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Abstract
Scattered light echoes are very rare and have only been unambiguously resolved around a handful of sources. They offer 
one of the most effective means to study the structure and make-up of circumstellar and interstellar dust and gas. Light 
echoes provide exact three-dimensional positions of scattering dust, and also can be used to constrain that dust’s 
composition, size and number density. Here, we present new data and analyses of echoes previously discovered around 
SN 1991T.  These echoes appear to trace out a shell around the progenitor, either hourglass shaped or ellipsoidal, and with 
a size scale of 20-30lt-yr.  Also, the supernova may be significantly offset from the center of this shell.  Like SN 1998bu 
(see poster by Lonsdale & Sugerman), SN 1991T was a type Ia, thus it is unclear yet whether we are tracing the fossil 
remnant of the progenitor’s outflows, or those of its binary companion.

Introduction
Scattered light echoes offer one of the most effective means 
to probe circumstellar and interstellar structures. A light 
echo occurs when a light pulse, e.g. from a supernova (SN), 
is scattered into the line of sight by dust.

An echo observed a time t after the pulse lie equidistant in 
light travel from the source and observer, i.e on an ellipsoid 
with known foci (see figure above).

Given the echo-source separation ρ and the time it is 
observed, the line-of-sight position z of the dust can be 
directly computed, uncertain only by the distance D. This 
means there is a one-to-one mapping between the observed 
echo position and the 3-D position of the scattered dust. 
Echoes can occur both behind (echo 1)  and in the front 
(echo 2) of the source.

For distant source (D >> z), the echo ellipsoid is well 
approximated by a paraboloid

          (1)

Echo colors also probe the dust properties, such as the grain 
sizes, density, and composition (see Sugerman 2003).

NGC 4527
SN 1991T occurred in NGC 4527, a spiral galaxy in the 
direction of the Virgo Cluster estimated to be 14-16 Mpc 
away by Sparks et al. (1999)

NGC 4527 with 
the position of 

SN 1991T 
indicated. 

Image from M. 
& J. Kollander/

Adam Block/ 
NOAO.

SN 1991T
SN 1991T is a type Ia supernova 
(thermo-nuclear runaway in a 
accreting white dwarf) in the galaxy 
NCC 4527. At late times, the 
characteristic exponential fading of 
the supernova ceased (see left). 
Furthermore, at late times, Fe as 
well as Co lines were found in the 
spectra, which is typical only for a 
young SN. These were interpreted 
by Schmidt et al. (1994) as strong 
evidence of a light echo located 10–
100 lt-yr in front of the SN. Sparks 
et al (1999) confirmed the existence 
of an echo by marginally resolving it 
with  the  HST   FOC  between  1996  

B and V photometry of SN 
1991T  compared to a B-
band photometry of SN 
1972E (Schmidt et al 1994)

and 1998. Additionally, they used polarization measurements to 
estimate a distance to the SN, and hence to NGC 4527, of 14-16 
Mpc. 

Most recently SN1991T has been revisited with WFPC2 and ACS 
in 2002 and 2006, respectively (see below). Clearly, the echo 
around the SN is ring-like with a radius of 0”.08.  These 
observations have stretched the observing limits of the Hubble 
Space Telescope.

HST images of echoes from SN 1991T between 1996 and 2006.  
Each image is x by x arcsec.

For the 1998–2006 data, the observed echo positions (on the sky) 
were translated into 3-D positions using the light equation (1).  The 
positions of these points are shown below in the left column.  By 
fitting simple geo-metric structures to the 3-D positions of these 
echoes, we found two equally good alternatives for a complete 
structure illuminated by the echoes.  First, a nearly-cylindrical 
hourglass with a radius at the waist of 18.5 lt-yrs (middle column). 
Second, an ellipsoid with semi-major axis of 27 lt-yrs and a semi-
minor axes around 18 lt-yrs (right-column). Unexpec-tedly, the SN is 
offset from the center of both objects: only a few lt-yrs for the 
cylinder, but around 13 lt-yrs for the ellipsoid.

Echoes from SN 1991T, 
seen on the plane of the 
sky (a-c) and from the side 
(d-f). The left column 
shows the observed echo 
position, the middle col-
umn show the best fit for 
an hourglass, and the right 
column shows the best fit 
for an ellipse. Major tick-
marks denotes 10 lt-yr

In the typical type Ia scenarios, a white dwarf accretes material from 
its companion until it reaches 1.4 solar masses, which can take 
millions to billons of years, depending on the initial mass of the 
white dwarf and its accretion rate. The fact that SN 1991T appears 
spatially offset from its inferred circumstellar environment could 
suggest that the binary pair drifted substantially between the time the 
white dwarf expelled its planetary nebula (which expanded in the 
large environment now observed) and when it exploded. However, 
can a fossil planetary nebula remain intact (i.e not dispersed in the 
ISM) for that duration?

Future Work
The research will continue in the near future, in which we will use 
colors of the echoes to constrain the chemical composition and 
density of this dust.  Hopefully these will provide clues as the origin 
of this dust and the evolutionary history of the progenitor of SN 
1991T.

For a better understanding of the light echo, data should be collected 
over the next decade to find an appropriate fit for the shell probed by 
these echoes.
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Barberà, C., Athanassoula, E., & Garćıa-Gómez, C. 2004, A&A, 415,

849

Cappellaro, E. et al. 2001, ApJ, 549, L215
Carmona, A., van den Ancker, M. E., Henning, T. 2007, A&A, 464,

687

Crotts, A. P. S., Kunkel, W. E. & Heathcote, S. R. 1995, ApJ, 438, 724
Martin, C. L., Arnett D. 1995, ApJ, 447, 378
Newman, A.B., Rest, A. 2006, PASP, 118, 1484

Schmidt, B. P., et al. 1994, ApJ, 434, L19

Sparks, W. B. 1994, ApJ, 433, 19
Sparks, W.B. 1996, ApJ, 470, 195
Sparks, W. B. et al. 1999, ApJ, 523, 585

Sugerman, B. E. K. 2003, AJ, 126, 1939

Sugerman, B. E. K. et al. 2005, ApJ, 627, 888
Tomaney, A. B., Crotts, A. P. S. 1996, AJ, 112, 2872
Xu, J., Crotts, A. P. S. & Kunkel, W. E. 1995, ApJ, 451, 806 (Erratum:

463, 391)

SN 1987A
with Arlin Crotts

The 3 rings around SN
1987A

SN 1987A in the LMC (d = 50
kpc) has a complicated 3-ring
nebula surrounding it. We used
echoes detected within 30′′of SN
1987A in 10 years of optical imag-
ing to construct the most com-
plete 3-D model of its progen-
itor’s circumstellar environment
(Sugerman et al. 2005), in the
hope of understanding its mass-

loss history and how it made this famous nebula (see also
Crotts et al. 1995; Xu et al. 1995).
.
.
We identified many echo struc-
tures, shown at right, which ren-
der into the 3-D distributions
shown below.

Circumstellar
(North)

Napoleon’s Hat
(South)

Napoleon’s Hat

Circumstellar
(South)

Contact Discontinuity

Observed echoes from SN 1987A. (a-b) Innermost
(circumstellar) echoes seen (a) face-on, and (b) from
the side. (c-d) Large-radius echoes (Napoleon’s Hat
and the Contact Discontinuity) seen (c) face-on, and
(d) from the side. Major ticks denote 5 lt-yr.

These echoes are subsets of complete 3-D structures. To
determine their probable geometry, we assumed the struc-
tures are rotationally symmetric, determined the axes of
symmetry, and constructed average profiles of the echoes
about those axes. The inferred complete structure is a
large, peanut-shaped structure, inside of which is located
a dense hourglass, containing the three rings, as shown be-
low. These structures are inclined 41◦ south and 8◦ east
of the line of sight, are slightly elliptical in cross section
(b/a > 0.9), and are offset up to 1 ly west of the SN.

Inferred complete nebula around SN 1987A, showing
(a) inner and (b) outer parts.

Inferred geometry of the 3 rings around SN 1987A,
based on the light echoes

Dust masses were modeled from echo colors and brightness
using the model of Sugerman (2003). We find a total of
1.7M# of gas and dust in the nebula, which for a typical
red supergiant yields a mass-loss rate of 5×10−6 M# yr−1.

Currently, all models fail to explain this observed neb-
ula. Martin & Arnett (1995) used colliding blue and
red supergiant (BSG, RSG) winds to produce a peanut-
shaped bubble (left panel, grey) to explain the middle of
the 3 rings. Although this does not match the newly-
revealed inner hourglass, we propose that it better ex-
plains the large football-shaped
nebula (one quadrent shown at
right). In this scenario, a very
long BSG phase could expand the
mushroom-shaped bubble homol-
ogously, with additional polar-
directed momentum elongating its
shape. The star would then have
passed through a second RSG–
BSG loop to produce the rings
and inner hourglass.

Hydro models (left) com-
pared to the outermost
environment around SN
1987A (right).

SN 1991T
with Adrien Thormann

NGC 4527 with the position of SN
1998bu indicated. Image from M. &
J. Kollander/Adam Block/NOAO.

SN 1991T is a Type Ia (thermonuclear-runaway in an accreting white dwarf)
supernova in the Virgo galaxy NGC 4527. At late times, the SN exhibited
photometric decline rates slowing to nearly-constant brightness, as well as Fe
and Co spectral lines typical of a young SN. Interpreted by Schmidt et al. (1994)
as an echo from unresolved dust 10–100 lt-yr in front of the SN, Sparks et al.
(1999) confirmed the echo hypothesis by marginally resolving the echo with
the HST FOC between 1996-99 (see below). Additionaly, he used polarization
measurements to estimate a distance to the SN, and hence the host galaxy, of
14–16 Mpc.

More recently, SN 1991T has been revisited with WFPC2 and ACS
in 2002 and 2006 (see right). Clearly, the echo around the SN is
ring-like; with a radius around 0.′′08, these observations have pushed
HST to its imaging extremes.

HST images of echoes from SN 1991T

Echoes from SN 1991T, seen on the plane of the
sky (a-c) and from the side (d-f). Left column shows
the observed echo positions; Middle column shows the
best fit of an hourglass; and Right column shows the
best-fit ellipsoid. Major tick marks denote 10 lt-yr.
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Fitting simple geometric structures to these echoes, we find
two equally-good alternatives. First, a nearly-cylindrical
hourglass with a radius at the waist of 18.5 lt-yr (middle col-
umn above). Second, a prolate ellipsoid with semi-major axis
of 27 lt-yr and semi-minor axes around 18 lt-yr (right column
above). Again, these sizes are consistent with the contact dis-
continuity traced out by the large-radii echoes of SN 1987A.
Unexpectedly, the SN is offset from the center of both objects:
only a few lt-yr for the cylinder, but 13 lt-yr for the ellipsoid.

In the typical Type-Ia supernova scenario, a white dwarf ac-
cretes matter from its secondary until it reaches 1.4M#, which
can take millions to billions of years, depending on the initial
white-dwarf mass and its accretion rate. The fact that SN
1991T appears spatially offset from its inferred circumstellar
environments could suggest the binary pair drifted substan-
tially between the time the white dwarf expelled its planetary

nebula (which expanded into the large environment now observed) and when it exploded. However, can a fossil
planetary nebula remain intact (i.e. not disburse into the ISM) for that duration?

M96 with position of SN
1998bu indicated. Image
from APOD/Adam Block.

SN 1998bu
with Sean Lonsdale

SN 1998bu is a Type Ia located in M96 (d = 11.2 Mpc), which showed the same
photometric decline and spectral features as SN 1991T. Cappellaro et al. (2001) inter-
preted this as a light-echo from dust some 230 lt-yr in front of the SN. HST/WFPC2
and ACS imaging from 2000–2006 (right) reveals the expected echo: an asymmet-
ric ring of radius 0.′′3–0.′′6 centered on
the SN. As time has progressed, the
central “source” has revealed itself to
be a light echo as well, just resolved
into a ring in 2006 with a diameter of
∼0.′′12.

HST images of echoes from SN 1998bu

.

.

.

When the 3-D positions of
the echoes large-radius echoes
are viewed from the side (see
above), they trace a structure
that is highly inclined to the
line of sight, stretching 300–

Large radii echoes, seen on the plane of the sky (left) and from the side. At Right:
best-fit plane to the echoes, tracing the inclination of M96 and thickness of its disk.
Major tick marks denote 50 lt-yr.

700 ly in front of the SN. This distribution is well fit by a plane inclined 30◦at P.A. 150, suggesting we are peering
through a roughly 100 lt-yr thick dust lane in the disk of the host galaxy (M96). This orientation differs by about
20◦from the inclination of 50◦at P.A. 157 reported by Barberà et al. (2004), which could result from disk warp, as
suggested by large-field images of the galaxy. Dust modeling is forthcoming.

As above, but for innermost echoes of SN 1998bu.
Middle and right columns show the best-fit hourglass
with circular and elliptical cross-section, respectfully.

Like SN 1991T, the innermost echoes from SN 1998bu are
from dust up to 30 lt-yr in front of the SN (see left, panels
a–b). While there are not sufficient epochs to provide strong
geometric constraints, the available data are well fit by hour-
glasses, with either circular or elliptical cross sections, both of
which are slightly offset from the SN position. The hourglass
has a semi-major axis at the waist of 4 lt-yr, eccentricity up
to b/a = 0.6, and extends up to 30 lt-yr in front of the SN.

For both SNe 1991T and 1998bu, the size scales of the circum-
stellar environments implied by the echoes are similar to the
contact discontinuity illuminated by the echoes of SN 1987A.
This is surprising considering the SN 1987A progenitor had a
high-mass (∼ 25 M#), while that of SN 1991T should have
been a low-mass (! 8 M#) star, hence they should have dif-
ferent stellar outflow histories.

Introduction
Scattered light echoes offer one of the most effective means
to probe circumstellar and interstellar structure. A light
echo occurs when a light pulse, e.g. from a supernova (SN),
is scattered into the line of sight by dust.
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An echo observed a time t after the pulse must lie equidis-
tant in light travel from the source and observer, i.e. on an
ellipsoid with known foci (above). Given the echo–source
separation ρ and the time it is observed, the line-of-sight
position z of the dust can be directly computed, uncertain
only by the distance D. This means there is a one-to-one
mapping between observed echo position and the 3-D posi-
tion of the scattering dust. Echoes can occur both behind
(echo 1) and in front of (echo 2) the source.

For distant sources (D ' z), the echo ellipsoid is well
approximated by a paraboloid

z =
ρ2

2ct
−
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Echo colors also probe the dust properties, such as the
grain sizes, density, and composition (see Sugerman 2003).

S CrA
with Jose-Luis Ortiz et al.

We present the detection of light echoes from the very
young T-Tauri star S CrA in NGC 6726. It was imaged
10 times between 17 Jul and 17 Oct, 2007, as shown below.

Image mosaic of S CrA. Left: direct images, with the
number of days after 17 July 2007 indicated at top
left. Middle: as left but with S CrA removed via PSF
subtraction. Right: Difference-only images using psf-
matching and NN2 (Tomaney & Crotts 1996; Newman
& Rest 2006); Red circles are plotted every 20′′.

We identify only one echo in panels (a-d) and (h-i), and
two convolved echoes in panels (e-g), consisting of an older
echo from panels (b-d) and new, inner echoes. By fitting
a single spherical shell to these echoes, we find the star
has a distance of 480 ± 50 lt-yr, and the shell’s radius is
11000± 2000 AU. This is the closest echo ever discovered,
and the first from such a young object.

This shell radius is close to the nominal size of our Oort
Cloud. Since S CrA has a similar mass to the Sun and
is estimated to be 2 Myr old (Carmona et al. 2007), we
believe it is still forming its planetary system and there-
fore could have ejected sufficient protoplanetary material
to have formed an incomplete Oort-Cloud analog. This
research has been submitted for publication to Science as
Ortiz et al. (2008).

Abstract

Scattered light echoes offer one of the most effective means to probe the structure and composition of circumtellar and interstellar media. Of note, light echoes provide exact
three-dimensional positions of scattering dust, while constraining that dust’s composition, size and number density. However, they are also very rare, and have only been
unambiguously resolved around a handful of sources. Here, I present how light echoes work, and show how they are being used to study the circumstellar and interstellar
environments around three supernovae (1987A, 1991T, 1998bu), and the nearby T Tauri star S CrA. In the case of S CrA, echoes may be revealing an Oort-cloud analog in
its formation. Echoes from all three SNe have been used to map out their circumstellar environments, which are fossil remnants of their progenitor’s stellar outflows, thus
fully understanding the 3-D geometry and dust properties can constrain the mass-loss history, and hence the stellar evolution, preceding explosion. Additionally, SN 1998bu
has probed the inclination and thickness of its host-galaxy’s disk.
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