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Abstract. In this letter we report on the first set of multi-frequency and high angular resolution radio observations of
IRAS 18576+0341. The radio observations have revealed an extended, asymmetric and quite structured radio nebula and allowed us to locate the central core of this highly obscured new galactic Luminous Blue Variable. From the analysis of radio
properties of IRAS 18576+0341 estimates of important physical parameters of the central star have been determined. In particular, an eﬀective temperature of T eﬀ ∼ (2.6 ± 0.2) × 104 K, corresponding to a B0-B0.5 supergiant, has been derived. The most
notable result is the determination of the current day mass-loss ( Ṁ = 3.7 × 10−5 M yr−1 ), which is of particular importance
since mass-loss rate determination from radio observations appears to be a more reliable method compared to the others based
on diﬀerent diagnostics.
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1. Introduction
A Luminous Blue Variable (LBV) is an evolved, luminous
massive star which is characterized by unsteady, high massloss rate ( Ṁ = 10−3 −10−4 M yr−1 ). Stars belonging to this
class undergo giant eruptions, leading to the formation of extended circumstellar nebulae, and are characterized by strong
spectral and photometric variability. They are believed to be
in the short transition phase of massive star evolution towards the Wolf-Rayets stage (Humphreys & Davidson 1994).
Typical LBVs are η Carinae and P Cyg.
LBVs are very rare; up to now less than 10 objects are
known in our Galaxy. This is probably related to the very short
timescales involved in this phase of stellar evolution (∼104 yr)
and to the presence of thick circumstellar envelope that makes
observations of the central object diﬃcult. Among new LBVs
candidates there is the infrared source IRAS 18576+0341 that
was firstly classified as a Planetary Nebula on the basis of
its infrared colors (Garcia-Lario et al. 1997). More recently,
Ueta et al. (2001) mapped the source at 10.3 and 18.0 µm
and reported the presence of an extended dusty circumstellar shell, whose morphology is consistent with a central object that have experienced strong mass-loss. This, together with
the modelling of the spectral energy distribution (SED), which

supported an extremely bright (L∗ = 2.5 × 106 L ) central object, led the authors to suggest that IRAS 18576+0341 could
be a LBV.
The source has been definitively classified as a new LBV
by Pasquali & Comeron (2002) and by Clark et al. (2003), on
the basis of the observed strong photometric and spectroscopic
variability and of its position in the HR diagram.
Radio observations of LBVs are particularly important
because their ability to penetrate the thick dusty envelopes
and thus to probe the gaseous component lying inside them.
Moreover, radio observations provide a powerful tracer for Ṁ,
because less assumptions than those required by other Ṁ determination methods are necessary. A good Ṁ determination
is very important since the observed variability of mass-loss
rate and its relation to changes in T eﬀ (or radius) during the
cyclic spectral and photometric variations of LBVs is still under debate, mainly because of the paucity of available measurements. So far, P Cyg is the only LBV of the northern hemisphere to be studied in detail in the radio, as the other radio
emitting LBVs are all in southern hemisphere, where radio interferometers with angular resolution of subarcsec scale are
not available. In this letter we report on the first set of multifrequency and high spatial resolution VLA radio observations
of IRAS 18576+0341.
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2. Observations
We observed IRAS 18576+0341 with the VLA1 at six frequencies, namely 1.4 (L-band), 4.8 (C-band), 8.4 (X-band),
14.9 (U-band), 22.0 (K-band) and 43.0 (Q-band) GHz, with
a bandwidth of 100 MHz.
The observations were carried out in three diﬀerent days,
namely on April 18, 20 and 22, 2004. The array was in C configuration, providing a typical beam size of ∼12.5 , ∼3.9 ,
∼2.3 , ∼1.2 , ∼0.9 and ∼0.47 at 1.4, 4.8, 8.4, 14.9, 22 and
43 GHz respectively.
For the lower frequencies 1824+107 was used as phase calibrator, while for K and Q-band the closer 1851+005 was preferred. For all the observed band the flux density scale was determined by observing 3C 48.
The data processing was performed using the standard programs of the NRAO Astronomical Image Processing System
(AIPS). The mapping process was performed by using the
UNIFORM weighting and the dirty map was CLEANed down
as close as possible to the theoretical noise. Observations were
obtained in diﬀerent dates. We therefore, for each band, firstly
mapped the data relative at each single day. After checking that
short term variability was not present in our data, we concatenated the data of each frequency in a single data set. This allowed for a better signal to noise ratio. The noise level (rms)
in the maps was estimated by analyzing an area on the map,
2
, away
whose dimension is of the order of more than 100 θsyn
from the phase center and free from evident radio sources. At
each frequency, the map rms resulted to be consistent with the
expected theoretical noise.
We detected IRAS 18576+0341 at all the 6 observed frequencies as an extended nebula. The total radio flux density
associated to the source has been derived by summing the contribution of all the pixels contained in the radio source (AIPS
task IMSTAT).

3. The radio properties
IRAS 18576+0341 is an extended radio source, however, the
limited angular resolution of the C configuration prevented
the identification of the core component at lower frequencies.
Therefore at those frequencies only the total flux density and
an estimate of the overall dimension of the source could be
gathered. From the 1.4 GHz map an estimate of the dimension
of the extended nebula can be derived, which is of the order
of ≤10 . An interferometer is blind to structures whose angular dimensions are larger then the shortest baselines. At 0.7 cm
the VLA-C is sensitive to structures up to 40 . Therefore, in
the conservative hypothesis that the overall dimension of the
extended nebula is the same at all the frequencies, we can be
quite confident that all of the flux from the nebula is detected,
even at 0.7 cm.
At the higher frequencies a compact, slightly resolved
source is evident, embedded in a structured extended ionized
1
The Very Large Array is a facility of the National Radio
Astronomy Observatory which is operated by Associated Universities,
Inc. under cooperative agreement with the National Science
Foundation.

Fig. 1. Composite image obtained by superposition of radio images
at 43, 22 and 14.9 GHz. Color coding is: 14.9 GHz red, 22.0 GHz
green and 43.0 GHz blue.

shell. The same kind of morphology has been observed in other
LBVs. Figure 1 shows the composite image obtained by superposition of radio images at 43, 22 and 14.9 GHz after degradation to a common angular resolution of 0. 4 (θFWH M /3) at
14.9 GHz. The total K-band (22 GHz) and Q-band (43 GHz)
maps are shown in Figs. 2a and b. Most of radio flux is coming
from the extended, highly clumpy nebula with negligible contribution from the compact one, that, however, becomes more
important as the frequency increases.
To quantify the contribution of the two components (central
object and nebula) to the observed flux density we have then
reconstructed the radio spectrum (central object plus nebula).

3.1. The core component
From the higher frequency maps, where the angular resolution allows us to clearly distinguish the compact component,
the position, flux density and angular size of the central source
have been derived by fitting a two dimensional Gaussian brightness distribution to the map. The same procedure was applied
to the K and U band data, by using as a fixed parameter of
the fit the Q-band source position, namely α = 19h 00m 10.s 92,
δ = +03◦ 45 47. 1.
The results obtained for the central core component plus
their uncertainties are given in Table 1. At each frequency, the
error associated to the flux density estimation Fν is 3 times
the rms in the map.
In Fig. 3 the spectrum of the compact core is shown. A
stellar wind behavior is evident, which is characterized by
a 0.8 ± 0.1 spectral index (να ) obtained from a weighted linear fit of 15, 22 and 43 GHz measurements.

3.2. The extended nebula
To get an estimate of the radio flux density due only to the extended nebula, at the higher frequencies we directly subtracted,
from the total flux density, the contribution of the core component, as derived by the Gaussian fit. For the lower frequencies
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Fig. 2. a) Contour plot of 1.3 cm image. Levels are −3, 3, 4, 5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 40, 45, 50, 60, 70, 80, 90 times 0.09 mJy/beam;
b) Contour plot of 0.7 cm image. Levels are −3, 3, 4, 5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 40, 45, 50, 60, 70, 80, 90 times 0.15 mJy/beam.
Table 1. Radio properties of the Nebula and the core. At lower frequencies, values of flux density of the core component are extrapolations of
the high frequency trend.

Nebula

Core component

Band

Flux density

Size (FWHM)

Orientation (major axis)

Flux density

Size

[GHz]

[mJy]

[arcsec]

[deg]

[mJy]

[arcsec]

1.4

83 ± 2

–

–

0.6

–

4.8

100.9 ± 0.5

5.67 × 4.02

106.4◦

1.5

–

8.4

95.0 ± 0.2

5.71 × 3.93

109.8◦

2.1

–

14.9

87.9 ± 0.4

5.72 × 3.89

113◦

3.1 ± 0.4

–

22

78.0 ± 0.3

5.82 × 3.69

113.8◦

4.1 ± 0.3

0.28 × 0.20

43

73.8 ± 0.5

5.99 × 3.75

117◦

6.2 ± 0.5

0.23 × 0.16

the contribution of the core component was evaluated from the
extrapolation of the stellar wind spectrum down to 1.4 GHz.
The results obtained for the extended component are also
reported in Table 1 and shown in Fig. 3. The optically thick
spectrum (Fν ∝ ν2 ) and optically thin spectrum (Fν ∝ ν−0.1 )
of a free-free emitting radio sources are also shown for
comparison.
IRAS 18576+0341 has been previously observed in 1991
by Becker et al. (1994) during a large 5 GHz survey conducted with the VLA. They measured a total flux density of
78 ± 7.5 mJy. If we compare this results with our 5 GHz measurements, even considering the poorer angular resolution and
sensitivity of Beckers’ data, it appears that the source is variable at least on timescale of order of years.

4. Discussion

4.1. The Nebula properties
The most striking characteristics of the radio nebula is its asymmetry, as the nebula lying all well in the N-E part with respect
to the central object. A certain degree of asymmetry was also
evident in the mid-IR map obtained by Ueta et al. (2001), where

a southern component, which contributes to the 25% of the total mid-IR emission is present. This southern component is not
present in any of the radio maps, where the first contour level,
of 3 times the map rms, corresponds to 0.1% of the total radio
emission. The fact that this asymmetry in the nebula is clearly
visible in the radio, which is not aﬀected by absorption, leads
to exclude any eﬀect due to absorption by dust.
Such an asymmetry is present in other LBVs and, in particular, White et al. (2000), in order to explain it pushed forward
the hypothesis of a unseen binary conpanion, which ionizes
part of the envelope, giving origin to the unbalanced ionized
region. While the explanation of such a morphology is beyond
the scope of this letter and needs further, more focused observations, it appears that the binary model evocated by White et al.
(2000) in the case of HR Car may be not valid in the present
situation as the temperature map obtained from mid-IR observations by Ueta et al. (2001) indicates a single, central, heating
source.
From the optically thin radio flux it is possible to derive the
total ionized mass of the nebula (Gatheir et al. 1983). In the
hypothesis of a pure hydrogen nebula at 10 kpc, with a electron temperature of 104 K, an average angular radius of 5 , we
derive from the flux density at 22 GHz a total ionized mass
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Fig. 3. Radio spectra of the central object and of the extended nebula.
For the compact object, triangles indicate the measurements used in
the fit to derive the spectral index. Diamonds indicate extrapolations
of such a fit to the lower frequencies. For the extended nebula, the optically thick spectrum (dotted line) and optically thin spectrum (dashed
line) of a free-free emitting radio sources are shown for comparison.

of ∼2 M . This value depends on the value of volume filling
factor of the nebula, which has been assumed to be 1.
Ueta et al. (2001) provide an estimate of total mass of dust
of ∼0.1 M , which was computed assuming a toroidal morphology for the dust emitting region, with a radius of ∼14 .
Therefore, a dust emitting region, whose dimensions are comparable to those of the radio emitting nebula, would contain
a total mass of dust of 4.2 × 10−3 M , which implies a dust
to gas ratio of 2 × 10−3 . This value, however, has to be considered as an upper limit, because radio observations trace only the
ionized gas. The diﬀerence from the canonical value of ∼10−2
may be attributable to the fact that values derived by Ueta et al.
(2001) are strongly model depended.

4.2. The Teﬀ of the central object
The nebular radio spectrum shows that, starting from 4.8 GHz,
the extended nebula is optically thin. It is, therefore, possible
to derive the excitation parameter (Uexc ) required to account
for the measured radio flux:

1
Uexc = 13.3 ν0.1 T 0.35 D2kpc Fν 3

pc cm−2

(1)

where Fν is the optically thin radio flux density, expressed in Jy,
at the observing frequency ν (in GHz); T is the nebula temperature, expressed in 104 K, and Dkpc is the source distance in kpc.
If the nebula is ionization bounded, this parameter can be
related to the radiation field of the ionizing source, namely to
the number of ionizing photons, with wavelengths shorter than
the Lyman limit, emitted by the central star. Following the definition by Spitzer (1978) we have:
3
photons s−1
Luv = 1.23 × 1056 βUexc

(2)

where β is the hydrogen recombination coeﬃcient summed
over all levels above the ground level (∼3 × 10−13 cm3 s−1 for
T ∼ 104 K).
By combining Eq. (1) with Eq. (2), assuming a nebular
temperature of T ∼ 104 K and a distance of 10 kpc (Ueta
et al. 2001), from the radio flux density measured at 22 GHz,
we derive a number of ionizing photons of Luv ∼ 8.95 ×
1047 (photons s−1 ). This is the flux of Lyman continuum photons of a B0–B0.5 supergiant and corresponds to an eﬀective
temperature of T eﬀ ∼ (2.6 ± 0.2) × 104 K (Panagia 1973).
Spectral characteristics of IRAS 18576+0341 are very similar to those of other galactic LBVs classified as Ofpe/WN9 and
WN9-11 as pointed out by Pasquali & Comeron (2002). This
would imply a T eﬀ in the range (2.8±0.7) × 104 K. On the other
hand, Clark et al. (2003) performed a modelling of the near-IR
spectrum of IRAS 18576+0341, deriving a T eﬀ between 1.3
and 1.5 × 104 K. Similar values ((1.5 ± 0.6) × 104 K) were
obtained by Ueta et al. (2001) by modelling the dusty shell.
Our result is in between these extremes but it has to be taken
with some caution as ionizing fluxes for hot stars have been
derived from stellar structure and atmospheric models of normal stars while properties of LBVs show many similarities but
also several diﬀerences with those of normal blue supergiants
(Crowther 1997).

4.3. The current day mass-loss rate
If we assume that the central radio object is coincident with the
LBV we can derive, from the radio data, its actual mass-loss.
Standard formulas for thermal radio emission from an expanding wind have been derived by Panagia & Felli (1975).
They showed that the observed radio flux (Fν , mJy) is related
to the dynamical parameters of the wind such as mass-loss
rate ( Ṁ) and the terminal velocity of the wind (v∞ , km s−1 ).
It is therefore possible to estimate the mass-loss by using
the relation:
(ν × gﬀ )−0.5
Ṁ = 6.7 × 10−4 v∞ Fν3/4 D3/2
kpc

M yr−1

(3)

where full ionization and cosmic abundances have been assumed. The free-free Gaunt factor (gﬀ ) is approximated with
3/2
gﬀ = 9.77(1 + 0.13 log T ν ) (Leitherer & Robert 1991).
From the radio flux density observed at 43 GHz, assuming
as stellar wind velocity a value of v ∼ 200 km s−1 , (Crowther
1997), a temperature of the wind of 104 K and a distance
of 10 kpc (Ueta et al. 2001), we derive a mass loss rate of
Ṁ = 3.7 × 10−5 M yr−1 . This value is consistent with previous evaluations obtained by diﬀerent authors using diﬀerent
techniques (Leitherer 1997). In particularly, it is consistent with
values reported by Clark et al. (2003), who estimated, for this
object, a variation of mass loss rate from 0.5 × 10−4 to 1.2 ×
10−4 M yr−1 in less than one year, associated to an increment
of T eﬀ from 1.25 × 104 to 1.5 × 10−4 K. Changing mass loss
rate is not surprising for LBVs, which shows a wide range of
behavior as a function of eﬀective temperature (Leitherer 1997;
Stahl et al. 2001). Vink & de Koter (2002) suggest that the
observed behavior can be explained as a consequence of the
changes in the eﬃciency of line driving resulting from the recombination/ionization Fe VI/III and Fe III/II, the second one

predicted to occur for T eﬀ 1.5 × 104 K, that is in the observed
range of variability of T eﬀ for IRAS 18576+0341.
Finally, we may compare the value of current mass loss
with those derived from the properties of the ejected dust shell,
which is the remnant of the previous eruption episodes experienced by IRAS 18576+0341 in the past. From the model
of the dusty shell, Ueta et al. (2001) derived a value of mass
loss, which is an order of magnitude lower than the current values. Since the diﬀerence is not attributable to an assumed too low dust to gas ratio (see Sect. 4.1), it appears
that IRAS 18576+0341 is in the process of making another
LBV shell.

5. Conclusions
We have obtained the first high resolution, multi-frequency
radio images of the newly recognized galactic LBV
IRAS 18576+0341, which have revealed the core compact
component, assumed to be coincident with the LBV, embedded in a more extended, highly structured nebula.
The radio properties of the extended nebula has been compared with those of the mid-IR dust shell and the derivation of
the total mass of ionized gas allowed us to determine the dust
to gas ratio in the nebula, which appears to be at least one order
of magnitude smaller than the value observed in the interstellar
medium.
The detection of radio emission from a stellar wind associated to the central core of IRAS 18576+0341 have provided
the possibility to get accurate estimates of the current day Ṁ.
Successive monitoring of the high frequency radio flux
density of IRAS 18576+0341 together with more near-IR
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spectroscopic observations will allow us to derive relevant stellar parameters, i.e. T eﬀ and Ṁ, to determine characteristic
timescale of their variability and to establish any kind of relation among them.
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