss, & Rodŕıguez 2001), where

v∞ is the stellar wind’s terminal velocity. This velocity being about 500 km s−1 in SBS 0335−052

(Thuan & Izotov 1997), Ṁ� is roughly 5 × 10−5 M� yr−1. This is not an unreasonable value

compared to observed values for late-type WN stars (Leitherer et al. 1997) or for massive stars in

the Galactic center (Lang, Goss, & Rodŕıguez 2001).

We can predict how much Brα flux we would expect from a stellar wind with the radio prop-

erties of SBS 0335−052. Using the formalism in Simon et al. (1983), and assuming that Brα is

optically thick5, we would expect 3.2 × 10−14 erg cm−2 s−1, several times higher than the observed

Brα flux of 9.0 × 10−15 erg cm−2 s−1 (Hunt, Vanzi, & Thuan 2001). An extinction correction for

mixed geometry (τBrα = 2.1) would give a flux of 2.3× 10−14 erg cm−2 s−1, lower than, but compa-

rable to, the wind prediction. The radio emission from the wind may be overestimated by our fit,

and the extinction correction for Brα uncertain, but the wind+H ii-region model seems to be able

to account for the Brα flux better than the H ii-region model alone.

The radio contribution from the H ii region is far larger than that from the stellar wind, while

the Brα emission is much stronger from the wind than from the H ii region. The Brα flux inferred

from the thermal radio continuum, 3.7 × 10−15 erg cm−2 s−1, is a factor of ∼ 10 times lower than

what we would expect from an optically thick wind (see above). Moreover, it is less than half the

observed value of 9.0×10−15 erg cm−2 s−1, which is a lower limit because of the extinction correction.

It is evident that in SBS 0335−052 there is an excess of Brα flux over what we would expect from

a simple H ii region. The hot massive stars of the Arches Cluster in the Galactic Center show a

similar, if more extreme, excess; comparing the radio emission (Lang, Goss, & Rodŕıguez 2001)

to the near-infrared recombination line flux (Nagata et al. 1995) shows that the Brα luminosity is

more than 20 times greater than expected from a Case B H ii region extrapolated from the radio.

6.3. Star-Formation Rate

The thermal radio emission can also be used to derive the massive star-formation rate (SFR).

First, using the formulation given in the Appendix, valid for high temperatures, and assuming

that N(He+)/N(H+) = 0.08, T = 20000K, and fHα/fHβ = 2.75, from LT we derive the Hα

luminosity LHα = 5.8 − 6.7 × 1040 erg s−1. Then, following Condon (1992), we estimate the SFR

5If the Brα flux were optically thin, the predicted flux would be 105 times higher than observed. Also, these

calculations assume an electron temperature of 10000 K.
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of stars more massive than 5 M� SFR≥5 M�
= 0.13 − 0.15 M� yr−1.

The total SFR including less massive stars is 0.7−0.8 M� yr−1, about half the value estimated

by Hunt, Vanzi, & Thuan (2001). The reason for this is that the near-infrared recombination line

flux is apparently partly due to stellar winds; consequently, numbers of massive stars and star-

formation rates inferred from the near-infrared recombination lines are overestimated.

We can infer the total stellar mass in the cluster, assuming an age and a population synthe-

sis model. For an age of 5 Myr (Papaderos et al. 1998; Vanzi et al. 2000), and with Starburst

99 (Leitherer et al. 1999), the number of O7V stars given by the thermal radio luminosity in

SBS 0335−052 corresponds to a total stellar mass of 2.4×106 M�. This is very close to the total

stellar mass of 2×106 M� estimated by Plante & Sauvage (2002) on the basis of the integrated in-

frared spectral energy distribution, but is 3 times lower than that of Hunt, Vanzi, & Thuan (2001).

Again, this last discrepancy is because of the Brα excess described above.

6.4. Non-thermal Radio Emission and Supernovae

Non-thermal radio emission can be used to estimate the star-formation rate in SBS 0335−052,

provided it follows usual scaling relations (e.g., Condon 1992). Here we investigate this assumption,

and use our observations to determine the origin of the non-thermal radio emission in SBS 0335−052.

Given the SFR≥5 M�
, we can estimate the supernova (SN) rate νSN. Almost independently

of the form of the initial mass function, νSN = 0.041 SFR≥5 M�
yr−1. With SFR≥5 M�

= 0.13 −
0.15 M� yr−1, νSN =0.005 − 0.006 yr−1. This is only 3–4 times smaller than the recent estimate of

0.016 yr−1 for M 82 (Allen & Kronberg 1998), and the Type II SN rate of the Galaxy, 0.023 yr−1

(Tammann 1982), which however are galaxies over 1000 times more massive. We can also use the

relations given in Condon (1992) for normal galaxies to deduce the non-thermal radio luminosity

LNT we would expect from a typical starburst with this νSN. In SBS 0335−052, predicted LNT is

1.9 − 2.2 × 1020 W Hz−1, corresponding to an expected non-thermal flux fν0
≈ 0.6 mJy at 5 GHz.

This value is very close to the model fit value of 0.60–0.68 mJy at 5 GHz.

It is puzzling why the scaling relation derived for massive spiral galaxies with evolved starbursts

(e.g., Condon & Yin 1990) would hold for SBS 0335−052. Non-thermal radio emission in spiral

galaxies is almost certainly produced by relativistic electrons diffusing over the galactic disk. The

timescale for this diffusion on kpc scales is 107 −108 yr (Helou & Bicay 1993). As noted by Condon

(1992), although SNe almost certainly accelerate initially the electrons responsible for non-thermal

emission we observe, >90% of it was produced long after the discrete SNe have faded out. The

starburst in SBS 0335−052 is very young, 5 Myr or younger (Vanzi et al. 2000). It therefore seems

unlikely that the diffusion mechanism active in the majority of spiral galaxies has had enough time

to operate in SBS 0335−052 to produce the observed amount of non-thermal emission.

The dimensions of the radio source as implied by the models are also inconsistent with the stan-

dard diffusion picture. The non-thermal source cannot be larger than the beam width (FWHM∼400

pc), and almost certainly is at least 10 times smaller than this given the constraints imposed by

the spectral fit. This size is 50–100 times smaller than that of the diffuse kpc-scale radio emission

mechanism which powers normal spiral galaxies.

We therefore investigate possible sources of non-thermal emission which are both spatially

compact and develop on a short timescale. On the very shortest timescales ( <∼ 100 yr), the non-

thermal radio emission in SBS 0335−052 could come from a single radio SN seen at a time not long

after its explosion. The inferred LNT = 2 × 1020 W Hz−1 is not unusual for radio SN (Weiler et

al. 2002), but because of the rapid decline of radio emission on timescales of decades, we must be

observing it not long after it occurred. However, the lack of radio variability over the 9-yr period

spanned by our observations and those in Dale et al. (2001) suggest that this interpretation may

not be the best one.
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Alternatively, on slightly longer timescales, the non-thermal radio emission in SBS 0335−052

could arise either from radio SNe or evolved SN remnants. Radio SNe have adiabatic lifetimes of

∼ 2×104 yrs (Woltjer 1972), and from the νSN derived above, we can estimate the radio luminosity

we would expect from a population of these (e.g., Ulvestad 1982). From radio SNe that emit only

during the adiabatic phase of their evolution, we would expect at 5 GHz LNT = 3.5×1019 W Hz−1;

this is 6 times smaller than the observed LNT = 1.9−2.2×1020 W Hz−1 at 5 GHz. The non-thermal

source in SBS 0335−052 is therefore difficult to interpret as an ensemble of standard radio SNe.

Finally, the radio source in SBS 0335−052 could be interpreted as one or more evolved compact

SN remnants similar to those observed in M 82 (Allen & Kronberg 1998). As proposed by Chevalier

& Fransson (2001), such remnants could be interacting with a dense interstellar medium, with

ne ∼ 103 cm−3, similar to the ne we derive for SBS 0335−052. The timescales for this radiative

phase are longer than the pure adiabatic lifetimes (Chevalier & Fransson 2001), and, given the

intense starburst and massive SSCs in SBS 0335−052, we could expect to detect sources with

properties similar to those in M 82. Since νSN in SBS 0335−052 corresponds to roughly 1 SN

every 54 yr, it would not be unlikely for a few of these to be visible at the current epoch. As

mentioned before, the equipartition pressure and magnetic field in SBS 0335−052 are similar to

those in M 82. The physical dimensions of such compact sources are <∼ 4 pc (Muxlow et al. 1994),

so they could conceivably reside inside the 30 pc diameter region responsible for the thermal emission

and absorption. The non-thermal flux of SBS 0335−052 placed at the 3.63 Mpc distance of M 82

would be ∼ 130 mJy, similar to the flux of the most luminous of M 82’s compact sources, and

equivalent to the flux of a few to ten or so of the less luminous ones. Lsyn in SBS 0335−052 is

only 4 times higher than the most luminous source in M 82, and comparable to the predictions of

Chevalier & Fransson (2001). We conclude that a few compact evolved remnants, similar to those

observed in M 82 as well as other starbursts (e.g., Smith et al. 1998), could be responsible for the

non-thermal radio emission in SBS 0335−052. VLBI and high-resolution X-ray observations are

necessary to verify this hypothesis.

Indeed, Chandra observations of SBS 0335−052 show evidence for a compact point source

roughly spatially coincident with the compact non-thermal radio source we find here, and associated

with the two brightest SSCs (Thuan et al. 2003). The X-ray source is extremely luminous in the

0.5−8.0 keV range (3 × 1039 erg s−1), and would be classified as an ultra-luminous X-ray source

(ULX) if it is a single object.

The nature of the radio+X-ray emitting object is however not clear. Whether the X-ray

source is a single ULX or several high-mass X-ray binaries (HMXRBs) is impossible to judge with

the Chandra resolution. But while there are more than a hundred HMXRBs in our Galaxy (Liu,

van Paradijs, & van den Heuvel 2000), only ≤5% of these are radio emitters (Clark et al. 2001).

Although the X-ray luminosity is similar to that expected from a microquasar associated with a

medium-mass black hole, its radio luminosity well exceeds (by 106) that observed in other such

objects (Mirabel & Rodŕıguez 1998). Also its non-thermal radio spectrum is much steeper than the

flat spectra thought to be characteristic of black hole systems in the low/hard spectral state (Mart́ı

et al. 2002). Moreover, as mentioned above, there is no evidence for either radio variability over a 9-

yr interval or X-ray variability over shorter timescales, although the limited photon statistics do not

strongly constrain the temporal nature of the X-ray source (Thuan et al. 2003). Hence, the radio

source and the X-ray one could be physically distinct objects, the non-thermal radio luminosity

coming from evolved SNRs expanding in a dense medium, and the X-ray luminosity from a single

ULX or several HMXRBs. Independently of the specific nature of the compact object(s) responsible

for the X-ray and radio emission, it is evident that they are connected to the SSCs and the starburst

episode which formed them.
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6.5. Implications for High-Redshift Star Formation

There are two noteworthy features of the radio continuum in SBS 0335−052, relative to spectra

of normal spiral galaxies or other BCDs. First, there is significant free-free absorption on a global

scale, of sufficient amplitude to suppress by a factor of 4 or more the observed flux at 1.49 GHz.

Second, while the spectrum of SBS 0335−052 is significantly different from those of normal spirals,

it is not completely thermal as in other BCDs. At 5 GHz, we find roughly a 30-70 mix of thermal

and non-thermal emission.

If SBS 0335−052 can be taken as representative of star formation in an extremely low-metallicity

environment, care should be taken when deriving cosmological conclusions from present and future

radio continuum surveys. Because of the young age, low metal abundance, and intensity of the

starburst, galaxies like SBS 0335−052 may not obey the usual scaling laws laid out in Condon

(1992). Moreover, the effects of free-free absorption substantially alter the spectrum at frequencies
<∼ 1.5 GHz. It would not be straightforward to disentangle such an effect when deriving the SFR

as a function of redshift. Young starbursts occurring in a metal-poor, but dusty and dense environ-

ment, have integrated radio properties that may be very different from those of evolved starburst

prototypes such as M 82 and Arp 220. As a result, photometric redshifts inferred from “standard”

spectral-energy distributions could also be incorrect.

7. Summary and Conclusions

We have presented new VLA continuum observations of the extremely metal-poor BCD SBS 0335−052,

and fit the spectrum to a variety of models.

• The best-fitting model (model 2), which assumes an absorption medium intermixed with

thermal+non-thermal emission, gives an EM = 7.6 × 107 pc cm−6 and a diameter of the

radio-emitting region of 17 pc. The inferred density is ne ∼ 2000 cm−3.

• The non-thermal fraction at 5 GHz is 0.7, with an unabsorbed non-thermal 5 GHz flux of

0.68 mJy, corresponding to LNT = 2.2×1020 W Hz−1. From this, we derive an equipartition

magnetic field of ∼ 1 mG, and a pressure of ∼ 10−7 dyne cm−2. Integrating over a fixed

electron energy interval, rather than one at fixed frequency, gives a field strength of 30µG.

• We find evidence for a stellar wind in SBS 0335−052, because of the excess of Brα flux over

that inferred from the thermal radio emission.

• Because of the compact size and young age of the starburst, it is difficult to interpret the

non-thermal radio emission as due to diffusion of SN-accelerated electrons on timescales of

107 − 108 yr. Rather, we attribute the non-thermal radio emission to an ensemble of compact

SN remnants expanding in a dense interstellar medium.
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A. Ionizing Photons and Optical/Radio Ratio for Electron Temperatures > 10000K

For a radiation-bounded H ii region,

Nion =

∫

nen(H+)αBdV (A1)
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where Nion is the number of ionizing photons, ne and n(H+) are the electron and ionized hydrogen

number densities respectively, and αB is the Case B recombination coefficient (Osterbrock 1989).

Here, we have neglected the absorptions by He since they do not greatly reduce the number of

photons available for ionizing H (Osterbrock 1989).

The radio free-free emissivity jν can be written as:

4πjν = 4.102 × 10−39
( ν

GHz

)−0.1
(

T

104K

)−0.35

ne[n(H+) + n(He+)] (A2)

in units of erg s−1 cm−3 Hz−1, and where T is the electron temperature, and n(He+) is the number

density of ionized helium (Altenhoff et al. 1960; Mezger & Henderson 1967; Rubin 1968; Caplan &

Deharveng 1986). The correction factor between this approximation and the more exact form given

in Oster (1961) is 0.9975 for T = 20000 K (see Mezger & Henderson 1967). Integrating 4πjν over

the emitting volume and placing a source with this luminosity at distance d gives an expression for

the radio flux:

fν = 3.43 × 10−63

(

d

Mpc

)−2
( ν

GHz

)−0.1
(

T

104K

)−0.35 ∫

ne[n(H+) + n(He+)]dV mJy (A3)

The temperature dependence of the recombination coefficient αB is very different for tempera-

tures > 10000 K, than for cooler ones. If a power law approximation is assumed for this dependence,

and using the values given by Osterbrock (1989), for T 10000 K≤ T ≤20000 K we find:

αB = 2.59 × 10−13

(

T

104K

)−0.04

. (A4)

By combining Equations A3 and A1, and eliminating the volume integrals, we can write the

number of ionizing photons Nion as a function of thermal free-free flux:

Nion = 7.56 × 1049

(

d

Mpc

)2
n(H+)

n(H+) + n(He+)

( ν

GHz

)0.1
(

T

104K

)0.31 (

fν

mJy

)

(A5)

Except for the different temperature dependence, this equation is the same as Rubin (1968) and

Lequeux (1980), but we have left explicit the effect of ionized He; n(He+)/n(H+) is ∼ 0.08 for low-

metallicity environments (e.g., the Magellanic Clouds: Caplan & Deharveng 1986; SBS 0335−052:

Melnick, Heydari-Malayeri, & Leisy 1992).

Equation A5 can also be expressed in terms of radio luminosity LT rather than flux:

Nion = 6.32 × 1052 n(H+)

n(H+) + n(He+)

( ν

GHz

)0.1
(

T

104K

)0.31 (

LT

1020WHz−1

)

(A6)

Equation A6 is equivalent to that given by Condon (1992), except for the different temperature

dependence and the explicit inclusion of the dependence on He+; our expression is valid for 10000 K≤
T ≤20000 K.

We now turn to the hydrogen recombination lines for 10000 K≤ T ≤20000 K. Using the co-

efficients in Osterbrock (1989), and assuming a power-law dependence on T , the (Case B) Hβ

emissivity jHβ can be written as:

4πjHβ = 1.24 × 10−25nen(H+)

(

T

104K

)−0.91

(A7)

in units of erg s−1 cm−3 (c.f., Mezger & Henderson 1967). As before, we integrate 4πjHβ over the

emitting volume to obtain the total Hβ luminosity LHβ , which, when combined with Eq. A1 and

Eq. A4, gives the number of ionizing photons as a function of LHβ :

Nion = 2.09 × 1012

(

T

104K

)0.87 (

LHβ

erg s−1

)

(A8)
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Placing this source at distance d gives an expression which depends on the Hβ flux fHβ :

Nion = 2.50 × 1050

(

T

104K

)0.87 (

d

Mpc

)2 (

fHβ

10−12 erg cm−2 s−1

)

(A9)

The Hβ flux expected from the radio free-free emission is therefore given by:

(

fHβ

10−12 erg cm−2 s−1

)

= 0.302
n(H+)

n(H+) + n(He+)

(

T

104K

)−0.56
( ν

GHz

)0.1
(

fν

mJy

)

(A10)

Equation A10 is very similar to Condon (1992) because the different temperature dependence on

the recombination coefficient used here disappears in the ratio.

Other recombination lines can be used if the temperature dependence is taken into account.

Again, using the coefficients in Osterbrock (1989), we find for 10000 K≤ T ≤20000 K:

jHα/jHβ = 2.86

(

T

104K

)−0.057

(A11)

jHβ/jPaα = 2.959

(

T

104K

)0.251

(A12)

jHβ/jBrγ = 35.939

(

T

104K

)0.2454

(A13)

jHβ/jBrα = 12.496

(

T

104K

)0.352

(A14)

These expressions are valid for densities 100 cm−3 ≤ ne ≤1000 cm−3.
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Table 1. VLA Observations of SBS 0335−052

Frequency [GHz] Flux [mJy beam−1] Beam Time on source

1.46 0.4571 ± 0.0610 1.6′′×1.5′′, 49◦ 45m

4.86 0.7720 ± 0.0855 29′′×16′′, 54◦ 12m

8.46 0.6508 ± 0.0386 12′′×9′′, -7◦ 3.5h

14.94 0.3960 ± 0.0704 12′′×5′′, 54◦ 1.8h

22.46 0.4817 ± 0.0789 6′′×4′′, 52◦ 1.3h




