Serb. Astron. J. Ne 207 (2023), 9 - 19
DOI: https://doi.org/10.2298/SAJ2307009V

PROPER MOTION OF CYGNUS LOOP SHOCK FILAMENTS

M. Vugéetié¢!, N. Milanovié¢?, D. Urosevié', J. Raymond?, D. Onié!, S. Milosevié¢!

and N. Petrov*

I Department of Astronomy, Faculty of Mathematics, University of Belgrade,
Studentski trg 16, 11000 Belgrade, Serbia

E-mail: milica.vucetic@matf.bg.ac.rs

2Maz Planck Institute for Solar System Research, Justus-von-Liebig-Weg 8, 37077 Géttingen, Germany
3 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA, 021388, USA

4 Institute of Astronomy and National Astronomical Observatory, Bulgarian Academy of Sciences,
Tsarigradsko Shose 72, BG-1784 Sofia, Bulgaria

(Received: October 22, 2023; Accepted: December 15, 2023)

SUMMARY: We determined the shock speed in the Galactic supernova remnant Cygnus Loop, using
the proper motion of its optical filaments and the latest estimate of its distance. The proper motion was
measured by comparing Ha images of the remnant observed in two epochs: 1993 (Kitt Peak National
Observatory) and 2018/2019 (National Astronomical Observatory Rozhen and Astronomical Station
Vidojevica). We derived shock speed for 35 locations along different filaments, which is twice as much
as in earlier studies of the north-eastern part of the Cygnus Loop. For the first time, we have measured
the shock speed of the radiative filaments in this region. Three of the analyzed locations where we
measured the proper motion of filaments are radiative, based on their presence in [SII] images from
the second epoch. The other filaments are non-radiative. The speed we obtained for the non-radiative
filaments is in the range of 240-650 km s—1, with an estimate for the uncertainty of 70 km s~ 1. These
values are mostly in agreement with previous studies. The radiative filaments have lower speeds of
100-160 4 70 km s—1, which is in agreement with the assumption that they are older in evolutionary
terms. This clear distinction between the speed of the two types of filaments proves that [SII] emission
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can be used for identifying radiative filaments in supernova remnants.
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1. INTRODUCTION

The Cygnus Loop is a Galactic supernova rem-
nant (SNR) G74.0-8.5, also known as the Veil Neb-
ula. Recently, its distance was estimated to be 725
+ 15 pc (Fesen et al. 2021), based on the parallaxes
of stars available in the Gaia Early Data Release 3.
With this result, the uncertainty of the Cygnus Loop
distance was reduced to a value comparable to its ra-
dius (~ 18 pc; Fesen et al. 2021). This is significant

© 2023 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

because the distances to the Galactic SNRs cannot
be determined easily. One way to estimate the dis-
tance is by taking into account distances to the stars
known to be in front or behind the remnant. The
ones that are behind can be recognized by absorp-
tion in their spectra, caused by the star’s radiation
passing through the SNR on its way to the observer.
The estimated distance to the Cygnus Loop ranged
between 440 pc and 1400 pc over the years (see re-
view by Fesen et al. 2018a). With the latest result
by Fesen et al. (2021), it eventually came close to the
value of 770 pc given by Minkowski (1958) more than
60 years ago.


https://doi.org/10.2298/SAJ2307009V

M. VUCETIC et al.

This middle-aged remnant (~ 20000 years old) has
an apparent diameter of ~ 3° in the sky, and its size
and brightness make it suitable for studying smaller
structures (filaments) in the remnant. Newest find-
ings suggest that Cygnus Loop’s morphology is a con-
sequence of its location in a low-density medium, far
from the Galactic plane (b ~ 8°). Although being
far from Galactic plane, Cygnus Loop encounters in-
terstellar clouds as it expands (Fesen et al. 2018Db).
The brightest regions observed in the optical domain
shape out nearly spherical western and eastern parts
of the shell, whose radiation can be described by in-
teraction of the shock wave with the surrounding dust
clouds (Hester and Cox 1986).

As the shock front in the SNR decelerates, the
downstream region (behind the shock) loses more en-
ergy through radiation and cools down. This cre-
ates conditions in the downstream region suitable for
formation of, for example, forbidden [SII] A\ 6716,
6731 emission lines (Raymond 1979, Matonick and
Fesen 1997). There, the collisionally excited sulfur
ions radiate strongly, typically producing line inten-
sities that compare to Ha as [SII]/Ha > 0.4. Based
on this, it is suggested that the filaments in the rem-
nant that have already entered the radiative phase
of the evolution can be recognized through their [SII]
emission.

The Cygnus Loop contains both non-radiative and
radiative filaments (Hester et al. 1994). Studies of the
north-eastern part of the Cygnus Loop so far mea-
sured the speed of the non-radiative filaments using
different techniques (see Salvesen et al. 2009, Med-
ina et al. 2014, Sankrit et al. 2023). In this paper,
for the first time, we determined the speed of the
shock wave by measuring the proper motion of both
non-radiative and radiative filaments in the Cygnus
Loop. The proper motion was measured by com-
paring the Ha observations from two epochs: 1993
and 2018/2019 (Milanovic et al. 2019). The speed of
the filaments was derived using the latest estimate
of the remnant’s distance, mentioned above. To dif-
ferentiate between radiative and non-radiative fila-
ments, we observed Cygnus Loop through Ha and
[SII] narrowband filters. Radiative filaments of this
SNR were recognized as those that are visible in the
images taken through narrowband [SII] filter (like in
e.g. Vucetic et al. 2015). In this way, we compared the
speed of the radiative and non-radiative filaments.
We then tested the hypothesis that the radiative fil-
aments should have lower speeds, since they are sup-
posed to be older in evolutionary terms.

The speed of the shocks producing non-radiative
filaments is important for other reasons as well.
Salvesen et al. (2009) combined the shock speed with
the Rankine-Hugoniot shock jump conditions to place
upper limits on the fraction of shock energy that goes
into the cosmic rays. More recently, Raymond et al.
(2023) used the shock speed and jump conditions as
one way to determine the electron-ion temperature
ratios in shocks.
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Optical data used in this paper are described in
Section 2, while the method used for the filaments’
proper motion measurements is presented in Sec-
tion 3. Section 4 contains results and discussion. The
paper summary is given in Section 5.

2. OBSERVATIONS AND DATA
REDUCTION

Shock speed in the Galactic SNR Cygnus Loop
was determined using the proper motion of its opti-
cal filaments. The proper motion was measured by
comparing the Ha images of the remnant observed in
two epochs: 1993 and 2018/2019. The speed of each
filament was then calculated using the latest estimate
for the distance to the object d = 725 £ 15 pc (Fesen
et al. 2021).

Data from the Epoch 1 were acquired in 1993'.
The observations were performed using the Burrell-
Schmidt telescope (diameter of 0.9 m) at the National
Astronomical Observatory Kitt Peak (KPNO). The
data consist of an image taken through a narrowband
filter centered around the Ha emission line, with the
exposure time of 1500 s. The diameter of the field of
view (FOV) is approximately 0°7, with a plate scale
of 270268 /px. These data are shown in Fig. 1.

Data from Epoch 2 were acquired during 2018
and 2019 at the National Astronomical Observatory
Rozhen (NAO Rozhen) in Bulgaria, and in 2019 at
the Astronomical Station Vidojevica (ASV) in Ser-
bia. Observations from Epoch 2 consist of images
taken through He and [SII] narrowband filters. The
Ha images were used for proper motion measure-
ments, while the [SII] images were used only for iden-
tification of the radiative filaments.

At the NAO Rozhen, we used their m telescope
with a FOV of 5’ x 5’ and a plate scale of 0”176/px.
Seeing conditions ranged from 172 to 1”8. In 2018
we observed 8 FOVs (locations marked with squares
from A to I in Fig. 1), and in 2019 we observed 3
FOVs (squares K, L, M in Fig. 1). Our aim was
to cover as many optical filaments as possible, that
were contained in the Epoch 1 data. Each FOV was
observed multiple times (5 — 9, depending on FOV)
with an exposure time of 300 s. Single exposures were
combined to obtain higher signal-to-noise ratio. Nar-
rowband Ha and [ST]] filters used from NAO Rozhen
are ~30A wide and are centered at 6572A and 67194,
respectively.

Observations from the ASV were done using 1.4
m telescope Milankovié. This instrument has a larger
FOV of 13/ x13’, and a plate scale of 0”39 /px. We ob-
served one FOV, its location marked with J in Fig. 1.
Seeing conditions ranged from 1” to 2", and we took
12 images of 300 s through each filter. Narrowband
Ha and [SIT] filters used from ASV are ~50A wide,
and are centered at 6561A and 6728A, respectively.

IWe received these data in private communication with
Prof. Robert A. Fesen (Dartmouth College).
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Table 1: Log of observational data: instrument, date of the observations, exposure time Teyyp,, size of the
FOV, plate scale, used filters. Labels refer to the fields observed in Epoch 2, marked in Fig. 1

Declination [d:m:s]

Instrument Date Texp [ FOV scale [ /px] filters labels
Epoch 1
KPNO 1993 Aug 16 1500 0°7 2.0268 Ha
Epoch 2
NAO Rozhen 2018 Sept 12 1500-2700 5 x5 0.176 He, [SIT] A-1
NAO Rozhen 2019 Oct 1 2400 5 x5 0.176 Ha K, L,M
ASV 2019 Oct 28 3600 13/ x 13’ 0.39 Ha, [ST] J
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32:00:00.0
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Fig. 1: Context of our observations. The background image represents the Epoch 1 (year 1993) Ha-line
image of the northeastern part of the Cygnus Loop. The blue squares mark the fields observed in Epoch 2
(years 2018, 2019), labeled with letters from A to M. Field E is split between the top and the bottom image
from Epoch 1, and the dashed blue rectangle marks its bottom part. See Section 2.

Details of observations in both epochs are given tions, aligning and combining multiple exposures of

in Table 1. We reduced the data from Epoch 2 us-
ing standard procedures (bias and flat-field correc-

the same FOV) in Python language. The data from
Epoch 1 we received as already reduced.
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3. FILAMENTS’ PROPER MOTION
MEASUREMENT

To measure the shock speed of the optical fila-
ments, we first linearly interpolated the image from
the Epoch 1 to the plate scale of the Epoch 2 im-
ages (270268 /px to 07176/px or 0739/px). Then we
aligned Epoch 1 and Epoch 2 images according to the
world coordinate system (WCS). For an astrometric
solution of the images (setting up the WCS grid and
writing the corresponding FITS header keywords), we
used the online platform Astrometry” (Lang et al.
2010). This web platform performs robust source de-
tection in the input image, than asterisms - sets of
four or five stars - are geometrically hashed and com-
pared to the pre-indexed hashes, which are generated
by using a combination of Gaia-DR2 and Tycho-2
catalogues.

The next step was selecting suitable regions in
both epochs for proper motion measurements. We
searched for nearly linear filaments, without too
many bright nearby stars, and without other close fil-
aments that would interfere with the measurement.
We also chose filaments that are bright enough and
stand well above the background level, to make it
easier for our routines to recognize the position of
the filament.

During measurement process, from each FOV
marked in Fig. 1, we selected smaller square subim-
ages (size of 100” x 100” in most cases), which con-
tained one or more approximately linear filaments.
Pairs of subimages at the same location were selected
simultaneously from Epochs 1 and 2, according to the
WCS. In this way, we isolated a total of 43 filaments,
for which we measured the proper motion using the
method we discuss below. Some of these filaments
were, however, excluded from the analysis after the
measurement, for reasons that we will explain in Sec-
tion 4.

Before further measurements, each filament was
rotated to be in a roughly vertical position. This
rotation was done to measure the proper motion in
the direction of the z-axis in the image. The angle
of rotation was estimated by eye for each filament,
while the same angle was used for the filament in both
epochs. Fig. 2 shows an example of an approximately
linear filament, cut from the region B, in Epochs 1
and 2. The filament is shown in its original orien-
tation in the images and is then rotated to make it
nearly vertical.

In order to define the position of the filament in
the subimages after rotation, we selected slices of the
image that enclose the filament motion between the
two epochs. These are the same slices in both epochs,
marked with dashed rectangles in the second panel in
Fig. 2. The rectangles are placed in a way to cross the
shock, but omit the areas containing stars, or parts
of neighboring filaments. This method ensures that

2http://nova.astrometry.net
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the brightness of the propagating shock dominates its
surroundings in the selected slices.

Further on, in each row of pixels along the slice
we identified the point with the maximum bright-
ness and used it as the position of the filament in
that row. Thus, the position of the filament in each
epoch was described by one set of points, where the
y-coordinate indicates the rows and the xz-coordinate
indicates columns of pixels on the slice. These points
are over-plotted in the second panel in Fig. 2.

Although we carefully selected slices suitable for
measurement of each filament, sometimes the points
that obviously belong to the surrounding stars were
still caught in the sample. This was especially in-
fluenced by the shape of the stars in the Epoch 1
image, which appear larger and smeared due to the
lower image quality. This trade-off between placing
as large rectangles as possible (to increase the num-
ber of measured points) and avoiding stars made the
measurement more difficult. Some of these points,
which obviously do not belong to the filament, can
be seen within the dashed rectangles in Fig. 2.

Apart from the neighboring stars, points that
belong to another nearby filament were sometimes
caught in the sample, when there are two filaments
crossing each other or generally being close in the
image. Furthermore, in the case of filaments that
were not very bright, the selected points appeared
more dispersed than for the brighter filaments. For all
these reasons, after selecting the points that represent
a filament, we applied a filtering process. To address
this, we used an iterative method of sigma-clipping,
which we repeated three times. A straight line was
fitted to the set of points, in each epoch. After the
fitting, the measured points whose z-coordinate (in
either of the two epochs) deviated by more than + 20
from the linear fit were discarded. The points we
show in the third panel in Fig. 2 are the final sample
points that represent the filament, after the filtering
process was applied.

Finally, after rotation and selection of the points
that represent the filament in the images, we mea-
sured the proper motion of the filament. To this
end, we fitted the filament with a vertical regression
x = z(y) in each epoch (straight lines in the third and
the fourth panel in Fig. 2). Using the images from
the two epochs, we calculated the difference between
the fitted x-coordinates of the filament in each row.
The mean value of the difference was then projected
onto the direction perpendicular to the filament (z-
axis), and taken as the proper motion of the filament
over the time interval between the two epochs.

To estimate the expected value p and the uncer-
tainty Ap of the proper motion, we used a bootstrap
re-sampling procedure, where we repeated the above
measuring process 10000 times. In each iteration,
from the filtered set of points that represent the fil-
ament, a new random sample of points was chosen.
The sample had always the same number of points
as the initial set, with allowed repetition of points.
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Filament B2 in Ha in 2018
™o .

Rotation and sampling

Fitting Filament in 1993

-

-

Fig. 2: Illustration of the measurement process for the filament B2. The first panel shows the filament,
observed in Epoch 2 in Ha emission. The black rectangle outlines the area shown in the next two panels. In
the second panel, the filament is rotated by 130° clockwise, to be nearly vertical. The dashed rectangles show
the slices selected for measurement. The points selected to represent the position of the filament (before
filtering) are shown in blue. In the third panel, we show the filtered points and the linear fit to the filament
(red). The fourth panel shows the same filament when observed in Epoch 1, with the corresponding selected

points and the linear fit. See Section 3.

After all the iterations, we obtained a distribution of
the measured proper motions, and we took its mean
value as the final expected value of p. Since the dis-
persion of the distribution was always smaller than
the pixel size, we used the pixel size (07176 or 0739)
for the uncertainty Ap.

4. RESULTS AND DISCUSSION

Assuming that the the shock front is moving in the
plane of the sky and that the shock speed was con-
stant between the two epochs of our observations, we
used the measured proper motion of the filaments to
derive their speed. In Table 2 we list the coordinates,
the measured proper motion, and the derived speed
for 35 locations on different filaments. Only two fil-
aments, all located in our FOV H, were detected in
[SII] images, and hence are designated as being in
the radiative phase. Fig. 3 shows FOV H and FOV
B, to illustrate the difference between radiative and
non-radiative filaments. Non-radiative filaments are
not visible in [SII] images, while radiative filaments
in FOV H are clearly visible. These filaments are
the most well-defined filaments in our sample, and
we have measured their speed to be in the range of
100-160 £ 20 km s~ 1.

We estimated the uncertainty of the proper mo-
tion from the boot-strap measurement procedure to
0”72 — 0”4. Additional systematic uncertainty arises
from astrometric calibration of the images from both
epochs. As mentioned in Section 3, the astromet-
ric calibration was made using astrometry.net web-

platform. The WCS uncertainty of Epoch 1 is calcu-
lated to be 0”4, while the WCS uncertainty of Epoch
21is 0”15. We calculate the total error for proper mo-
tion Ap as the sum in quadrature of the measurement
procedure error and WCS error of the measurement
procedure and WCS error, since they are indepen-
dent. We calculated the uncertainty for the speed Aw
to be 70 km s~! using the uncertainty for the proper
motion Ap = 0”6 and the distance to the remnant of
725 £ 15 pc (Fesen et al. 2021).

We compared our results to the measurements
from earlier works of Salvesen et al. (2009), Medina
et al. (2014), and Sankrit et al. (2023), who analyzed
similar regions of the Cygnus Loop as we did.

In the work of Salvesen et al. (2009), the speed
of 18 non-radiative filaments was measured using a
method similar to the one used in this work. The
speed of the filaments was determined by comparing
images from two different epochs (39.1 years apart).
The filaments were also rotated before the measure-
ments, so that they are nearly vertical, and the di-
rection of the shock wave propagation is horizontal.
After the rotation, the pixel values were summed up
along the vertical direction (columns), for each epoch
individually, to obtain an intensity curve along the fil-
ament, whose peak should correspond to the bright-
est part of the shock wave front. Proper motion was
then obtained from one-dimensional cross-correlation
of the intensity curves in two epochs. In this paper,
we have also tried to use a similar one-dimensional
cross-correlation method, but it did not work, proba-
bly because of a large difference in pixel size between
epochs.
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Fig. 3: The top two images show Ha and [SII] images of observed FOV B, which contains faster, non-
radiative filaments, seen only on the Ha image. The bottom two images show FOV H, the only field of view
where we see filaments emitting in the [SII] lines, which we assume are in the radiative phase of the SNR
evolution. For these filaments, we measure the lowest velocities.

In the work of Medina et al. (2014), the authors
performed spectroscopic measurements and obtained:
intensity, width, and centroid of the narrow and wide
component of the Ha line. The line widths of the
broad component represent the post-shock kinetic en-
ergy and from shock models (Ghavamian et al. 2001,
Chevalier et al. 1980) they estimated shock velocity.
They measured 22 different positions in the remnant,
located in the non-radiative filaments. To improve
the signal-to-noise ratio, some close positions were
grouped. After comparing these measurements from
spectroscopic observations with the model specified
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in the paper, the speed of 13 different positions (fil-
aments) was obtained. It is important to note that
this method of determining the speed of the filament
does not depend on the distance, unlike the method
used in Salvesen et al. (2009), and in our work.

The most recent study of the proper motion of
Cygnus Loop filaments, based on HST Ha images
from three epochs (Blair et al. 1999, 2005, Sankrit
et al. 2023), refers to the filament in our FOV K.
Position of the filament measured by Sankrit et al.
(2023) is marked in Fig. 5 as 523, and its median

derived velocity is 240 km s~!. For this particular
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Table 2: Measured filaments, their central coordinates, number of selected pixel rows, proper motion, and
speed. The filaments with a name in bold font, given at the end of the table are the ones visible in [SII]
images. The measurements J1 and K1 represent the same filament, but observed with different instruments.

Filament RA [h:m:s] Dec [d:m:s] number of rows p ["] v [km s71]
Al 20:53:40.6 32:14:13.2 318 23+06 310+ 70
A2 20:53:27.4 32:14:24.0 267 20+£0.6 280+ 70
B1 20:54:28.6 32:20:13.2 138 40+0.6 550 £ 70
B2 20:54:20.2 32:21:57.6 339 474+ 0.6 650 £ 70
B3 20:54:13.7 32:22:26.4 181 3.6 = 0.6 490 £+ 70
B4 20:54:13.7 32:22:26.4 283 424+ 0.6 580+ 70
B5 20:54:27.9 32:19:30.0 207 20+£06 270+ 70
B6 20:54:31.2 32:18:50.4 89 2.8 £0.6 380 + 70
C1 20:54:51.1 32:17:20.4 399 25+0.6 350+ 70
C3 20:54:35.8 32:17:42.0 208 2.1+ 0.6 290 £+ 70
C4 20:54:44.7 32:15:46.8 269 3.5+0.6 480 £ 70
Ch 20:54:51.4 32:14:09.6 146 3.2 +0.6 440 £ 70
D1 20:54:57.6 32:08:09.6 191 25+06 340 £ 70
D2 20:55:01.2 32:11:27.6 269 3.2+0.6 440+ 70
D3 20:55:05.0 32:10:15.6 151 22106 300+ 70
E1 20:55:28.8 32:07:55.2 221 2.7 £ 0.6 370 £ 70
E3 20:55:19.7 32:07:08.4 274 21 +£06 280+ 70
E4 20:55:13.9 32:08:20.4 165 3.0+ 0.6 400+ 70
F1 20:55:34.6 32:01:44.4 227 21 +£06 280+ 70
F2 22:55:44.6 31:59:49.2 253 1.9+ 06 260 & 70
F3 20:55:42.7 32:02:13.2 264 3.3 £ 0.6 460 + 70
G1 20:55:23.3 32:03:32.4 169 1.8 06 240 = 70
G2 20:55:15.1 32:03:32.4 211 23+06 310 £ 70
G3 20:55:15.1 32:03:32.4 166 20+£0.6 280+ 70
G4 20:55:19.7 32:02:38.4 167 20+£0.6 280+ 70
G5 20:55:19.7 32:02:38.4 200 2.1+ 0.6 290 £+ 70
J1 20:55:55.4 31:56:20.4 146 2.4 + 0.6 310 £ 70
J2 20:55:35.8 32:01:26.4 184 26 £0.6 340 + 70
K1 20:55:55.4 31:56:20.4 335 25+06 330 £ 70
L1 20:53:51.4 32:24:54.0 335 444+0.6 580+ 70
L2 20:53:59.5 32:24:21.6 371 43+0.6 570 £ 70
M2 20:53:17.3 32:24:14.4 275 3.6 0.6 470 £ 70
H1 20:55:12.2 31:55:58.8 184 0.9 £ 0.6 130 &+ 70
H2 20:54:53.0 31:57:57.6 100 0.7+ 0.6 100 £ 70
H3 20:54:53.0 31:57:57.6 86 1.1 £06 160 &+ 70

filament, we could not perform proper motion mea-
surement using our method, because the filament 523
is not linear.

In Table 3, we list the speed measured in the two
mentioned studies (see Salvesen et al. 2009, Medina
et al. 2014), for the filaments that are close in po-
sition to the ones analyzed in this work. We mark
these positions in Figs. 4 and 5. In the case of the
study by Medina et al. (2014), the positions marked
with red crosses are individual observations obtained
before grouping. Within the uncertainty range, most
of the speeds obtained in this work are in agreement
with the values for nearby filaments from the earlier
studies. We note that Salvesen et al. (2009) did not

provide any errors, while Medina et al. (2014) pre-
sented unrealistically small errors since their shock
speed errors reflect only uncertainties in the Ha line
profile measurements. This could possibly explain
why these studies do not agree with each other for
all positions. To this conclusion, we add that these
studies used different methods for deriving shock ve-
locities, as well as the fact that our method, like the
methods used in Salvesen et al. (2009) and Sankrit
et al. (2023) are actually measuring tangential speed,
and hence provide a lower limit to the shock speed.
We note that Salvesen et al. (2009) found that in
some positions the shock speed was too low to ac-
count for the observed X-ray temperatures. This dis-
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crepancy is partly resolved by using the Fesen et al. 61 pc distance used by Salvesen et al. (2009). How-
(2021) distance to the Cygnus Loop to convert proper ever, as noted by Medina et al. (2014), the problem
motion to shock speed, rather than the smaller 561 +  still remains for some filaments. In some cases (e.g.,
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Table 3: Comparison between the speed of the filaments obtained in this work and the studies by Salvesen
et al. (2009) and Medina et al. (2014). The speed is given in km s~1. The speed Vg corr Was calculated by
adjusting the original speed from their study (vs) with the latest value for the remnant’s distance (725 + 15

pc; Fesen et al. 2021).

This work Salvesen et al. (2009) Medina et al. (2014)
Filament v Filament vs  vscorr Filament UM
A2 280 £ 70 EWTil (EWﬁld) 380 £ 4
B4 580 + 70 NFil (NFila) 429 £+ 22
B5 270 + 70 5 278 316 S5 (S5c¢) 376 + 4
B6 380 £+ 70 FUSEB (FUSES5) 414 + 5
C3 290 + 70 FUSEB (FUSEA4) 414 £ 5
C4 480 £+ 70 6 333 379 S6 (S6a), COS1 391 + 3,405 £ 8
D3 300 £+ 70 7 240 273 S7 (S7a) 363 £ 5
E3 280 + 70 9 294 335 S89 (S9a) 457 £ 22, 382 + 6
F1 280 + 70 10 279 318 S10 342 + 46
F2 260 £+ 70 11 254 289
J2 340 £+ 70 10 279 318 S10 342 + 46
L1 580 + 70 Nfili (Nfil) 429 £+ 22

our filament C4) our new proper motion values re-
solve the problem, but not in all cases. The most
likely explanation is that we measure the proper mo-
tion of individual sharp filaments, while the mea-
sured X-ray temperatures correspond to average val-
ues along the line of sight.

5. CONCLUSIONS

We studied the shock speed in the galactic super-
nova remnant Cygnus Loop, using the narrow-band
Ha images from two different epochs. We obtained
the speed by measuring the proper motion of the fil-
aments in the remnant, and using the latest estimate
for the remnant’s distance.

In this work, we analyzed a total of 35 filaments,
which is twice as much as in the earlier studies. We
estimated their speed, including both non-radiative
and radiative filaments. The radiative filaments were
selected based on their visibility in [SII] images from
the second epoch. Within our sample, there were
three radiative filaments.

The speed we obtained for the non-radiative fila-
ments, those filaments that were not detected in [SII]
images, is in the range of 240-650 km s~! with the
uncertainty of 70 km s~!. These values are mostly in
agreement with the earlier studies. The two radiative
filaments, which are probably the most well-defined
filaments in our sample, have a speed of 100-160 (+
70) km s~!. These values are lower than for the non-
radiative filaments and are in agreement with the ex-
pected evolution scheme of SNRs. Speeds for the
radiative filaments derived in this work are similar to
those derived from HST proper motions in the bright

western filaments of the Cygnus Loop by Raymond
et al. (2020). Our results confirm that the [SII] emis-
sion can be used for identification of the radiative
phase of the SNR evolution.

Our intention for future work is to obtain radio
observations of confirmed radiative and non-radiative
filaments in the Cygnus Loop, and search for possible
differences in the radio spectral index slopes of these
two types of filaments. These steps will enable the
study of the particle acceleration processes in differ-
ent types of shocks.
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Opuzunasty HaywHL pPao

Y oBom pany onpebene cy Op3uHe ymapHOT
tanaca y lamakTnarkoMm octarky cynepHoBe Jla-
OynmoBa mersba, Mepehu comcTBeHa KpeTama He-
HUX onTWYkUX ¢uiaamenara. ColcTBeHA KpeTama
cy ompebena mopebhemem Ha cummaka ocrtaTka
y mee enoxe. IIpBa emoxa je Ouma 1993. ronwm-
e (KPNO), a mpyra 2018. u 2019. rogune (Ha-
OMOHAJHA ACTPOHOMCKA omncepBaTopuja PorkeH,
Acrponomcka cranuna Bumojesuna). Onpennin
cMo Op3uHe ynapa 3a 35 mo3unuja oy:K pasindu-
TUX puIaMeHara, IITO je ABOCTPYKO BUIIE HErO Y
NPETXOIHUM CTYIVjaMa Be3aHUM 3a OBaj neo Jla-
Oymose merspe. Ilo mpBu myT, M3MEpUIN CMO Op-
3UHEe PaIVjaTUBHUX (PUIaMeHaTa Y OBOM DErUo-

Hy. Meby npoyuaBanuMm ¢uiiaMeHTIMa HAJIA3€ Ce
TpU Mepema Koja noJja3e ca ABa paarjaTUBHA (U-
JIaMEeHTa, Koja cy omabpaHa Ha OCHOBY TOTa IITO
cy a1 ¢punamenty Buasbusy Ha [SII] cHEMIIMA 113
npyre enoxe. bp3une noOujeHe 3a HEpaIjaTUBHE
¢uramenTe cy y oncery 240-650 km s~! ca rpem-
koM ox 70 km s~! mro je y carmacmocTu ca mpet-
XOmHUM cTyaujaMa. /IBa pamujaTtuBHa (uIaMeH-
Ta UMajy 3HaTHO Hmke Op3wmue ox 100-160 £+ 70
km s~!, mTo je y carmacHoCTH ca HPETHOCTABKOM
na cy T QuiaaMeHTH eBoJyTuBHO crapuju. OBo
norasyje na ce emucuja y [SII] nuauju moske Ko-
pucTuTH 3a 01adUp PaAUjATUBHUX QUIAMEHATA Y
OoCTanUMa CyIePHOBUX.
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