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Introduction

PNe angular diameter s and �ux es

• Parameters for modelling nebula and central star

• Diameters: two methods of deconvolution

• Fluxes: calibrated narrow-band filters

Extinction towards PNe

• Extinction constants for Galactic dust distribution

• A single Galactic extinction law for dereddening?

• Hα and radio flux ratios versus Hα/Hβ flux ratios

• RV: ratio of total to selective extinction
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Observations and Data Processing

• 70 Galactic PNe on 2002 June 24 & 25

• 56 Bulge PNe : |l| < 15◦, |b| < 15◦

• 39 Bulge PNe3: |l| < 10◦, |b| < 10◦; 0.′′9 < θ < 20′′;
39 Bulge PNe3: 4.2mJy < Sν(5 GHz) < 45mJy

• ESO 3.5-m NTT with EMMI camera

• On- and off-band Hα and [O ] filters

• Continuum removed by subtracting off-band image
scaled by transmission ratio of filters (Figs. 1 to 4)

• Problem with filter response values (Fig. 5)

Bensby & Lundström3
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Continuum Subtraction

Using On- and Off-band Hα and [O iii] Filter s
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Figure 1: Transmission curves for on- and off-band H� and [O ] filters.
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PNe Hα Images – Continuum Subtraction 1

Figure 2: M2-10 (PN G 354.2+04.3) H� images using on- and off-band filters #654 and #598.
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PNe Hα Images – Continuum Subtraction 2

Figure 3: M2-10 (PN G 354.2+04.3) H� off-band image subtracted, but out of alignment.
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PNe Hα Images – Continuum Subtraction 3

Figure 4: M2-10 (PN G 354.2+04.3) H� off-band image subtracted and aligned.
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Filter Response Values

• Hα wavelengths in steep redward side of curve

• Change in central wavelength with position on CCD

• Calculated Doppler shift to determine flux values

Figure 5: Transmission curves for on-band H� and [O ] filters. Dashed curves are filter response values provided by ESO and
solid curves are those based on observed calibration spectra. Solid vertical lines indicate La Silla-air wavelengths, with dashed
vertical lines indicating the spread of observed wavelengths due to Doppler shifting.
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Diameter Determinations

• PSF: Gaussian  mean of four field stars

• PNe: θFWHM measured by fitting 2D Gaussian

• Trivial deconvolution2: θgauss=
√

(θFWHM)2 − (θPSF)2

• Can apply correction factor γ: θtrue= γθgauss

with γ a function of β, where β = θgauss/θPSF

• However γ(β) can be approximated14 by a1

1+a2β2 + a3

• Constant emissivity shell model: γ depends on ri

• Photoionization model: γ depends on emissivity and
absorption of specific lines as function of distance r

Bedding & Zijlstra2, van Hoof14
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Diameter Results

• Ionization stratification model diameters larger than
constant emissivity shell 0.8 model (θline > θshell)

• For a shell 0.5 model (filling factor 0.9) θline ≈ θshell

• Present mean value, θmean, of the two models
with θline and θshell upper and lower limits

• [O ] diameters are in most cases smaller than Hα

• 36 of the objects are fully resolved (θline ≥ 2θPSF)

• 25 sufficiently resolved for 10% measurement

• Low intensity contours reveal elliptical structure
compared to  measurement of bright core
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PNe Fully Resolved Hα Angular Diameters

PN G Object � PSF � gauss � shell � line � mean � 10% � rad � opt AR Notes

000.3� 04.6 M2-28 1:57 � 0:03 4.10 5.3 6.4 5.8 � 0.5 9.0 � 8.0 4.8 1.09 ellip
000.3� 02.8 M3-47 1:10 � 0:09 4.67 5.8 7.1 7.4 � 5.5 � 0.6 9.0 � 8.0 St. 1.35 irreg
000.6� 01.3 Bl3-15 1:50 � 0:03 2.15 3.0 3.5 3.4 � 3.1 � 0.3 6.0 � 4.5 3.0 1.08 ellip
002.3� 03.4 H2-37 1:88 � 0:02 2.98 4.0 4.8 5.5 � 3.2 � 0.4 7.0 � 5.5 4.2 1.54 ellip
002.8� 02.2 Pe2-12 2:00 � 0:06 4.70 6.1 6.6 9.8 � 3.3 � 0.2 10.5 � 5.0 5.0 2.49 disc
004.0� 11.1 M3-29 1:64 � 0:07 5.24 6.7 8.0 7.3 � 0.7 10.5 � 9.5 13.0 8.2 1.06 ellip
004.7� 11.8 He2-418 1:18 � 0:05 7.40 9.2 11.1 12.8 � 7.6 � 1.0 14.0 � 8.5 13.0 1.68 irreg
004.8� 05.0 M3-26 1:54 � 0:02 5.93 7.5 8.0 7.7 � 0.3 11.0 � 9.5 8.6 1.03 disc
008.6� 07.0 He2-406 1:56 � 0:04 3.72 4.8 5.8 5.8 � 4.9 � 0.5 8.0 � 7.5 3.0 1.17 irreg
009.4� 09.8 M3-32 1:52 � 0:04 4.32 5.5 6.7 6.8 � 5.4 � 0.6 8.5 � 7.5 7.5 6.0 1.24 ring
283.8+02.2 My60 1:65 � 0:02 5.65 7.2 8.6 7.9 � 0.7 11.0 � 10.5 7.6 1.07
292.8+01.1 He2-67 1:55 � 0:01 2.18 3.0 3.6 3.6 � 3.0 � 0.3 6.0 � 4.5 < 5 1.16 ellip
346.3� 06.8 Fg2 1:17 � 0:04 3.20 4.1 5.0 4.9 � 4.2 � 0.4 6.5 � 5.5 < 5 1.14
348.0+06.3 MGP1 1:98 � 0:14 4.92 6.4 7.7 7.6 � 6.4 � 0.6 12.0 � 9.5 3.8 1.17 ellip
351.2+05.2 M2-5 1:33 � 0:01 3.41 4.4 5.3 4.9 � 0.4 6.5 � 6.5 5.0 5.0 1.03 outflow
351.9+09.0 PC13 2:07 � 0:04 5.15 6.7 8.0 8.6 � 6.0 � 0.7 10.0 � 8.5 7.0 1.39 disc
352.1+05.1 M2-8 1:10 � 0:01 2.55 3.3 4.0 3.8 � 3.5 � 0.3 5.0 � 5.0 3.7 4.2 1.10 outflow
352.6+00.1 H1-12 1:13 � 0:03 5.76 7.2 8.7 7.9 � 0.8 12.0 � 10.0 11.0 6.8 1.00
352.8� 00.2 H1-13 1:57 � 0:16 9.27 11.5 14.0 12.7 � 1.2 13.5 � 12.0 14.0 9.6 1.08 ring
354.2+04.3 M2-10 1:64 � 0:03 2.93 3.9 4.7 5.2 � 3.4 � 0.4 6.5 � 5.5 4.0 4.0 1.42 irreg
355.4� 02.4 M3-14 1:52 � 0:02 2.40 3.3 3.9 3.6 � 0.3 8.0 � 5.0 2.8 7.2 1.01 ellip
357.1� 06.1 M3-50 1:25 � 0:04 3.06 4.0 4.8 6.7 � 1.7 � 0.4 8.5 � 3.5 4.0 3.03 disc
357.1+01.9 Th3-24 1:24 � 0:04 4.61 5.8 7.0 6.4 � 0.6 8.0 � 7.0 St. 1.07 irreg
357.1+03.6 M3-7 1:39 � 0:02 3.15 4.1 4.9 4.9 � 4.1 � 0.4 6.5 � 5.5 4.7 5.8 1.18
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PNe Hα Images: Morphology and Structure
By their nature PNe at a given distance are likely to exhibit a range of
diameters depending on where they are in their evolutionary sequence

Figure 6: H� images with cut values set to � � 1� . All images are 2600� 2600with north up and east to the left.
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PNe Hα Images: Morphology and Structure
By their nature PNe at a given distance are likely to exhibit a range of
diameters depending on where they are in their evolutionary sequence

Figure 7: H� images with contour levels at 80, 65, 50, 35, 20, 10, (5, 2, 1, 0.5, 0.2, 0.1) per cent of the nebula peak. The actual
lowest contour level plotted is dependent on signal-to-noise ratio, and is indicated after PNe name. All images are 2600� 2600with
north up and east to the left. To filter the noise, the images have been smoothed with a 3 pixel (0:0081) box.

Manchester Astrophysics 2004 PNe Angular Diameters, Fluxes and Extinction 12



PNe Hα Images: Morphology and Structure

Figure 8: Squares with Concentric Rings, Wassily Kandinsky, oil on canvas, 1913.
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Flux Determinations

• Maximum flux radius determined (Fig. 9)

• ADU count conversion using LTT1020 and LTT624

• [N ] contribution to Hα flux removed (Fig. 10):
Fdet= F6565T6565+ F6584T6584+ F6548T6548→

F(Hα)obs= Fdet/(T6565+ R6584T6584+ R6548T6548)

using catalogue
1

[N ] to Hα flux ratios R 6584= F6584/F6565and R6548= F6548/F6565

• [O ] flux factored by filter transmission coefficient

• Filter transmission coefficients Doppler shift corrected

• λ computed from vrad
1,5 less barycentric correction

Acker et al.1, Durand et al.5
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Determination of Maximum Flux Radius

Figure 9: M2-10 (PN G 354.2+04.3) H� flux magnitude by PN radius.
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[N ] Contribution to Hα Flux

Figure 10: M2-10 (PN G 354.2+04.3) H� line at 6565Å and [N ] lines at 6548Å and 6584Å (rest wavelengths).
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Flux Results

There is little evidence of any systematic differences between observed
and catalogued flux values.

Figure 11: Comparison of observed and catalogued H� and [O ] flux values (log mW m� 2). Diamonds denote objects observed
on the first night, triangles the second.
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Hα Flux: Possible Sources of Error
• Accuracy of filter response data the

most significant, suggesting an error
factor of ±5% for blue-shifted objects
and ±10% for red-shifted objects.

• Only 7 out of 60 objects have
∆F(Hα) > 0.4 (log mW m−2)

Figure 12: Distribution of ∆F(H� ), the absolute difference
between observed and catalogued H� flux values
(log mW m� 2).

• Poor photometry

• Residual stellar background flux
after subtraction of the continuum

• Off-centred peak in the Hα on-band
filter response curve

• Estimation of flux from [N ii] lines

• Accuracy of corrected Hα filter
transmission coefficients

• Change in filters due to their age,
input beam or ambient temperature

• Integrating the transmission profile
of the filter response curves

• Uncertainties in radial velocities

• Changes in air pressure (airmass)

• Aperture correction factor
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Extinction Determinations 1

Using obser ved �ux values

• Radio to Hβ flux ratio8:

Sν(6cm)/F(Hβ)0 = 3.10 × 1012 (mJy/mW m−2)

• Hβ extinction – expected to observed Hβ flux ratio:

Cβ = log[F(Hβ)0/F(Hβ)]

• Combining above with Balmer-line intensity ratio:

Cα = log[2.85 Sν(6cm)/3.10 × 1012F(Hα)]

Pottasch8
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Extinction Determinations 2

Using catalogue �ux values 1

• Extinction derived from catalogue Hα and Hβ flux:

Cβ = log[F(Hβ)0/F(Hβ)] = A4861EB−V/2.5
Cα = log[F(Hα)0/F(Hα)] = A6561EB−V/2.5
(where Aλ is wavelength dependent extinction coefficient)

• Combining above with Balmer-line intensity ratio:

Cαopt = B log[F(Hα)cat/2.85 F(Hβ)cat]

(where B = A6561/(A4861− A6561) = 2.28)
8

Acker et al.1, Pottasch8

Manchester Astrophysics 2004 PNe Angular Diameters, Fluxes and Extinction 20



Extinction Determinations 3

Alternative method 4 of calculating λ dependent constant B

• More fundamental extinction law: A(λ)/A(V)

• Total to selective extinction: RV [= A(V)/E(B− V)]

• Using empirical data: 〈A(λ)/A(V)〉 = a(λ−1)+b(λ−1)/RV

Dividing B by A(V) and substituting a(λ−1) + b(λ−1)/RV:

B = (aα + bα/RV)/[(aβ + bβ/RV) − (aα + bα/RV)]

(where aα = a(1/λHα), aβ = a(1/λHβ), etc.)

• Equation for Cαopt now takes RV dependent form:

Cαopt = B(RV) log[F(Hα)cat/2.85 F(Hβ)cat]

Cardelli et al.4

Manchester Astrophysics 2004 PNe Angular Diameters, Fluxes and Extinction 21



Calculation of RV

• Observed extinction:

Cα = log[2.85 Sν(6cm)/3.10 × 1012F(Hα)]

• Catalogue extinction:

Cαopt = B(RV) log[F(Hα)cat/2.85 F(Hβ)cat]

• If value for RV is correct Cα = Cαopt !

• RV can now be calculated in terms of the observed
extinction Cα and catalogued Hα and Hβ flux ratios:

RV = [Cα(bα − bβ) + Dbα]/[Cα(aβ − aα) − Daα]

(where D = log[F(Hα)cat/2.85 F(Hβ)cat])
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Flux and Extinction Values for Bulge Subset B

PN G Object Radial Vel. (km s� 1) Flux (log mW m� 2) S� 6 cm H� Extinction RV ∆RV

Observed Catalogue Observed Catalogue (mJy) Observed Catalogue

000.3� 04.6 M2-28 -43.5 -29.9 -11.70 -11.73 10 0.66 0.98 1.99 0.62
003.6+03.1 M2-14 -25.0 -48.2 -11.35 -12.15 39 0.90 1.41 1.87 0.42
003.7� 04.6 M2-30 130.0 154.9 -11.29 -11.18 14 0.40 0.74 1.59 0.75
004.0� 11.1 M3-29 26.2 49.3 -11.20 -11.10 12 0.25 0.12 10.81 31.50
009.4� 09.8 M3-32 40.1 58.4 -11.39 -11.22 12 0.43 0.53 2.46 1.29
349.8+04.4 M2-4 -227.0 -207.2 -11.06 -10.93 32 0.53 1.08 1.47 0.50
350.9+04.4 H2-1 -35.5 -18.8 -10.62 -10.67 61 0.37 0.79 1.38 0.67
351.1+04.8 M1-19 -68.6 -55.2 -11.10 -11.15 26 0.48 0.93 1.53 0.59
351.2+05.2 M2-5 -134.6 -123.4 -11.18 -11.26 12 0.22 0.90 0.84 0.52
352.1+05.1 M2-8 18.2 25.1 -11.31 -11.72 18 0.53 0.78 1.99 0.79
355.1� 06.9 M3-21 -78.6 -66.9 -10.84 -10.93 30 0.28 0.08 276.33 42.22
355.4� 02.4 M3-14 -63.3 -82.3 -11.47 -11.33 30 0.91 1.45 1.85 0.41
355.9+02.7 Th3-10 -256.5 -12.70 -12.96 29.5 2.14 2.55 2.51 0.27
357.1+03.6 M3-7 -171.7 -193.6 -11.34 -11.33 28 0.75 1.20 1.84 0.49
358.7+05.2 M3-40 54.0 32.8 -12.25 -12.23 15.1 1.39 1.93 2.13 0.33
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Extinction Results

For Bulge objects (subset B) with 100 mJy > Sν > 10 mJy and Tb < 103K

Figure 13: (a) Comparison of observed H� extinction values, C � = log [2:85 S � (6cm)=3:10� 1012 F(H� )] and catalogued H� extinction
values, C� opt = B (RV) log [F(H� )cat=2:85 F(H� )cat] where B (3:1) = 2:36, for Bulge subset B objects. Diamonds denote objects
observed on the first night, triangles the second. (b) Comparison of RV and observed H� extinction values. 004.0� 11.1 (M3-29)
and 355.1� 06.9 (M3-21) are excluded.
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Extinction Results

• Values determined from observed Hα flux and
radio flux tend to be lower than those calculated with
RV = 3.1 and catalogue Hα and Hβ fluxes

• RV sensitive to differences between Cα and Cαopt

• Correlation between increasing RV and Cα

• Reasonable error ∆RV calculated:

∆RV = RV(Cα + 0.1) − RV(Cα − 0.1)

• Mean value 〈RV〉 for subset B found to be 2.0

• No correlation between low RV and low radio fluxes.
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Galactic Distribution for Subset B

Figure 14: Comparison of RV with Galactic distribution for Bulge
subset B objects. Relative RV is indicated by dot size with
RV = 2:0 scale indicated at top right. 004.0� 11.1 (M3-29) and
355.1� 06.9 (M3-21) are excluded.

• Three objects close together on the
sky have, within their uncertainties,
〈RV〉 = 1.2

• Using catalogue Hα flux values
〈RV cat〉 = 2.2

• Comparison of observed and
catalogue RV shows good agreement
for most of subset B

• Comparison of observed and
catalogue Sν / Hα extinction shows good
agreement for most of subset B

• Suggests that extinction toward the
Bulge is lower than RV = 3.1
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Bulge PNe: Evidence for Anomalous Extinction

• Comparison of Crad and Copt estimated10,12 RV = 2.7

• Optical and UV analysis found15 RV = 2.29 ± 0.50

• Toward HD 2101216,7 RV = 2.1 ± 0.2

• OGLE II: Extinction toward Bulge13 RV = 1.75 to 2.50

• OGLE II: Extinction map of Bulge11 RV = 1.9 to 2.1

• Standard extinction law based on selection effect?

• Longer lines of sight could cross more dilute medium

• RV < 2.5 could be due to smaller dust grains

Stasinska et al.10, Tylenda et al.12, Walton et al.15, Larson et al.6,7, Udalski et al.13, Sumi11
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Extinction and the Warm Ionized Medium

• Components of the interstellar medium:
Molecular clouds and Diffuse clouds
Warm neutral medium (WNM)
Warm ionized medium (WIM)
Hot ionized medium (HIM)

• Extinction to Bulge likely to arise from WIM and WNM

• Suggest that WIM has RV ≈ 1.5 and WNM RV ≈ 2.5

• Smaller dust grains in WIM due to dust-grain
evolution or the effects of supernovae

• Steeper extinction due to more energetic environment
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Grain Sizes
Low RV values can be reproduced using Greenberg dust models
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Figure 15: Left: A plot, between 0.3 and 1.0 microns, of the absorption, scattering and extinction cross-sections for a Greenberg
model with a turnover radius of 0.08 microns, q = 2, and core radius equal to 0.042 microns. The cross-sections are measured
relative to an area of 2:147 � 10� 16 m� 2; Right: Calculated values for RV for a Greenberg dust model, as function of the turnover
radius for the size distribution.
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Conclusions

• Calculated angular diameters using two models

• Low intensity contours revealed elliptical structure

• Doppler shifted Hα and [O ] λ computed from vrad

• Filter coefficients used to determine actual fluxes

• Extinction from observed Hα and catalogue radio fluxes

• RV dependent extinction from catalogue Hα/Hβ fluxes

• RV derived from observed Hα extinction and
catalogued Hβ and Hα flux values.

• Found 〈RV〉 = 2.0, concluding that toward the Bulge
interstellar extinction is steeper than RV = 3.1
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