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Abstract

Light echoes occur when light from a luminous transient is scattered by dust back into our line of sight with
a time delay due to the extra propagation distance. We introduce a novel approach to estimating the distance
to a source by combining light echoes with recent three-dimensional dust maps. We identify light echoes from
the historical supernovae Cassiopeia A and SN 1572 (Tycho) in nearly a decade of imaging from the All-Sky
Automated Survey for Supernovae (ASAS-SN). Using these light echoes, we find distances of 3.6 + 0.1 kpc
and 3.21%12 kpc to Cas A and Tycho, respectively, which are generally consistent with previous estimates but
are more precise. These distance uncertainties are primarily dominated by the low distance resolution of the
3D dust maps, which will likely improve in the future. The candidate single degenerate explosion donor stars B
and G in Tycho are clearly foreground stars. Finally, the inferred reddening towards each SN agrees well with
the intervening H 1 column density estimates from X-ray analyses of the remnants.

Subject headings: supernovae: general — supernovae: individual: Cassiopeia A, SN 1572 (Tycho’s supernova)

2,3

— ISM: dust, extinction — ISM: supernova remnants

1. INTRODUCTION

Scattered light echoes (hereafter light echoes or echoes)
occur when optical light from a luminous transient scatters
off interstellar dust towards the observer. Dust heated by
absorption of the radiation can also produce a thermal echo in
the mid-infrared (e.g., Krause et al. 2005). The most famous
local examples of scattered light echoes are SN 1987A (Crotts
1988) and V838 Mon (Bond et al. 2003; Tylenda 2004), but
Rest et al. (2012) also detected echoes from the Great Eruption
of n Carinae, Rest et al. (2008, hereafter R08) detected echoes
from the Galactic supernovae (SNe) Cassiopeia A (hereafter
Cas A) and SN 1572 (hereafter Tycho or Tycho’s SN), and
Rest et al. (2005) detected echoes from several SNe in the
Magellanic Clouds. Light echoes can be resolved for SNe in
nearby galaxies (e.g., SN 1993J, Sugerman & Crotts 2002; SN
20147, Crotts 2015; Yang et al. 2017), but the small angular
sizes are typically only resolvable from space.

Krause et al. (2008) classified Cas A as a Type IIb SN
using spectroscopy of its echoes and Rest et al. (2011) subse-
quently used spectra of multiple echoes along different sight
lines to show that Cas A had distinct explosion asymmetries.
Similarly, light echo spectra from Tycho’s SN (Krause et al.
2008) confirmed its classification as a thermonuclear (Type Ia)
explosion based on historical records of its light curve (Ruiz-
Lapuente 2004). The spectra of echoes from n Carinae provide
a unique probe of this enigmatic transient (Rest et al. 2012,
Smith et al. 2018). This shows how light echoes can provide
unique probes of historical events long after they have faded.

Fig. 1 shows the geometry of a light echo. Chevalier (1986),
Sugerman (2003), and Tylenda (2004) provide the basic mod-
els for the appearance of a light echo for various dust geome-
tries, and Rest et al. (2005) expands upon these models for
Galactic SNe. The location and motion of echoes determine

*E-mail: kdn5172@psu.edu

the distance between the reflecting dust and the source but not
the distance to the source or the dust (Bond & Sparks 2009).
With the addition of polarization measurements, it is possible
to determine the overall distance to the source because the
maximum polarization constrains the scattering angle to pro-
vide the extra geometric constraint needed to make a distance
estimate (Sparks 1994). Versions of this method have been
used to estimate the distance to V838 Mon (Sparks et al. 2008)
and SN 1987A (e.g., Cikota et al. 2023).

Distances to supernova remnants (SNR) are generally quite
uncertain. Only two have direct parallaxes to a pulsar rem-
nant (Vela, Dodson et al. 2003, and the Crab, Chatterjee et al.
2009) and three are interacting binaries with parallaxes to the
companion stars (see Kochanek 2021). Dispersion measure
models can be used for pulsars, but they are only accurate
to ~ 25% (e.g., Taylor & Cordes 1993). H 1 (or CO) ra-
dio absorption velocities combined with a Galactic kinematic
model can provide approximate distances for SNRs towards
the inner galaxy (e.g., first by Ilovaisky & Lequeux 1972) and
the correlation between radio diameter and surface brightness
(the X2-D relation) also provides approximate distances (e.g.,
Case & Bhattacharya 1998). Kinematic models of the SNR
expansion, matching proper motions and velocities or simply
the expansion rate and size, depend on models for the three-
dimensional shape of the expansion or the deceleration history
(e.g., Chevalier et al. 1980, Reed et al. 1995, Hayato et al.
2010, Alarie et al. 2014 for Cas A and Tycho). All of these
non-parallex methods have significant distance uncertainties
leading to substantial uncertainties in remnant masses and
energetics. This also leads to difficulties in identifying com-
panion stars unbound in the explosion (e.g., Ruiz-Lapuente
et al. 2004a; Kerzendorf et al. 2013; Shappee et al. 2013, for
Tycho). One new approach is to use wide-field, multi-fiber
spectrographs to determine the distance at which stars show
high velocity Ca 1 or Na 1 absorption lines from the SNR
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(Kochanek et al. 2024).

Recent years have seen the rapid development of three-
dimensional (3D) maps of the Galactic dust distribution.
While there are older models (e.g., Drimmel et al. 2003; Berry
et al. 2012; Green et al. 2015), the availability of Gaia (Gaia
Collaboration et al. 2016; Lindegren et al. 2018, 2021) paral-
lax measurements revolutionized our ability to map the Milky
Way dust distribution on scales of kpc, leading to many new
models (e.g., Green et al. 2019; Dharmawardena et al. 2024;
Edenhofer et al. 2024). Given a 3D dust map, there are two
ways to estimate the distance to a SNR. The first approach is to
find the distance where the extinction matches an estimate of
the extinction of the SNR, usually from the X-ray gas absorp-
tion column density (e.g., Wang et al. 2020) and assuming a
gas-to-dust ratio. The second approach, which we introduce
here, is through dust echoes, where knowing the distance to
the dust supplies the missing information needed to determine
the distance from an echo (see Fig. 1). This second approach
has the advantage that multiple, independent distance mea-
surements can be used if there are multiple, well-separated
echoes.

Using wide-field imaging from the All-Sky Automated Sur-
vey for Supernovae (ASAS-SN'; Shappee et al. 2014) from
2014 through 2021, we identify light echoes from two galactic
SNe, Cas A and Tycho, and use them to estimate their dis-
tances. In our fiducial analysis, we combine the ASAS-SN
echoes with the Tycho and Cas A echoes from R0OS. We use
the Bayestarl9 3D dust maps (Green et al. 2019). While
the Dharmawardena et al. (2024) maps provide better distance
resolution, their distance range (< 2.8 kpc) is too restricted for
these SNRs. We did find that the Green et al. (2019) and Dhar-
mawardena et al. (2024) maps agree well inside this distance
limit for our lines of sight. In Section 2, we describe how we
find light echoes in the ASAS-SN data. In Section 3, we use
these 3D dust maps and light echo geometry to constrain the
distances to these SN. In Section 4, we summarize our results.

2. THE TYCHO AND CAS A ECHOES IN ASAS-SN

ASAS-SN observes the entire sky with 20 telescopes on 5
mounts (since late-2017) using a tiling of fields. A field is ob-
served using three 90 second exposures, initially in the V-band
through late-2018 and now in the g-band beginning in late-
2017 (Shappee et al. 2014, Kochanek et al. 2017, Hart et al.
2023). There are now ~ 4000 images available per field col-
lected over roughly 10 years. To search for echoes, we coadd
data in “observing year” bins (i.e., divided by solar conjunc-
tions) and then use image subtraction to look for changes. We
start by assessing the quality of the images in a given ASAS-
SN field. Images flagged as low-quality by visual inspection,
such as those obtained through moderate cloud cover, are im-
mediately removed. Images with large residuals after kernel
convolution are also removed as this indicates the photometric
quality of the observation is poor. Then, we discard the 33%
of the remaining images with the highest sky backgrounds.
These images are typically obtained during nights with high
Moon illumination and/or high-altitude cloud cover. The 33%
threshold is somewhat arbitrary, but experimentation found
that discarding ~ 25 — 35% of the images produces the best
results. After applying these quality cuts, the median number
of images per field is = 200 in V-band and = 350 in g-band.

Next, the images are coadded by observing season. We
tested different methods for scaling the images during the
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stacking process (e.g., median, mode, sky value) but in the end,
we simply averaged all images to create the yearly stack. This
worked well because (1) all ASAS-SN images are obtained
with the same exposure time (90 s) and (2) the lower-quality
images were already discarded in the initial quality assessment.
The final V- and g-band yearly stacked images of the region
around Tycho’s SN and Cas A have ~ 60 and ~ 90 images,
respectively, with median surface brightness limits of V =
22 mag arcsec”2 and g ~ 24 mag arcsec 2.

Finally, the yearly stacks are pair subtracted using the ISIS
image subtraction software (Alard 2000). All image pairs
are subtracted, so 4 stacked images labeled 1 — 4 produce
6 subtraction pairs (1 —2, 1 =3, ..., 4 —3). This carries
several benefits relative to only subtracting sequential stacks
(e.g., 1 —2,2—-3,3-4). Galactic light echoes move tens
of arcseconds per year (ROS8), so only subtracting sequential
stacks risks self-subtraction of any light echo signal if the
angular motion is less than the PSF FWHM (» 2 pixels =
16”). The pair subtraction also helps to separate true light
echoes from subtraction artifacts through their time evolution.
Subtraction artifacts around bright sources are reduced with
an iterative So- clipping routine. Finally, the subtracted images
are filtered using a 5 X 5 pixel median filter (= 40" x 40”") to
highlight the spatially resolved light echoes and to suppress
any remaining subtraction artifacts (see Fig. 2).

We visually inspected the subtracted images for light echoes,
focusing on the region around Cas A and Tycho’s SN and flag-
ging those that show coherence across multiple subtractions.
Bhullar et al. (2021) and Li et al. (2022) attempted to find light
echoes using a machine-learning approach with limited suc-
cess. While they successfully detected many light echoes, they
also had a large number of false positives. For each identified
echo, we fit a linear segment to the echo in each subtraction
(see Figs. 2 and 3), and we average these to calculate their
central point and position angle (P.A.). This technique gives
us a position with an accuracy of ~ 20”. Nearby echoes with
coherent motion away from the SNR are labeled as part of
the same echo “group” (or simply group). Not all images of
a given echo will be used in the subsequent analysis. Some
image stacks have fewer images and noisier subtractions or
a subtraction artifact interfering with the analysis. We only
keep echoes with detections in a least two of the subtracted
images. Table 2 lists the coordinates, P.A.s, and mean times
of observations for the 57 identified echoes.

3. ANALYSIS

Creating a dust echo depends on having dust to scatter the
light at the distance required by the geometry of Fig. 1. The
constraint equation for an echo (e.g., Tylenda 2004) is

cAt=(Z-2)+(D-d) (D

where
At =ty —t,

is the difference between the time of observation (f,) and
explosion (f.). The time delay (cAt) equals the difference in
length between the direct and the dust-scattered paths from the
source. If 6 is the observed angle between the echo and the
SN, then the distance between the observer and the dust is

At(cAt +2
D=_° t(cAt + 2x) ‘ @)
2(cAt +x — xcos )

For a given source distance, x, and explosion time, ?., the
uncertainties in the estimate of D are negligible since they
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FiG. 2.— Echoes from Cas A. The left panel shows the difference image for epochs separated by two years, and the right panel shows all the detected echo groups
in this field. The images are very spatially distorted — the red cross is 0.1°by 0.1°. The lines show the position and orientation of the echo and color codes the age,
showing that the echoes are expanding outwards from Cas A as expected. Dotted boxes show how the echoes are grouped to deal with the spatial correlations
of the dust maps. The blue line is the light echo identified by ROS. Dashed red lines extend from each echo group towards the geometric center of the Cas A

remnant. The offset from the red cross to the geometric center of Cas A is 7.6°.

only arise from the uncertainties in f,, which is known to a
fraction of a year, and 6, which is measured to an accuracy of
~ 20" out of an overall angle of 8 ~ 7° (e.g., Figs. 2 and 3).
Thus, given the echo’s location and the time of observa-
tion, the observed echo can only be produced for a given
source distance and time of explosion if there is dust at
a distance D along the line of sight to the echo. The
amplitude of the echo is largely determined by the den-
sity of dust at that distance with secondary effects from
the scattering angle which we will ignore, so we need the
dust density as a function of distance P;(Dj|x,t.). We fit
the Bayestarl9 integral dust distribution with monotonic
splines (scipy.interpolate.PchipInterpolator, Virta-
nen et al. 2020) and then use the derivative of the monotonic
splines with respect to the distance D ; to define P; (D j|x, t.).
Since Bayestar19 supplies 5 posterior distributions for each
sight line, we use the average of the 5 density estimates. Fig. 4

shows these distributions for two Tycho echoes with very dif-
ferent dust distributions. In one case, there is a well-defined
dust sheet at a distance of 2-3 kpc which will strongly constrain
the dust distance, D ;. In the second case, the distribution of
dust along the line of sight is much broader and will provide
little constraint on the dust distance. Because the distance res-
olution of the Bayestar19 dust maps is limited, even the thin
dust sheet is significantly smeared out in distance. This makes
it essentially impossible to usefully constrain the explosion
time and limits the precision of the distance estimate from any
single echo.

Since the angular resolution of the Bayestar19 dust maps is
~ 5’ near Cas A and Tycho, we will derive essentially the same
dust density distribution for echoes with smaller separations. If
we multiply the distance posteriors of such echoes, then we are
treating their dust distributions as independent measurements,
yet they are not. To avoid this, we work in terms of echo
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FiG. 3.— Echoes from Tycho’s SN. The zoomed-in image shows the g-
band Group 2 in images separated by two years where the pink line is the
older detection, and the green line is the later detection. These images are
significantly distorted — the red cross is 0.1° by 0.1°. The lines show the
position and orientation of the echo and the color codes the age, showing that
the echoes are expanding outwards from Tycho as expected. Echo groups are
identified with boxes and the blue line is the light echo in this field identified
by RO8. A dashed red line extends from the center of each group towards the
center of Tycho. The geometric center of Tycho is 6.4°from the red cross.

groups consisting of all echoes with separations less than 6’.
In practice, this means groups form a time sequence of echoes
expanding away from the SNR like those seen in Figs. 2 and
3. For the echoes j in group i we use the mean of their dust
density distributions

P;(Dilx,1.) = (Pi(Djlx,1.)) . 3)

as a single dust density distribution for the group. This should
be a conservative approach to handling the correlations in the
dust maps. _

The dust distributions, P;(D;|x, t.), for each group i should
be uncorrelated, so we can multiply their distance posteriors.
Using Bayes theorem, our posterior for the distance and age is
then

P(x,te|data)ocP(x)P(te)l_[/dDiFi(Di|x,te) 4)

where P(x) and P(t,.) are the priors for the SN distance and ex-
plosion time, respectively. Bayesian probability distributions
are always normalized to unity, which means that the normal-
ization of the P;(D;|x, t.) dust density distributions drops out
of the final posteriors. We use a uniform SN distance prior,
P(x), from 1.75 kpc to 6.25 kpc for both Cas A and Tycho.
This prior spans their previous distance estimates (see below).
We used Gaussian priors for the time of explosion P(z.) with
the parameters defined in Sections 3.1 and 3.2. Using a uni-
form prior for the time of explosion does not affect the distance
estimate. As noted earlier, the low distance resolution of the
dust maps means that we are unable to constrain the time of
explosion, so the posteriors for the time of explosion are ba-
sically just the priors. Fortunately, the distance posterior is
essentially uncorrelated with the time of explosion.

As a simple sanity check on the results, we can compare
the extinction at the inferred distance to the SNR with the H 1
column density N (H) inferred from X-ray observations of the
SNR. The E (g —r) extinction of the Bayestar19 maps can be

converted to E(B—-V) = 1.11 X E(g —r) (see, e.g., Appendix
B in Green et al. 2014), and the visual extinction is related to
the column density by

N(H) =83x10*'cm? mag ' x E(B-V) (5

(e.g., Liszt 2014a,b) with a scatter of ~ 10% (e.g., Lenz et al.
2017; Nguyen et al. 2018; Zuo et al. 2021).

3.1. Cassiopeia A

Cas A is the remnant of a Type IIb SN (Krause et al. 2008),
and it was the most recent galactic SN that may have been
observed. If the explosion was observed, it would have been
the sixth magnitude object 3 Cassiopeiae observed by John
Flamsteed on 1680 August 16, but its separation of 12’ from
Cas A makes the identification uncertain (Ashworth 1980;
Hughes 1980). Studies of the proper motions of the ejecta by
Thorstensen et al. (2001) and Fesen et al. (2006) estimate ex-
plosion times of 1671 - 1680 and 1681 + 19 years, respectively,
which are consistent with Flamsteed’s observation. Based on
this, we adopt a Gaussian prior for P(t.), centered on 1676 CE
with a dispersion of 5 yrs. Using a flat prior spanning 1670 -
1680 produces identical results for the distance.

Fig. 2 shows an example of a Cas A light echo at an offset of
approximately 7.6° from the geometric center of @ (J2000) =
23"123M27377,5(J2000) = +58°48’49”4 for Cas A found by
Thorstensen et al. (2001). This geometric center lies 66+ 175
from the neutron star formed in the SN. The total light echo is
approximately 1° in length, and we broke it into five separate
echo groups (Groups 1 to 5) where Group 3 and Group 5 are
the only segments clearly visible in the g-band data. This light
echo appears to be a continuation of the light echo located in
Field No. 3824 of ROS8, as shown in Fig. 2. From 2014 to
2021, we found 35 echoes in 5 echo groups. For these five echo
groups (1 to 5), we found average annual proper motions of
40+8,27+7,44+3,47+3, and 56+3 arcsec yr~ 1 respectively.
We analyze these echo groups alongside 6 echoes identified
by RO8 as a complimentary sample. These 6 echoes will be
treated as 6 individual echo groups consisting of a single echo
each.

Fig. 5 shows an example of inferring the Cas A distance from
a single echo, Echo 4 in Group 5. Using Eq. 2, the known time
of observation, and the offset of the echo from the SNR, we
estimate the dust density along the line of sight, P;(D;|x,t.)
(Eq. 3). We integrate over the dust distance weighted by the
density (Eq. 4) to get a probability distribution for the SN dis-
tance and explosion time, P;(x, t.|data). We then marginalize
the distribution over the time axis to get the posterior prob-
ability distribution for the SN distance, P;(x|data). As seen
in Fig. 5, a single thin dust sheet dominates this line of sight,
leading to a well-constrained distance of 3'7t%%1 kpc with a
single echo. As expected, the posterior for the explosion time
is essentially identical to the prior due to the uncertainties as-
sociated with dust distances. We also see that the distance is
uncorrelated with the explosion time.

We did the full calculations for the V-band ASAS-SN echo
groups, the g-band ASAS-SN echo groups, the echoes iden-
tified by ROS8, and the entire joint echo group sample with
the results listed in Table 1 and shown in Fig. 6. We use
the distance at the maximum of the posterior distribution for
the central value and the 10~ uncertainty calculated from the
16% to 84% range of the integral posterior probability distri-
butions. All four results are mutually consistent, with a final
joint distance estimate of 3.6 + 0.1 kpc. Fig. 7 shows the 2D
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TABLE 1
DistaNcE ESTIMATES

Sample | Cas A (kpc) | Tycho (kpc)
P 0.3 0.2
V-Band 3.6%57 4.2%5%
4 0.1 0.2
g-Band 3.5%5 33105
. 0.2 0.2
Rest+ 08 3745 31755
; 0.1 0.1
Joint 3.6%5 3.2%55

and explosion time-integrated posterior distributions for this
joint sample. Fig. 6 also shows other distance estimates for
Cas A. The best existing estimates come from kinematic mod-
els of the proper motions and radial velocities of emission line
gas in the SNR, with Reed et al. (1995) finding 3.4*%3 kpc
and Alarie et al. (2014) finding 3.33 + 0.10 kpc. Our result is
consistent with the former and 20 inconsistent with the latter.
At base, these kinematic models compare the proper motion
of the expansion u to the line of sight expansion velocity v and
determine the distance by matching the two, d = v/u. While
they find the remnant to be fairly spherical, very modest asym-
metries could explain the 9% distance difference with Alarie
et al. (2014). Even so, such close (9%) agreement between
two radically different methods is encouraging.

Fig. 10 shows the dust distribution along the line of sight
to the center of Cas A along with our distance estimate. We
find that Cas A lies inside or just behind a dust sheet with
significant optical depth. If we sample this dust distribution
over our distance posterior, we find an extinction posterior

of E(g —r) = 1.7*%3. For comparison, Hwang & Laming

(2012) measure N(H) =~ 2 x 10*?> cm ~2 (with no reported
uncertainties) from Chandra X-ray observations, or E(g—r) =
2.2+0.3 if we assume a 10% measurement uncertainty and add
the 10% scatter in the extinction to column density conversion.
This is consistent with our result. At least for this sight line,
using the dust towards Cas A to estimate its distance would
give a very strong lower limit because of the dust sheet at
~ 3.5 kpc, but a much weaker upper limit because the next
increase in the integrated extinction lies near 6 kpc and is a
fairly weak jump.

3.2. Tycho’s Supernova

Tycho’s SN was a Type Ia SN first observed on 1572 Novem-
ber 11 by Jerénimo Muiioz and Tycho Brahe separately, as dis-

cussed by Ruiz-Lapuente (2004), and it was observed by Eu-
ropean and Asian astronomers for two years. Tycho (SN 1572)
and Kepler (SN 1604) were the most recent, clearly observed
SN in the Galaxy given the questions surrounding the possible
Flamsteed observation of Cas A. Spectroscopy of a light echo
400 years later conclusively showed that Tycho’s SN was a
Type Ia SN (Krause et al. 2008). The direct observations pro-
vide a light curve at peak (see Ruiz-Lapuente 2004), allowing
us to use a very tight Gaussian prior on the explosion time
centered on the discovery date, 1572 November 11, and with a
dispersion of 20 days. Using a flat prior on the explosion time
produces identical results.

Fig. 3 shows three echo groups associated with Tycho at
an average offset of approximately 6.4° from the geometric
center of (J2000) = 007251959, §(J2000) = +64°08’18”2
for Tycho found by Ruiz-Lapuente et al. (2004b). Groups 1
and 2 are separated from Group 3 by approximately 4°. Group
3 may be associated with the echo located in field 4821 of
RO8. Groups 1 and 2 are only seen in the V- and g-bands,
respectively, while Group 3 is seen in both. We located 22
echoes associated with 3 echo groups over almost 7 years
of observations. For these three echo groups (1 to 3), we
found average annual proper motions of 28 + 4, 28 + 4, and
25+3 arcsec yr~!, respectively. We analyze these echo groups
alongside the 6 echoes identified by RO8. Each of these 6 ROS
echoes are treated as separate echo groups consisting of a
single echo.

Fig. 8 is an example of the results for Tycho Echo 13 of
Group 2. For this echo, there are two dust sheets along the
line of sight, but the second sheet lies close to the 6.25 kpc
upper limit of our distance prior. Nonetheless, its presence
produces a second probability peak and leads to a posterior
distance estimate of 3.3t})'17 kpc with a relatively large positive
distance uncertainty. This is an example of why having multi-
ple groups helps. As we combine echo groups, the probability
associated with the true distance will be reinforced, while the
probability associated with such secondary peaks should in-
creasingly cancel provided the distances of any secondary dust
sheets are relatively uncorrelated. The explosion time poste-
rior is again unchanged from the prior, as expected, and there
is no correlation of the distance estimate with the explosion
time. The distance estimates from the V-band echo groups,
g-band echo groups, R0O8 echoes, and the joint echo group
sample are given in Table 1 and shown in Fig. 9. The results
from the echo samples are mutually consistent, with a final
distance estimate of 3.2’:%12 kpc from the joint sample. While
all distance estimates are mutually consistent, the V-band es-
timate has significantly larger uncertainties due to the broader
dust distributions for these echoes and fewer available images.
Fig. 7 shows the 2D and explosion time-integrated posterior
distributions for the joint sample.

Fig. 9 also shows other estimates of the distance to Tycho.
The two 21 cm H 1 absorption velocity distances of 1.7-3.7 kpc
(Albinson et al. 1986) and 4.5 + 0.5 kpc (Schwarz et al. 1995),
illustrate the problems with this method, driven in part by the
velocity perturbations of a spiral arm. Chevalier et al. (1980)
using a small number of proper motions and radial velocities
found a distance of 2.3 + 0.5 kpc. Using similar methods,
Smith et al. (1991) found a distance of 1.5-3.1 kpc. Hayato
et al. (2010) combined X-ray proper motions from Katsuda
et al. (2010) with their measurements of X-ray line widths to
find a distance of 4 + 1 kpc. Based on the estimated peak
brightness and light curve structure of the SN, Krause et al.
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(2008) estimated a distance of 3.5*}3 kpc and Ruiz-Lapuente
(2004) estimated a distance of 2.8 + 0.4 kpc. Finally, we note
that Volk et al. (2008) argue that the lack of a y-ray detection
of Tycho requires a minimum distance of 3.3 kpc. Our results
are generally consistent with these estimates if only because
of their large uncertainties.

Fig. 10 also shows the dust distribution along the line of sight
to the center of Cas A along with our distance estimate. Unlike
Cas A, the dust is almost uniformly distributed in distance, and
we find a posterior estimate of the extinction towards the center

of Tycho of E(g —r) = 0.82*0% . For comparison, Cassam-

Chenai et al. (2007) find N(H) =~ 7x10?' cm 2 orE(g—r) ~
0.8 £ 0.1 from Chandra X-ray observations making the same
assumptions about the uncertainties as for Cas A. This agrees
extremely well with our estimate. At least for this sight line,
the dust towards the SN would provide a much weaker distance
estimate because the gradient of extinction with distance is so
weak. The estimate of the extinction from the column density
would need the precision of the uncertainties on the extinction
posterior to produce a similar distance uncertainty.

4. DISCUSSION AND CONCLUSIONS

We present new distance measurements to the historical
Cas A and Tycho SNe by combining light echoes and 3D dust
maps, finding fiducial distances of 3.6 + 0.1 and 3.2‘:%12 kpc,
respectively, that are most precise to date. The largest system-
atic uncertainties arise from any miscalibrations in the dust
distance scale, but as these are anchored on Gaia parallaxes,
they are unlikely to be large. The uncertainties are driven
by the low distance resolution of the 3D dust maps and can
be improved either by higher resolution maps or the addition
of more echoes sampling different line of sight dust distribu-
tions. The extinctions predicted by our distances agree with
those expected from X-ray measurements of the H 1 column
densities towards these two SNRs. Our method can be applied
to any eruptive or explosive Galactic event luminous enough
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median distances found from the joint sample for each SN. Colored regions
are the 10 uncertainty calculated from the extinction map.

to produce resolved light echoes.

As noted in the introduction, Tycho has been the focus of
many searches for a surviving stellar binary companion to
the white dwarf which exploded (e.g., Ruiz-Lapuente et al.
2004a, Gonzalez Hernandez et al. 2009, Kerzendorf et al.
2013, Kerzendorf et al. 2018). Finding such a companion
would be the first clear evidence of a single degenerate channel
for Type Ia SNe, particularly given the failure to find evidence
for the hydrogen expected to be stripped from the donor by
the explosion in nebular phase spectra of large samples of
normal Type Ia SNe (e.g., Tucker et al. 2020). The distance
uncertainties for both the candidate stars and Tycho itself have
made the search for an unbound companion challenging. Gaia
parallaxes have largely addressed the problem of the distances
to the stars (see Ruiz-Lapuente et al. 2019), and our echo
distance largely solves the problem of the distance to Tycho.
Ruiz-Lapuente et al. (2019) listed 15 stars with Gaia distances
consistent with a distance of 2.7 + 1.0 kpc that roughly spans
the earlier measurements in Fig. 9. Only 7 of these stars have
distances consistent with our SNR distance, largely due to
having larger parallax uncertainties. The occasionally favored
candidate donor stars B and G are both clearly foreground
stars.

Our ability to find light echoes with ASAS-SN slowly im-
proves due to both the slowly increasing integration time and
the longer time baseline. With a sufficiently long baseline
(nearly 20 years), we can search for echoes in the Magellanic
Clouds where the long time scale is set by the expected time
for an echo to traverse ASAS-SN’s 16" point spread function
(PSF). The main problem is that older echoes have a lower sur-
face brightness, and the high stellar densities near the plane of
the Galaxy limit ASAS-SN’s surface brightness sensitivity (at
higher latitudes, its surface brightness sensitivity is quite good,
reaching 27 mag/arcsec’ in the g-band, Jennerjahn et al. in
prep). Other existing surveys like ATLAS (Tonry et al. 2018),
ZTF (Bellm et al. 2019), and the Dragonfly array (Abraham &
van Dokkum 2014) should perform better at lower latitudes.
The Vera C. Rubin Observatory (Ivezi¢ et al. 2019) can also
contribute to such searches at lower latitudes in the near fu-
ture. Higher resolution also makes it easier to measure proper
motions. Effectively searching for echoes by eye continues to
be a problem for all-sky rather than localized searches. Im-
proved machine-learning techniques will likely be needed for



such surveys.
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TABLE 2
LicaT EcHOES

SN“ ID?” Filter® Group?  RA€ Dec® MIDS  MinMJDS  Max MID8 o
CasA 1 % 2 00:20:04 +61:58:61 57022 57008 57045 7.6508
CasA 2 \% 3 00:19:24  +61:52:61 57022 57008 57045 7.5450
CasA 3 Y% 4 00:19:44  +61:44:61 57022 57008 57045 7.5445
Tycho 1 % 1 00:49:19  +58:43:04 57026 57008 57045 6.126
Tycho 2 \Y 3 01:06:38  +59:21:11 57026 57008 57045 6.825
Tycho 3 Y 1 00:49:23  +58:42:49 57326 57194 57413 6.134

This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.
< SN or SN remnant associated with the echo.

b 1dentification number associated with the echo per SN.

¢ Filter associated with each echo.

4 Group number associated with each echo.

¢ Right ascension and declination for the J2000 epoch.

T Averaged Modified Julian Date of the observation.

8 Minimum and maximum Modified Julian Date of observations

h Separation of the echo from the center of the SN in degrees.
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