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Figure 1. RXTE layer 1 X-ray light curve, 1996–2009, for all PCUs. The PCU2 data are plotted as net rates and scaled fluxes while the PCU0, 1, 3, and 4 data are
scaled to flux using the conversion relations given in Corcoran (2005). An estimate of the cosmic background is shown by the dotted line, which limits the sensitivity
of RXTE to measure the true flux level during the X-ray minimum.
(A color version of this figure is available in the online journal.)

cycle-to-cycle X-ray variations, while a discussion of the obser-
vations and our interpretations are given in Section 6. Finally,
we summarize our conclusions in Section 7.

2. THE RXTE OBSERVATIONS

The RXTE observations reported here are through 2009 July
30 inclusive.8 The data were obtained by the RXTE Proportional
Counter Array (PCA), and we consider here only data obtained
in layer 1 (L1) of the proportional counter units (PCUs), since
layer 1 provides the highest signal-to-noise for a relatively
soft (E < 10 keV) source like η Car. Data extraction and
instrumental background correction are as described in Ishibashi
et al. (1999), Corcoran et al. (2001), and Corcoran (2005),
utilizing corrected PCU faint background models9 to calculate
the net rates. All the data presented here were uniformly
reduced using the RXTE reduction software distributed with the
HEASoft10 software package version 6.7, along with calibration
data distributed in version 20090817 of the RXTE calibration
database.11 Briefly, for each observation, count rates in 16 s
bins were extracted from layer 1 for right and left anode chains
for each PCU. Instrumental background event files for each
observation were constructed using appropriate instrumental
model backgrounds, and instrumental background light curves
were extracted from the model background event files again
using 16 s time bins. We calculated net count rates for each data
bin by subtracting the binned background data from the binned
observed gross data. Since casual inspection of the 16 s light
curves showed no significant variations within any observation,
to increase signal-to-noise we calculated average net rates and
errors, along with gross source and instrumental background
spectra for each observation. These provide the average PCU
count rate and spectra of η Car (and sources nearby which fall

8 The updated brightness curve is available at http://eud.gsfc.nasa.gov/
Michael.Corcoran/eta_car/etacar_rxte_lightcurve/index.html
9 See the 2009 December 12 entry in
http://heasarc.gsfc.nasa.gov/docs/xte/pca_news.html
10 See http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
11 See http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/

within the ∼1◦ FWHM field of view) for each observation. We
then converted the net PCU rates to fluxes using the relations
given in Corcoran (2005). Figure 1 shows the layer 1 data from
all five PCUs.

There is additional noise in the apparent X-ray rate in PCU0
and PCU1 subsequent to the loss of the PCU0 propane layer
on 2000 May 12 and the loss of the PCU1 propane layer
on 2006 December 25; this causes large scatter in the gross
PCU0 and PCU1 layer 1 rates, making observations with
these PCUs after the propane layer loss difficult to interpret.
Additionally, PCUs 0, 1, 3, and 4 were switched off for many of
the observations. Therefore, in the following analysis we only
consider observations from PCU2 layer 1 since these provide
the most uniform and complete set of data.

There are 1224 PCU2 L1 observations analyzed here. The
maximum time separation between consecutive observations is
19.5 days, while the minimum separation is only 1 hr. The
average exposure time for these 1224 observations is 925 s. The
minimum exposure was 16 s, while the maximum exposure was
2672 s. Thirty percent of the observations had an exposure time
greater than 1 ks, and the cumulative exposure time in the PCU2
observations is 1.13 Ms.

3. COMPARISON OF THREE X-RAY CYCLES

The RXTE PCU2 layer 1 light curve of η Car is shown in
Figure 2. Figure 3 compares the three X-ray minima versus
X-ray phase. Phases are calculated using

JD(X-ray minimum) = 2, 448, 775.792 + 2024E,

where as usual E is the cycle count. This is the ephemeris
from Corcoran (2005) offset by one cycle (2024 days) for
convenience. The latest minimum as determined from the PCU2
count rate began on 2009 January 16 (JD 2454847.5, φ = 3.0).
The ingress to all three minima are consistent with a period
of 2024 ± 2 days as given in Corcoran (2005). However, the
duration of the 2009 minimum was about 1 month shorter than
the two earlier minima. The recovery from the 2009 minimum
began sometime between 2009 February 12 (JD 2,454,874.5,

Corcoran et al. 2010
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Figure 1. RXTE layer 1 X-ray light curve, 1996–2009, for all PCUs. The PCU2 data are plotted as net rates and scaled fluxes while the PCU0, 1, 3, and 4 data are
scaled to flux using the conversion relations given in Corcoran (2005). An estimate of the cosmic background is shown by the dotted line, which limits the sensitivity
of RXTE to measure the true flux level during the X-ray minimum.
(A color version of this figure is available in the online journal.)
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we summarize our conclusions in Section 7.

2. THE RXTE OBSERVATIONS

The RXTE observations reported here are through 2009 July
30 inclusive.8 The data were obtained by the RXTE Proportional
Counter Array (PCA), and we consider here only data obtained
in layer 1 (L1) of the proportional counter units (PCUs), since
layer 1 provides the highest signal-to-noise for a relatively
soft (E < 10 keV) source like η Car. Data extraction and
instrumental background correction are as described in Ishibashi
et al. (1999), Corcoran et al. (2001), and Corcoran (2005),
utilizing corrected PCU faint background models9 to calculate
the net rates. All the data presented here were uniformly
reduced using the RXTE reduction software distributed with the
HEASoft10 software package version 6.7, along with calibration
data distributed in version 20090817 of the RXTE calibration
database.11 Briefly, for each observation, count rates in 16 s
bins were extracted from layer 1 for right and left anode chains
for each PCU. Instrumental background event files for each
observation were constructed using appropriate instrumental
model backgrounds, and instrumental background light curves
were extracted from the model background event files again
using 16 s time bins. We calculated net count rates for each data
bin by subtracting the binned background data from the binned
observed gross data. Since casual inspection of the 16 s light
curves showed no significant variations within any observation,
to increase signal-to-noise we calculated average net rates and
errors, along with gross source and instrumental background
spectra for each observation. These provide the average PCU
count rate and spectra of η Car (and sources nearby which fall

8 The updated brightness curve is available at http://eud.gsfc.nasa.gov/
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within the ∼1◦ FWHM field of view) for each observation. We
then converted the net PCU rates to fluxes using the relations
given in Corcoran (2005). Figure 1 shows the layer 1 data from
all five PCUs.

There is additional noise in the apparent X-ray rate in PCU0
and PCU1 subsequent to the loss of the PCU0 propane layer
on 2000 May 12 and the loss of the PCU1 propane layer
on 2006 December 25; this causes large scatter in the gross
PCU0 and PCU1 layer 1 rates, making observations with
these PCUs after the propane layer loss difficult to interpret.
Additionally, PCUs 0, 1, 3, and 4 were switched off for many of
the observations. Therefore, in the following analysis we only
consider observations from PCU2 layer 1 since these provide
the most uniform and complete set of data.

There are 1224 PCU2 L1 observations analyzed here. The
maximum time separation between consecutive observations is
19.5 days, while the minimum separation is only 1 hr. The
average exposure time for these 1224 observations is 925 s. The
minimum exposure was 16 s, while the maximum exposure was
2672 s. Thirty percent of the observations had an exposure time
greater than 1 ks, and the cumulative exposure time in the PCU2
observations is 1.13 Ms.

3. COMPARISON OF THREE X-RAY CYCLES

The RXTE PCU2 layer 1 light curve of η Car is shown in
Figure 2. Figure 3 compares the three X-ray minima versus
X-ray phase. Phases are calculated using

JD(X-ray minimum) = 2, 448, 775.792 + 2024E,

where as usual E is the cycle count. This is the ephemeris
from Corcoran (2005) offset by one cycle (2024 days) for
convenience. The latest minimum as determined from the PCU2
count rate began on 2009 January 16 (JD 2454847.5, φ = 3.0).
The ingress to all three minima are consistent with a period
of 2024 ± 2 days as given in Corcoran (2005). However, the
duration of the 2009 minimum was about 1 month shorter than
the two earlier minima. The recovery from the 2009 minimum
began sometime between 2009 February 12 (JD 2,454,874.5,
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Figure 1. Iso-velocity images of [Fe ii] λ4815 for the observations of 2012 October 18. The velocities are indicated in each panel. The linear structures that appear in
panels (g) and (h) are the result of a bad CCD column. The physical scale is based on an adopted distance of 2350 pc (Smith 2006). We note that there are no extended
structures at Doppler velocities higher than +440 km s−1.

7157.13)9 and [Ni ii] (λ0 = 7413.65). Observations from
program 12013 (2010 October 26) did not include maps of
[Fe ii] λ7157.13 and [Ni ii] λ7413.65.

Visual examination of iso-velocity images in each data cube
revealed multiple arcs in the low-ionization spectral lines used
in this work. Sample images are presented in Figure 1 for the
[Fe ii] λ4815 transition. These arcs are visible between P. A.
90◦ and 200◦. We identified at least three sets of partial arcs,
labeled A1, A2, and A3 in Figure 2. The two innermost arcs,
A1 and A2, are conspicuously detected in all of the transitions
from [Fe ii] and [Ni ii]. The outermost arc, A3, is very faint.

These arcs are not artifacts of the HST/STIS point-spread
function (PSF). The HST/STIS PSF diffractive rings vary slowly
with wavelength, are symmetric about the central core, and have
amplitudes substantially weaker than the partial rings apparent
in the images (Krist et al. 2011). As shown in the discussion
below, these features correlate with multiple forbidden line
structures seen at different wavelengths, expanding away from
the central source.

Comparison of the same iso-velocity image for different
epochs (2010 October 26, 2011 November 20, and 2012 October
18) revealed that A1, A2, and A3 move outward from the central
source (Figure 3). Because A3 is faint and hard to see in all the
images, and A1 is affected by uncertainties in the continuum

9 All rest wavelengths, λ0, are in Å in vacuum (Zethson et al. 2012).
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Figure 2. Iso-velocity image of [Ni ii] λ7413 at +200 km s−1, obtained in 2011
November 20. The arcs discussed in this work are indicated by the arrows and
were labeled A1, A2, and A3. The dashed lines show the expected position of
three spherical shells traveling at a constant speed of 475 km s−1 for 4.5, 10,
and 15.5 yr, for the inner, middle, and outer arcs, respectively. To determine the
expansion rate, we restricted our measurements to the eastern component of A2.
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Figure 1. RXTE layer 1 X-ray light curve, 1996–2009, for all PCUs. The PCU2 data are plotted as net rates and scaled fluxes while the PCU0, 1, 3, and 4 data are
scaled to flux using the conversion relations given in Corcoran (2005). An estimate of the cosmic background is shown by the dotted line, which limits the sensitivity
of RXTE to measure the true flux level during the X-ray minimum.
(A color version of this figure is available in the online journal.)

cycle-to-cycle X-ray variations, while a discussion of the obser-
vations and our interpretations are given in Section 6. Finally,
we summarize our conclusions in Section 7.

2. THE RXTE OBSERVATIONS

The RXTE observations reported here are through 2009 July
30 inclusive.8 The data were obtained by the RXTE Proportional
Counter Array (PCA), and we consider here only data obtained
in layer 1 (L1) of the proportional counter units (PCUs), since
layer 1 provides the highest signal-to-noise for a relatively
soft (E < 10 keV) source like η Car. Data extraction and
instrumental background correction are as described in Ishibashi
et al. (1999), Corcoran et al. (2001), and Corcoran (2005),
utilizing corrected PCU faint background models9 to calculate
the net rates. All the data presented here were uniformly
reduced using the RXTE reduction software distributed with the
HEASoft10 software package version 6.7, along with calibration
data distributed in version 20090817 of the RXTE calibration
database.11 Briefly, for each observation, count rates in 16 s
bins were extracted from layer 1 for right and left anode chains
for each PCU. Instrumental background event files for each
observation were constructed using appropriate instrumental
model backgrounds, and instrumental background light curves
were extracted from the model background event files again
using 16 s time bins. We calculated net count rates for each data
bin by subtracting the binned background data from the binned
observed gross data. Since casual inspection of the 16 s light
curves showed no significant variations within any observation,
to increase signal-to-noise we calculated average net rates and
errors, along with gross source and instrumental background
spectra for each observation. These provide the average PCU
count rate and spectra of η Car (and sources nearby which fall

8 The updated brightness curve is available at http://eud.gsfc.nasa.gov/
Michael.Corcoran/eta_car/etacar_rxte_lightcurve/index.html
9 See the 2009 December 12 entry in
http://heasarc.gsfc.nasa.gov/docs/xte/pca_news.html
10 See http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
11 See http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/

within the ∼1◦ FWHM field of view) for each observation. We
then converted the net PCU rates to fluxes using the relations
given in Corcoran (2005). Figure 1 shows the layer 1 data from
all five PCUs.

There is additional noise in the apparent X-ray rate in PCU0
and PCU1 subsequent to the loss of the PCU0 propane layer
on 2000 May 12 and the loss of the PCU1 propane layer
on 2006 December 25; this causes large scatter in the gross
PCU0 and PCU1 layer 1 rates, making observations with
these PCUs after the propane layer loss difficult to interpret.
Additionally, PCUs 0, 1, 3, and 4 were switched off for many of
the observations. Therefore, in the following analysis we only
consider observations from PCU2 layer 1 since these provide
the most uniform and complete set of data.

There are 1224 PCU2 L1 observations analyzed here. The
maximum time separation between consecutive observations is
19.5 days, while the minimum separation is only 1 hr. The
average exposure time for these 1224 observations is 925 s. The
minimum exposure was 16 s, while the maximum exposure was
2672 s. Thirty percent of the observations had an exposure time
greater than 1 ks, and the cumulative exposure time in the PCU2
observations is 1.13 Ms.

3. COMPARISON OF THREE X-RAY CYCLES

The RXTE PCU2 layer 1 light curve of η Car is shown in
Figure 2. Figure 3 compares the three X-ray minima versus
X-ray phase. Phases are calculated using

JD(X-ray minimum) = 2, 448, 775.792 + 2024E,

where as usual E is the cycle count. This is the ephemeris
from Corcoran (2005) offset by one cycle (2024 days) for
convenience. The latest minimum as determined from the PCU2
count rate began on 2009 January 16 (JD 2454847.5, φ = 3.0).
The ingress to all three minima are consistent with a period
of 2024 ± 2 days as given in Corcoran (2005). However, the
duration of the 2009 minimum was about 1 month shorter than
the two earlier minima. The recovery from the 2009 minimum
began sometime between 2009 February 12 (JD 2,454,874.5,

Corcoran et al. 2010
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Figure 1. Iso-velocity images of [Fe ii] λ4815 for the observations of 2012 October 18. The velocities are indicated in each panel. The linear structures that appear in
panels (g) and (h) are the result of a bad CCD column. The physical scale is based on an adopted distance of 2350 pc (Smith 2006). We note that there are no extended
structures at Doppler velocities higher than +440 km s−1.

7157.13)9 and [Ni ii] (λ0 = 7413.65). Observations from
program 12013 (2010 October 26) did not include maps of
[Fe ii] λ7157.13 and [Ni ii] λ7413.65.

Visual examination of iso-velocity images in each data cube
revealed multiple arcs in the low-ionization spectral lines used
in this work. Sample images are presented in Figure 1 for the
[Fe ii] λ4815 transition. These arcs are visible between P. A.
90◦ and 200◦. We identified at least three sets of partial arcs,
labeled A1, A2, and A3 in Figure 2. The two innermost arcs,
A1 and A2, are conspicuously detected in all of the transitions
from [Fe ii] and [Ni ii]. The outermost arc, A3, is very faint.

These arcs are not artifacts of the HST/STIS point-spread
function (PSF). The HST/STIS PSF diffractive rings vary slowly
with wavelength, are symmetric about the central core, and have
amplitudes substantially weaker than the partial rings apparent
in the images (Krist et al. 2011). As shown in the discussion
below, these features correlate with multiple forbidden line
structures seen at different wavelengths, expanding away from
the central source.

Comparison of the same iso-velocity image for different
epochs (2010 October 26, 2011 November 20, and 2012 October
18) revealed that A1, A2, and A3 move outward from the central
source (Figure 3). Because A3 is faint and hard to see in all the
images, and A1 is affected by uncertainties in the continuum

9 All rest wavelengths, λ0, are in Å in vacuum (Zethson et al. 2012).
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Figure 2. Iso-velocity image of [Ni ii] λ7413 at +200 km s−1, obtained in 2011
November 20. The arcs discussed in this work are indicated by the arrows and
were labeled A1, A2, and A3. The dashed lines show the expected position of
three spherical shells traveling at a constant speed of 475 km s−1 for 4.5, 10,
and 15.5 yr, for the inner, middle, and outer arcs, respectively. To determine the
expansion rate, we restricted our measurements to the eastern component of A2.
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φ = 3.013) and 2009 February 18 (JD 2,454,880.5, φ = 3.016).
The exact timing of the recovery is a bit uncertain since the
cadence of the observations changed on 2009 February 12 from
about once every two days to ∼ once per week due to satellite
scheduling constraints.

4. COLOR VARIATIONS

We calculated hardness ratios for each PCU2 observation. To
do this, we first constructed individual detector responses using
the pcarsp tool distributed with the HEASoft software package
version 6.7 (which includes a new energy to channel conversion
and an improved algorithm for calculating the PCA response)

in order to account for gain changes in PCU2 over time.
We also used the RXTE calibration database (CALDB) version
20090817. Use of the improved PCA response algorithms in
HEASoft 6.7 along with the improved calibration files yields
better consistency in spectral parameters across the mission.
We then adopted a standard channel-to-energy gain scale,
and interpolated each observed PCU2 spectrum as a function
of energy onto this scale. In order to provide a background
correction, we interpolated the instrumental background spectra
for each observation onto the adopted gain scale and derived net
interpolated spectra by subtracting the interpolated instrumental
background spectrum from the interpolated observed PCU2
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Figure 1. RXTE layer 1 X-ray light curve, 1996–2009, for all PCUs. The PCU2 data are plotted as net rates and scaled fluxes while the PCU0, 1, 3, and 4 data are
scaled to flux using the conversion relations given in Corcoran (2005). An estimate of the cosmic background is shown by the dotted line, which limits the sensitivity
of RXTE to measure the true flux level during the X-ray minimum.
(A color version of this figure is available in the online journal.)

cycle-to-cycle X-ray variations, while a discussion of the obser-
vations and our interpretations are given in Section 6. Finally,
we summarize our conclusions in Section 7.

2. THE RXTE OBSERVATIONS

The RXTE observations reported here are through 2009 July
30 inclusive.8 The data were obtained by the RXTE Proportional
Counter Array (PCA), and we consider here only data obtained
in layer 1 (L1) of the proportional counter units (PCUs), since
layer 1 provides the highest signal-to-noise for a relatively
soft (E < 10 keV) source like η Car. Data extraction and
instrumental background correction are as described in Ishibashi
et al. (1999), Corcoran et al. (2001), and Corcoran (2005),
utilizing corrected PCU faint background models9 to calculate
the net rates. All the data presented here were uniformly
reduced using the RXTE reduction software distributed with the
HEASoft10 software package version 6.7, along with calibration
data distributed in version 20090817 of the RXTE calibration
database.11 Briefly, for each observation, count rates in 16 s
bins were extracted from layer 1 for right and left anode chains
for each PCU. Instrumental background event files for each
observation were constructed using appropriate instrumental
model backgrounds, and instrumental background light curves
were extracted from the model background event files again
using 16 s time bins. We calculated net count rates for each data
bin by subtracting the binned background data from the binned
observed gross data. Since casual inspection of the 16 s light
curves showed no significant variations within any observation,
to increase signal-to-noise we calculated average net rates and
errors, along with gross source and instrumental background
spectra for each observation. These provide the average PCU
count rate and spectra of η Car (and sources nearby which fall

8 The updated brightness curve is available at http://eud.gsfc.nasa.gov/
Michael.Corcoran/eta_car/etacar_rxte_lightcurve/index.html
9 See the 2009 December 12 entry in
http://heasarc.gsfc.nasa.gov/docs/xte/pca_news.html
10 See http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
11 See http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/

within the ∼1◦ FWHM field of view) for each observation. We
then converted the net PCU rates to fluxes using the relations
given in Corcoran (2005). Figure 1 shows the layer 1 data from
all five PCUs.

There is additional noise in the apparent X-ray rate in PCU0
and PCU1 subsequent to the loss of the PCU0 propane layer
on 2000 May 12 and the loss of the PCU1 propane layer
on 2006 December 25; this causes large scatter in the gross
PCU0 and PCU1 layer 1 rates, making observations with
these PCUs after the propane layer loss difficult to interpret.
Additionally, PCUs 0, 1, 3, and 4 were switched off for many of
the observations. Therefore, in the following analysis we only
consider observations from PCU2 layer 1 since these provide
the most uniform and complete set of data.

There are 1224 PCU2 L1 observations analyzed here. The
maximum time separation between consecutive observations is
19.5 days, while the minimum separation is only 1 hr. The
average exposure time for these 1224 observations is 925 s. The
minimum exposure was 16 s, while the maximum exposure was
2672 s. Thirty percent of the observations had an exposure time
greater than 1 ks, and the cumulative exposure time in the PCU2
observations is 1.13 Ms.

3. COMPARISON OF THREE X-RAY CYCLES

The RXTE PCU2 layer 1 light curve of η Car is shown in
Figure 2. Figure 3 compares the three X-ray minima versus
X-ray phase. Phases are calculated using

JD(X-ray minimum) = 2, 448, 775.792 + 2024E,

where as usual E is the cycle count. This is the ephemeris
from Corcoran (2005) offset by one cycle (2024 days) for
convenience. The latest minimum as determined from the PCU2
count rate began on 2009 January 16 (JD 2454847.5, φ = 3.0).
The ingress to all three minima are consistent with a period
of 2024 ± 2 days as given in Corcoran (2005). However, the
duration of the 2009 minimum was about 1 month shorter than
the two earlier minima. The recovery from the 2009 minimum
began sometime between 2009 February 12 (JD 2,454,874.5,

Corcoran et al. 2010
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Table 1:  3D SPH Simulation   

                Parameters 

LBV Primary 

Star 

Companion 

Star 

Mass (MŸ) 90 30 

Radius (RŸ) 60 30 

Mass-loss Rate (10-4 MŸ/yr) 8.5, 4.8, & 2.4 0.14 

Wind Terminal Speed (km/s) 420 3000 

Wind Momentum Ratio η 0.12, 0.21, & 0.42 

Orbital Eccentricity e 0.9 

Orbital Period 2024 days 

Semimajor axis length a 15.45 AU 

The 3D SPH Simulations 

Abstract 

Figure 1:  Recent HST image of η Carinae (left, NASA,  ESA,  and  the  Hubble  SM4  ERO  Team)  with  artist’s  
conception (right, A. Damineli, www.etacarinae.iag.usp.br) of the central colliding wind binary.                       

At the heart of η Carinae’s  spectacular  “Homunculus”  nebula  lies  an  extremely  luminous  (LTotal  5 × 106 L) colliding wind binary with a highly 
eccentric (e ~ 0.9), 5.54-year orbit (Figure 1).  The primary of the system, a Luminous Blue Variable (LBV), is our closest (D ~ 2.3 kpc) and best 
example of a pre-hypernova or pre-gamma ray burst environment.  The remarkably consistent and periodic RXTE X-ray light curve surprisingly 
showed  a  major  change  during  the  system’s  last  periastron  in  2009,  with  the  X-ray minimum being ~50% shorter than the minima of the previous 
two cycles1.  Between 1998 and 2011, the strengths of various broad stellar wind emission lines (e.g. Hα, Fe II) in line-of-sight (l.o.s.) also decreased 
by factors of 1.5 – 3 relative to the continuum2.  The current interpretation for these changes is that they are due to a gradual factor of 2 – 4 drop in 
the  primary’s  mass-loss rate over the last ~15 years1, 2.  However, while a secular change is seen for a direct view of the central source, little to no 
change  is  seen  in  profiles  at  high  stellar  latitudes  or  reflected  off  of  the  dense,  circumbinary  material  known  as  the  “Weigelt blobs”2, 3.  Moreover, 
model spectra generated with CMFGEN predict that a factor of 2 – 4  drop  in  the  primary’s  mass-loss rate should lead to huge changes in the observed 
spectrum, which thus far have not been seen.  Here we present results from large- (±1620 AU) and small- (±162 AU) domain, full 3D smoothed 
particle hydrodynamics (SPH) simulations of η Car’s  massive  binary  colliding winds for three different primary-star mass-loss rates (2.4, 4.8, and 
8.5 × 10-4 M /yr).  The goal is to investigate how the mass-loss rate affects the 3D geometry and dynamics of η Car's optically-thick wind and 
spatially-extended wind-wind collision (WWC) regions, both of which are known sources of observed X-ray, optical, UV, and near-IR emission and 
absorption.  We use two domain sizes in order to better understand how the primary’s  mass-loss rate influences the various observables that form at 
different length scales.  The 3D simulations provide information important for helping constrain η Car's recent mass-loss history and future state. 

We use an improved version of the 3D SPH code in 
[4, 5].  Radiative cooling and radiative forces, 
including inhibition, are now implemented.  The 
stellar winds are parameterized using the standard 
beta-velocity law v(r) = v(1 – R/r)β, with β = 1, v 
the wind terminal speed, and R the stellar radius.  
The binary orbit is set in the xy plane, with the 
origin at the system center-of-mass and the orbital 
major axis along the x-axis.  The outer simulation 
boundary is set at either r = ±10a or r = ±100a.  The 
adopted model parameters (Table 1) are consistent 
with those derived from the observations.  By 
convention,  = 0, 1, 2, …,  is defined as periastron 
and  =  0.5,  1.5,  2.5,  …,  apastron. 

Figure 2 (right): Top row:  Slices from the 3D simulations 
at a phase near apastron showing log density in the orbital  
xy plane for 3 assumed primary mass-loss rates.  The stars, 
WWC cavity, and Weigelt blobs are marked.  The dashed 
line and eye show  the  observer’s  projected l.o.s.  Axis tick 
marks correspond to an increment of 10a ≈  154  AU ≈  0.07”.     
Bottom row:  Same as top row, but in the xz plane. 
Far right panel:  Illustration of η Car’s  orbit  (upper  left 
inset, yellow) on the sky relative to the Homunculus for the 
binary orientation derived by Madura et al. (2012) (i = 138°, 
ω = 263°, and PAz = 317°).  The red, green, and blue arrows 
indicate the orbital major (+x), minor (+y), and angular-
momentum (+z) axes, respectively.  North is up.   

The Spatially-Extended, Time-Variable 

Interacting Wind Structures 

Collapse of the Inner Wind-Wind Collision Zone 

During Periastron Passage 

Figure 4:  Slices showing density, temperature, and wind speed on a logarithmic scale (columns, left to right, cgs units) in the orbital xy plane at 
seven phases around periastron (rows) taken from the r = ±10a  SPH simulations of η Car assuming primary mass-loss rates of 8.5 × 10−4 M/yr 
(left three columns) and 2.4 × 10−4 M/yr (right three columns).  All plots show the inner ±1a region.  Axis tick marks correspond to an increment 
of 0.1a ≈  1.55  AU.   The orbital motion of the stars is counterclockwise.  The LBV primary is to the left and the companion to the right at apastron.  
In  each  simulation  there  is  a  “collapse”  of  the  WWC  zone  between  the  stars.    The  hottest  gas  near  the  WWC  apex  vanishes  during this time.  The 
higher the primary mass-loss rate, the sooner the collapse occurs before periastron, and the later the recovery of the hot gas after periastron.  The 
collapse appears to be due to the increased effectiveness of radiative cooling in the post-shock wind of the companion at phases around periastron. 

Orbit projected on sky relative to Homunculus 

Figure 3:  Slices showing log density (left two columns) and log temperature (right two columns) at apastron ( = 2.5) and 
periastron ( = 3.0) in the xy (top two rows), xz (middle two rows), and yz (bottom two rows) planes taken from the r = ±100a  
3D SPH simulations of η Car assuming primary mass-loss rates of 8.5 × 10−4 M/yr and 2.4 × 10−4 M/yr (columns).   

References: 
[1] Corcoran, M. F., et al. 2010, ApJ, 725, 1528 
[2] Mehner, A., et al. 2012, ApJ, 751, 73 

[3] Gull, T. R., et al. 2009, MNRAS, 396, 1308 
[4] Okazaki, A.T., et al.  2008, MNRAS, 388, L39 
[5] Madura, T. I., et al.  2012, MNRAS, 420, 2064 

T. Madura1,†; T. Gull1; M. Corcoran1,2; A. Okazaki3; S. Owocki4; C. Russell3; K. Hamaguchi1,5; N. Clementel6; J. Groh7; D. J. Hillier8 

1NASA GSFC, USA;  2CRESST & USRA, USA;  3Hokkai-Gakuen Univ., Japan;  4Univ. of Delaware, USA;  5Univ. of Maryland, Baltimore County, USA;  6Leiden Univ., Netherlands;  7Geneva Observatory, Switzerland;  8Univ. of Pittsburgh, USA 
†Fellow, NASA Postdoctoral Program, administered by Oak Ridge Associated Universities,  Email: thomas.i.madura@nasa.gov 

Table 1:  3D SPH Simulation   

                Parameters 

LBV Primary 

Star 

Companion 

Star 

Mass (MŸ) 90 30 

Radius (RŸ) 60 30 

Mass-loss Rate (10-4 MŸ/yr) 8.5, 4.8, & 2.4 0.14 

Wind Terminal Speed (km/s) 420 3000 

Wind Momentum Ratio η 0.12, 0.21, & 0.42 

Orbital Eccentricity e 0.9 

Orbital Period 2024 days 

Semimajor axis length a 15.45 AU 

The 3D SPH Simulations 

Abstract 

Figure 1:  Recent HST image of η Carinae (left, NASA,  ESA,  and  the  Hubble  SM4  ERO  Team)  with  artist’s  
conception (right, A. Damineli, www.etacarinae.iag.usp.br) of the central colliding wind binary.                       

At the heart of η Carinae’s  spectacular  “Homunculus”  nebula  lies  an  extremely  luminous  (LTotal  5 × 106 L) colliding wind binary with a highly 
eccentric (e ~ 0.9), 5.54-year orbit (Figure 1).  The primary of the system, a Luminous Blue Variable (LBV), is our closest (D ~ 2.3 kpc) and best 
example of a pre-hypernova or pre-gamma ray burst environment.  The remarkably consistent and periodic RXTE X-ray light curve surprisingly 
showed  a  major  change  during  the  system’s  last  periastron  in  2009,  with  the  X-ray minimum being ~50% shorter than the minima of the previous 
two cycles1.  Between 1998 and 2011, the strengths of various broad stellar wind emission lines (e.g. Hα, Fe II) in line-of-sight (l.o.s.) also decreased 
by factors of 1.5 – 3 relative to the continuum2.  The current interpretation for these changes is that they are due to a gradual factor of 2 – 4 drop in 
the  primary’s  mass-loss rate over the last ~15 years1, 2.  However, while a secular change is seen for a direct view of the central source, little to no 
change  is  seen  in  profiles  at  high  stellar  latitudes  or  reflected  off  of  the  dense,  circumbinary  material  known  as  the  “Weigelt blobs”2, 3.  Moreover, 
model spectra generated with CMFGEN predict that a factor of 2 – 4  drop  in  the  primary’s  mass-loss rate should lead to huge changes in the observed 
spectrum, which thus far have not been seen.  Here we present results from large- (±1620 AU) and small- (±162 AU) domain, full 3D smoothed 
particle hydrodynamics (SPH) simulations of η Car’s  massive  binary  colliding winds for three different primary-star mass-loss rates (2.4, 4.8, and 
8.5 × 10-4 M /yr).  The goal is to investigate how the mass-loss rate affects the 3D geometry and dynamics of η Car's optically-thick wind and 
spatially-extended wind-wind collision (WWC) regions, both of which are known sources of observed X-ray, optical, UV, and near-IR emission and 
absorption.  We use two domain sizes in order to better understand how the primary’s  mass-loss rate influences the various observables that form at 
different length scales.  The 3D simulations provide information important for helping constrain η Car's recent mass-loss history and future state. 

We use an improved version of the 3D SPH code in 
[4, 5].  Radiative cooling and radiative forces, 
including inhibition, are now implemented.  The 
stellar winds are parameterized using the standard 
beta-velocity law v(r) = v(1 – R/r)β, with β = 1, v 
the wind terminal speed, and R the stellar radius.  
The binary orbit is set in the xy plane, with the 
origin at the system center-of-mass and the orbital 
major axis along the x-axis.  The outer simulation 
boundary is set at either r = ±10a or r = ±100a.  The 
adopted model parameters (Table 1) are consistent 
with those derived from the observations.  By 
convention,  = 0, 1, 2, …,  is defined as periastron 
and  =  0.5,  1.5,  2.5,  …,  apastron. 

Figure 2 (right): Top row:  Slices from the 3D simulations 
at a phase near apastron showing log density in the orbital  
xy plane for 3 assumed primary mass-loss rates.  The stars, 
WWC cavity, and Weigelt blobs are marked.  The dashed 
line and eye show  the  observer’s  projected l.o.s.  Axis tick 
marks correspond to an increment of 10a ≈  154  AU ≈  0.07”.     
Bottom row:  Same as top row, but in the xz plane. 
Far right panel:  Illustration of η Car’s  orbit  (upper  left 
inset, yellow) on the sky relative to the Homunculus for the 
binary orientation derived by Madura et al. (2012) (i = 138°, 
ω = 263°, and PAz = 317°).  The red, green, and blue arrows 
indicate the orbital major (+x), minor (+y), and angular-
momentum (+z) axes, respectively.  North is up.   

The Spatially-Extended, Time-Variable 

Interacting Wind Structures 

Collapse of the Inner Wind-Wind Collision Zone 

During Periastron Passage 

Figure 4:  Slices showing density, temperature, and wind speed on a logarithmic scale (columns, left to right, cgs units) in the orbital xy plane at 
seven phases around periastron (rows) taken from the r = ±10a  SPH simulations of η Car assuming primary mass-loss rates of 8.5 × 10−4 M/yr 
(left three columns) and 2.4 × 10−4 M/yr (right three columns).  All plots show the inner ±1a region.  Axis tick marks correspond to an increment 
of 0.1a ≈  1.55  AU.   The orbital motion of the stars is counterclockwise.  The LBV primary is to the left and the companion to the right at apastron.  
In  each  simulation  there  is  a  “collapse”  of  the  WWC  zone  between  the  stars.    The  hottest  gas  near  the  WWC  apex  vanishes  during this time.  The 
higher the primary mass-loss rate, the sooner the collapse occurs before periastron, and the later the recovery of the hot gas after periastron.  The 
collapse appears to be due to the increased effectiveness of radiative cooling in the post-shock wind of the companion at phases around periastron. 

Orbit projected on sky relative to Homunculus 

Figure 3:  Slices showing log density (left two columns) and log temperature (right two columns) at apastron ( = 2.5) and 
periastron ( = 3.0) in the xy (top two rows), xz (middle two rows), and yz (bottom two rows) planes taken from the r = ±100a  
3D SPH simulations of η Car assuming primary mass-loss rates of 8.5 × 10−4 M/yr and 2.4 × 10−4 M/yr (columns).   

References: 
[1] Corcoran, M. F., et al. 2010, ApJ, 725, 1528 
[2] Mehner, A., et al. 2012, ApJ, 751, 73 

[3] Gull, T. R., et al. 2009, MNRAS, 396, 1308 
[4] Okazaki, A.T., et al.  2008, MNRAS, 388, L39 
[5] Madura, T. I., et al.  2012, MNRAS, 420, 2064 

x/a

z/
a

y
/a 0.01″

5″

x z

y

Madura et al. 2013



3D SPH Simulations



SimpleX

• Naturally adapts its resolution to the relevant 
physical scales 
• Compatible with grid base and particle base 
hydrodynamics codes
• Computationally cheap because of the local 
nature of the Delaunay transport
• Parallel 

• Post-processing 
• Every SPH particles as a node
• Delaunay Triangulation Field Estimator 

Kruip et al. 2010
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Influence of He

• Snapshots at apastron
• Evolution time = 3 months
• ηB luminosity = 3.02 ×1049 photons s-1 (O5 giant with Teff ≈40000 K)
• nHe / nH = 0.2
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Short term:

• Multi-cycle HST Observing Program through 2015 

• Create synthetic observation

• Model Forbidden line emission on different phases

Long term:

• Full radiation-hydrodynamics simulations

Future worksThe Astrophysical Journal Letters, 743:L3 (6pp), 2011 December 10 Gull et al.
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Figure 2. Changing shape of high-ionization [Fe iii] λ4659 early in Eta Carinae’s binary period. Top row: φ = 12.084. Middle row: φ = 12.163. Bottom row:
φ = 12.323. Left column: blue emission (−400 to −200 km s−1). Middle column: low-velocity emission (−90 to + 30 km s−1). Right column: red emission
( + 100 to + 200 km s−1). Gaps between the velocity intervals are purposefully excluded to show very separate velocity fields. The color bars show flux scaled by
sqrt(erg cm−2 s−1).
(A color version of this figure is available in the online journal.)

Hereafter we focus on the [Fe iii] λ4659 emission, which cannot
be formed by the primary star alone. Emission of [Fe iii] requires
16.2 eV photons from ηB, plus thermal collisions at electron
densities approaching Ne = 107 cm−3 (G09; M10; M11). By
comparison, [N ii] emission is produced by 14.6 eV photons
at electron densities approaching Ne = 3 × 107 cm−3. As
the primary star, ηA, produces significant numbers of 14.6 eV
photons (H01), [N ii] emission does not fully disappear during
periastron (Damineli et al. 2008a; G09). However, the red
emission from [Fe iii] λ4659.35 can be contaminated by blue
emission from [Fe ii] λ4665.75. Likewise, the red emission
image of [Fe iii] λ4702.85 may be depressed by He i λ4714.47
absorption. Hence, we examined the [N ii] maps to ensure little
or no red high-ionization emission is present.

Figure 2 shows the time evolution of the blue, low-velocity,
and red components of [Fe iii] λ4659 at orbital phases φ =

12.084, 12.163, and 12.323. The morphology and geometry of
the extended [Fe iii] λ4659 emission resolved by HST/STIS
changes conspicuously as a function of velocity and time.
The blue emission extends along the NE–SW direction, along
P.A. # 45◦, which is similar to what has been suggested from
previous sparse HST/STIS long-slit observations obtained at
different orbital phases across cycle 11 (G09, Me10, M10, M11).
At φ = 12.084, the linear structure is nearly symmetrical about
the central region, but at later phases becomes more diffuse,
shifting to the S and SE. The red emission is fuzzier, asym-
metric, and extends primarily to the NNW at each phase. In
contrast, the low-velocity structure is larger and extends dif-
fusely northward. The low-velocity emission is heavily domi-
nated by emission from the Weigelt blobs (Weigelt & Ebers-
berger 1986) and a screen of fainter condensations (Me10),
located within the ηB wind-blown cavity and thusly obscuring
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Gull et al. 2011


