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ABSTRACT

We present an analysis of the structure, kinematics and orbit of a newly found stellar stream emanat-
ing from the globular cluster M92 (NGC 6341). This stream was discovered in an improved matched-
filter map of the outer Galaxy, based on a ”color-color-magnitude” diagram, created using photometry
from the Canada-France Imaging Survey (CFIS) and the Pan-STARRS 1 37 survey (PS1). We find
the stream to have a length of 17° (2.5 kpc at the distance of M92), a width dispersion of 0.29°(42 pc)
and a stellar mass of [3.17 £0.89] x 10* Mg (10% of the stellar mass of the current main body of M92).
We examine the kinematics of main sequence, red giant and blue horizontal branch stars belonging to
the stream and that have proper motion measurements from the second data release of Gaia. N-body
simulations suggest that the stream was likely formed very recently (during the last ~ 500 Myr) forcing
us to question the orbital origin of this ancient, metal-poor globular cluster.

Keywords: globular clusters: individual: M 92 - Galaxy: kinematics and dynamics - Galaxy: halo -
Galaxy: formation

1. INTRODUCTION Thin and dynamically cold stellar streams are formed
by the disruption of low-mass progenitors, such as glob-
ular clusters, through tidal effects or disk shocking in

Corresponding author: Guillaume F. Thomas a host galaxy (e.g. Combes et al. 1999; Johnston et al.
guillaume.thomas. astro@gmail.com 1999). These thin structures have proved to be very
valuable tracers of the Galactic potential and conse-
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quently of the mass distribution of the Milky Way (e.g.
Dehnen et al. 2004; Bonaca et al. 2014; Kiipper et al.
2015; Pearson et al. 2015; Thomas et al. 2017, 2018b;
Bonaca & Hogg 2018; Malhan & Ibata 2019), while also
potentially being direct witnesses of the hierarchical for-
mation of the Galaxy (Johnston et al. 2008). For these
reasons, the more stellar streams detected and charac-
terized, the tighter the constraints will be on the three
dimensional Galactic potential as a function of radius.

In addition, globular clusters streams are sensitive to
small-scale variations in the Galactic potential, making
them promising probes of the granularity of the dark
matter halo. This is in contrast to other dynamical trac-
ers, which are often only sensitive to the integrated mass
within a given radius (the global kinematics of globu-
lar clusters and dwarf galaxies; e.g. Deason et al. 2012;
Eadie et al. 2017; Monari et al. 2018). Indeed, the dis-
tribution of stars along these streams can be affected
by external perturbations produced by the Galactic bar
(Hattori et al. 2016; Pearson et al. 2017), spiral arms
(Banik & Bovy 2019), giant molecular clouds (Amorisco
et al. 2016), dark matter sub-haloes (e.g. Johnston et al.
2002; Ibata et al. 2002; Carlberg et al. 2012; Ngan et al.
2015; Erkal & Belokurov 2015; Bonaca et al. 2019) and,
more likely, a combination of all of them. It can be dif-
ficult to distinguish the signatures of these effects from
those produced by the internal dynamics of the cluster
itself, such as possible degeneracies between the effects
of substructures and those of internal epicyclic motions
(Kiipper et al. 2008, 2010, 2012; Mastrobuono-Battisti
et al. 2012, 2013; Ibata et al. 2020). Furthermore, it is
important to keep in mind that the streams are faint
and cover several degrees on the sky, and some of the
observed variations in the inner structure of a stream
might actually be artificial, consequences of the inhomo-
geneities of large observational surveys (Thomas et al.
2016; Ibata et al. 2020).

For all of these reasons, it is crucial to have a statis-
tically significant sample of extended globular clusters
streams. In the last few years, the number of known
streams around the Milky Way has increased drastically
(see the review of Newberg & Carlin 2016), thanks to the
advent of large surveys such as Pan-STARRS 3 = (PS
1) and the Dark Energy Survey (DES) (Balbinot et al.
2016; Bernard et al. 2016; Grillmair 2017; Myeong et al.
2017; Navarrete et al. 2017; Mateu et al. 2018; Shipp
et al. 2018). In addition, a great number of streams
have been discovered using new methods exploiting the
proper motions of the second Gaia data release (Malhan
et al. 2018; Bianchini et al. 2019; Carballo-Bello 2019;
Grillmair 2019; Ibata et al. 2019b,a; Palau & Miralda-
Escudé 2019; Sollima 2020). At the moment ~ 40 globu-

lar clusters streams are observed around the Milky Way,
with Galactocentric distances ranging from 1 to 45 kpc.
However, only a couple of the streams that cover more
than a few degrees have an obvious progenitor, in the
form of a surviving globular cluster (e.g., Palomar 5 and
15, M5, M68, NGC 5466, NGC 7492 and w-Centauri; see
references above). Knowledge of the progenitor proper-
ties is useful in reducing the number of free parameters
when modelling these streams. Thus, finding additional
streams with unambiguous progenitors will be useful for
probing both the shape of the Galactic potential and its
granularity.

In this paper we present the detection of a 17° long
stellar stream around the M92 globular cluster and char-
acterize its properties using a suite of dynamical models.
The presence of a stream emanating from M92 was orig-
inally predicted by Balbinot & Gieles (2018), based on
the analysis of the orbital and dynamical properties of
the cluster. During the preparation of this manuscript,
a part of this stream was independently detected by
Sollima (2020). Section 2 presents the data and the
matched-filter method used to detect the stream. Sec-
tion 3 presents an analysis of the stream and a kine-
matic confirmation of its existence using other stellar
tracers. A suite of dynamical models and simulations
of this stream, used to estimate its dynamical age, are
described in Section 4 and the results are discussed in
Section 5. Finally, we summarize our results and draw
our conclusions in Section 6.

2. METHOD
2.1. The data

The photometric catalogue used in this study is com-
posed of sources observed in the u-band of the Canada-
France-Imaging-Survey (CFIS Ibata et al. 2017b) and in
the g, r and i-bands of the second data release of Pan-
STARRS 1 37 (Chambers et al. 2016, Magnier et al., in
prep.). This catalogue currently covers ~ 5,200 deg? in
the northern sky, and is spatially limited by the extent
of the current CFIS footprint. The catalogue also con-
tains sources from fields downloaded from the MegaCam
archives, hosted by the Canadian Astronomy Data Cen-
ter (CADC), which were observed prior to CFIS with
the same u-band filter (MP.9302). The current spa-
tial extent of the catalogue is shown in Figure 2 and is
limited by the CFIS footprint indicated in orange.

For the rest of this paper, only stellar-like sources, de-
fined as having |rpsp — rap| < 0.04 mag in PS1 are used.
It is worth noting that this criterion is more restrictive
than the one used by Bernard et al. (2016), and is a
result of the improved reduction process of PS1 DR2
compared to the early Pan-STARRSI 3z survey. Our
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Figure 1. Representation of the color-color-magnitude diagram (CCMD) of the field stars by different color-magnitude-diagram

for different value of (u — g)g, whose the value are indicated in the upper right side of each panel.

analysis is restricted to objects with individual photo-
metric uncertainties below 0.1 mag in each filter in either
ugr or ugi.

The magnitudes of the stars are corrected for fore-
ground reddening by using the extinction values, E(B —
V), from Schlegel et al. (1998). We use the extinction
coefficients quoted on the Padova isochrone website! for
the CFIS? and PS1 bands (ugri), such that:

uy =u— A, x 1.50902
g =8 — A, x1.16529
ro=r—A, x0.86813
ip=1i—-A, x0.67659,

(1)

where A, = 2.742x E(B—V) is the absorption coefficient
in the V-band from Schlafly & Finkbeiner (2011).

2.2. The matched filter

We first detected the M92 stream in a surface density
map obtained by performing a matched-filter (MF) on
the CFIS-PS1 catalogue.

The MF (Wiener 1949) is a technique used to high-
light a specific, known, signal in a noisy dataset. It
has been extensively used on large photometric surveys,
such as the Sloan Digital Sky Survey (SDSS), PS1 or
DES, to discover new thin stellar streams, formed by
the disruption of globular clusters (and for a minority

! http://stev.oapd.inaf.it/
2 The PM.9302 correspond to the post-2014 u-filter on the
Padova website.

of them of dwarf galaxies) around the Milky Way (e.g.
Rockosi et al. 2002; Odenkirchen et al. 2003; Grillmair &
Johnson 2006; Balbinot et al. 2011; Bernard et al. 2016;
Shipp et al. 2018). In doing so, it is assumed that the
photometric signal of the stream is similar to the pho-
tometric signal of the progenitor globular cluster. The
vast majority of the Galactic globular clusters are well
reproduced by old, metal-poor, single stellar populations
(SSPs). The MF produces a surface density map which
gives higher weight to stars that are more likely to be-
long to a given SSP than to the field population. The
signal is filtered from the background by performing a
ratio of the color-magnitude-diagram (CMD; or Hess di-
agram) of the SSP population to the CMD of field stars.
It is possible to probe a range of heliocentric distances
by shifting the filter in magnitude-space.

The formalism of the MF used for this work is some-
what similar to the formalism presented in Balbinot
et al. (2011) and will be fully described in a future pa-
per (Thomas et al, in prep.). The major innovation is
that we use a "color-color-magnitude diagram” (CCMD)
instead of a CMD, as visible on Figure 1. In practice,
this means that index j in equations (5, 6, 7) of Bal-
binot et al. (2011) corresponds to the j-th CCMD pixel,
instead to the j-th CMD pixel. In this work specifi-
cally, the MF was carried out in two filter combinations,
(uo — 80, 80 — 1o, 7'0) and (uo — 80, 80 — io, i()), which
were averaged to produce the final map. The use of a
CCMD allows the MF to use the metallicity information
encoded in the u-band to filter more efficiently the signal
of faint stellar streams. The u-band photometry is very
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Figure 2. Matched-filter map for a distance of 8 kpc (the distance of M92). The upper panel show the MF conduct using a
CMD based filter and the lower panel show the same map using this time a CCMD based filter. The CFIS footprint is indicated
by the orange line. The M13 cluster is also visible on this map below M92 on its right side.

sensitive to metallicity, due to the high density of metal
absorption lines in the near-UV regions (Schwarzschild
et al. 1955; Beers & Christlieb 2005; Ivezi¢ et al. 2008;
Ibata et al. 2017¢; Thomas et al. 2019). Therefore, the u-
band CCMD reduces the contamination from foreground
metal-rich main sequence stars belonging to the Galactic
disc that overlaps with the red giant branch population
of the more distant metal-poor globular clusters, espe-
cially at lower Galactic latitudes, as visible on Figure 2.
Although, the difference is not drastic, the CCMD map
(lower panel) shows that the foreground contamination
is sensibly reduce around (@,6)=(250°,35°) compare to
the CMD map, carried out in (go — ro, ro0) and (go — i,
ip). Thus, on the CCMD map, structures have a better
contrast compared to the foreground. The Anticentre
Stream (ACS; Grillmair 2006) is less pronounced on
the CCMD map than on the CMD map. This is be-
cause ACS has a metallicity similar to that of the disc
([Fe/H]= —0.72 + 0.26, Laporte et al. 2020), while the
MF was conducted for a metallicity of [Fe/H]~-1.5 (see
the next paragraph). Therefore, the fact that the ACS
is less pronounced using a CCMD filter shows that it is
less affected by the foreground contamination than us-
ing a CMD as a filter. Moreover, unlike Bernard et al.
(2016), our formalism takes into account the variation
of the CCMD of field stars with Galactic latitude (as-
suming the Milky Way is axisymmetric).

As pointed out by Bernard et al. (2016), synthetic
SSPs have many advantages, and are, a fortiori, better
to construct the filter than using an observed globular

cluster stellar population, which is subject to contami-
nation from field stars. However, to date, there exist no
library of suitable isochrones for the u filter of the CFHT
MegaPrime/MegaCam camera, and we have to rely on
observed globular clusters in the CFIS footprint to con-
struct the CCMD of the filter. In this paper, we used
the globular cluster M13 (NGC 6205) to construct the
CCMD of the filter, because this is the closest Galactic
globular cluster present in the CFIS footprint, and so
has a deeper photometry. Moreover, its photometry is
better defined than that of M92. It has a metallicity of
[Fe/H]=-1.58 (Carretta et al. 2009), typical for such an
object. The same cluster was used by Grillmair (2009)
in searches that led to the discovery of the Acheron, Co-
cytos, Lethe, and Styx stellar streams in SDSS.

To minimize the impact of differential extinction be-
tween different lines of sight, regions with Ay > 0.4 are
masked. This cut remove regions with strong local den-
sity variations compared to the rest of the CFIS-PS foot-
print. Similarly, large known structures (such as the
Andromeda, Triangulum and Draco galaxies) are also
masked. CFIS is not complete in the center of the M92
cluster due to significant crowding effects in this region.
Thus, the inner 4 r, (i.e. 4.08 arcmin) of the cluster
were removed prior to performing the MF.

3. RESULTS
3.1. Analysis of the matched-filter map

The result of the CCMD MF for a distance of 8 kpc
(mp—M = 14.52) is presented on the bottom panel of Fig-
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ure 2. This image is made with pixels of size 0.1° x 0.1°
and smoothed with a o = 0.2° Gaussian kernel. The dis-
tance of 8 kpc was initially chosen to validate the success
of our MF method, because several known structures ex-
ist at this distance, including the M13 and M92 globular
clusters. On this figure, two known, extended, struc-
tures are clearly visible: the GD-1 stream (Grillmair &
Dionatos 2006) and the Anticentre Stream (Grillmair
2006; Laporte et al. 2020). In addition to these two
structures, a third stream is visible, emanating from the
globular cluster M92 (NGC 6341) and extending over
~ 17°. A part of this structure (~ 5°) was independently
reported by Sollima (2020) as this manuscript was be-
ing prepared, using Gaia DR2 data (Gaia Collaboration
2018). In that study, only the trailing arm of the stream
was detected, whereas both arms can be seen in Figure
2. This is despite a hole in the CFIS footprint that pre-
vents us from observing the leading arm of the stream
(right side arm) beyond 7.5° from the cluster.

Figure 3 presents a zoom-in of Figure 2 in the region
around the M92 globular cluster and its stream. The
coordinates of this figure, (£,7), are in the plan tan-
gential to the celestial sphere at the location of M92.
As per convention, £ increases towards the west and 7
towards the north. In these coordinates, M92 is situat-
ing at (pr92, Mpm92) = (0°,0°). The presence of a stream
on both sides of M92 is very clear. This is despite the
fact that on the right side to the cluster (the leading
arm), the contamination from foreground stars (and po-
tentially also from the outskirts of the nearby globular
cluster M13), is stronger than on the left side (the trasl-
ing arm) of the cluster. The position of the stream is
fitted with a third-order polynomial, only considering
pixels with Ny /pixel> 0.65, such that:

Nser(€) = —0.134 +0.041 £ + —0.056 &2 +0.001 &, (2)

where ¢ and 5 are given in degrees.

To quantify the width of the stream, the MF map is
co-added in the ranges —7° < ¢ < —1° and 1° < ¢ <
9.5° and shown in Figure 4. This region ignores the
inner 2° of the globular cluster so that the main body
does not dominate the signal. The red dashed line in
Figure 4 shows a Gaussian fit to this distribution and
has a dispersion of o = 0.35°. Taking into account that
the MF was smoothed by a Gaussian of 0.2°, this implies
a width to the stream of o = 0.29° or 42 + 1 pc at the
distance of M92 (8.3 + 0.2 kpc), slightly larger than the
tidal radius of M92 of 30 pc found by McLaughlin & van
der Marel (2005). A similar width was determined using
the unconvolved MF map.

In Figure 4, we can see that the number of stars per
pixel in the background around the stream is ~ 0.1

stars/pixel. The fact it is non-zero is likely due to two
factors. The first is that this could correspond to the
number of stars in this metallicity range belonging to
the "smooth” component of the stellar halo at this dis-
tance. Indeed, we note that this is also the average
number of stars per pixel in "field” regions at different
positions in the MF map at similar Galactic latitudes.
However, the second possibility is that there is a resid-
ual background/foreground signal in the region around
MO92 that is due to a non-optimal subtraction of back-
ground/foreground stars. This could happen since the
MF is constructed using the entire survey region, and
not only for the region around M92. In the specific
region of M92, there is more contamination from fore-
ground disk stars than at higher Galactic latitudes. If
we estimate the background level only very locally, we
find that the stream has an average signal to noise of
~ 4. Using a broader area of 4AF wide around the fit of
the stream to estimate the background level, the average
signal to noise is =~ 2.3, due to the presence of the M13
globular cluster, whose distance of 7.1 £ 0.1 kpc (Deras
et al. 2019) is close of the 8.3 0.2 kpc of M92, and so
is visible on the MF map due to the intrinsic scatter of
its CCMD.

The SNR for each pixel is shown in Figure 5. The
stream is clearly visible stretching from each side of the
cluster, despite the leading arm (right side) being less
well defined than the trailing arm due to an increase of
the contamination, as mentioned above. As we will see
later (Section 4.2), it is actually possible that the stream
becomes wider beyond ~ 4°.

Following Ibata et al. (2017a), we estimate the mass of
the stream by comparing the MF counts in the stream to
those within the tidal radius of the globular cluster (r;).
This is not straightforward, because the inner 4 r, of
the cluster is affected by crowding. However, under the
reasonable assumption that M92 follows a King profile
described by the parameters reported by McLaughlin &
van der Marel (2005), 12.5% of the mass of the cluster is
between 4r, and r;. Additionally, the CFIS data in the
inner South-West half of the M92 cluster suffers from
poor data processing and calibration, and so we do not
use it to estimate the mass of the stream. Instead, we use
only the North-East half of the cluster to estimate the
mass. By correcting for the missing 87.5% of the stars,
we find the ratio in stellar mass between the stream
(within its 3-0- width along the polynomial fit) and the
main body of the cluster to be 0.10 £ 0.02. From the
parameters listed in Table 1, we estimate the mass of the
cluster to be of [3.17 £ 0.26] x 10° Mg, which leads to a
mass of the stream of [3.17+0.89]x10* M. Note that we
expect that the formal uncertainty quoted above is likely



6 THOMAS ET AL.

3.00 Nstars /pixel

4.0 1 y
L ’{. ¢
201 ' gy 4
5 \ k& & % L
S 00 Trailing arm| § .-~
< ' , //’
- /’
201 B -4
4.0

1.00

0.10

0.0 -2.5 -5.0 -7.5

Figure 3. Zoom-in of the CCMD MF signal around M92. The contours represent a 0.3 (blue), 0.7 (orange) and 1.5 (red)
stars/pixel. The red cross shows the position of the center of M92 and the white circle show the tidal radius of M92. The cyan
line shows the best fit polynomial to the path of the stream, and the dashed lines show the average 3-o- width of the stream in
the MF (o = 0.35°, after taking into account the Gaussian smoothing).

0.5 4

0.4 4

0.3 4

0.2 4

0.1+

0.0 1

_0.1 T T T T T
-1.5 -1.0 -05 0.0 0.5 1.0 1.5

An (deg)

Figure 4. Mean distribution of MF weights perpendicular to
the stream in the intervals —=7° < ¢ < —1° and 1° < ¢ < 9.5°.
The dispersion of the fitted Gaussian (red dashed line) is
0.35°. After deconvolution of the smoothing Gaussian, this
implies a width of the stream of o = 0.29°, corresponding to
42 +1 pc at the distance of M92 (8.3+0.2 kpc, Carney et al.
1992).

an underestimate, and that this mass corresponds only
to that part of the stream that we can clearly detect.
This general point is especially relevant for M92, since
the proper motion for M92 suggests that its orbit takes
it through the bulge of the Milky Way, and could be

Table 1. Properties of the globular cluster M 92. The
sources are : 1 = Goldsbury et al. (2010), 2 = Carney et al.
(1992), 3 = Baumgardt et al. (2019), 4 = Carretta et al.
(2009), 5 = Harris (1996, 2010), 6 = McLaughlin & van der
Marel (2005).

Parameter Value Source
RA 1771707.39¢ 1
Dec +43°08’09.4” 1
Distance 8.3+ 0.2 kpc 2
Vyad ~120.48 +0.27 km.s™! 3
Ua -4.93 +0.2 mas.yr~! 3
Us -0.57 0.2 mas.yr~! 3
[Fe/H] -2.35+0.05 4
M,y -8.21 5

Y 1.93 +0.16 Mo.Lg)! 6

re 0.26 arcmin 6

e 12.44 arcmin 6

T 1.02 arcmin 6
Mass [3.17 £ 0.26] x 10° Mg This work

perturbed by the Galactic Bar3. This means that it is
possible that some stars from M92 are on chaotic orbits
and are not present along the thin stream that we detect
(Pearson et al. 2015; Price-Whelan et al. 2016; Hattori
et al. 2016; Bonaca et al. 2020).

3.2. Confirmation using other tracers

3 Baumgardt et al. (2019) estimate the pericenter to be at ~ 2
kpc, although the exact value depends on the choice of the poten-
tial
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To further confirm the presence of the stream emanat-
ing from M92, we compare the position of the stream
detected on the MF map with that of stars from other
catalogues that are bright enough to have proper motion
measurements from Gaia.

3.2.1. Blue horizontal branch stars

We first compare the MF map to the Blue Horizon-
tal Branch (BHB) catalogue of Thomas et al. (2018a),
whose distances have been measured with a relative pre-
cision of ~ 10% using the relation between their absolute
magnitude and their (g — r)p color provided by Deason
et al. (2011). The upper panel of Figure 6 shows BHBs
around M92, in the range 7.3 < dpetio < 9.3 kpc and
with a proper motion of maximum twice that of M92
(lul < 2|upr92]). This last criterion is broad enough to
take into account that the individual uncertainties on
the proper motion are comparable to as the measure-
ments themself for stars at the distance of M92. It have
to be noted that the BHB catalogue of Thomas et al.
(2018a) was used with a previous data release of CFIS
that was not as extended as the present one, and its
footprint in the M92 region is shown by the red line.
For clarity, the BHBs inside the cluster are not shown.
Arrows show the proper motion of the stars and the blue
arrow shows the mean proper motion of M92 found by
Baumgardt et al. (2019). This is listed with the other
parameters of M92 in Table 1. Proper motions are cor-
rected for the Solar reflex motion, assuming that the Sun
is at a distance of 8.129 kpc from the Galactic center
(Gravity Collaboration et al. 2018). The circular veloc-
ity is assumed to be 229.0 km.s™! (Eilers et al. 2019), and
we use the adopted Solar peculiar motion from Schon-

rich et al. (2010), namely (Ug, Vo, Wo) = (11.1, 12.24,
7.25) km.s™! in Local Standard of Rest coordinates.

It is interesting to note in Figure 6 that the mean
proper motion of the cluster is not aligned with the
stream, as is common for most globular clusters streams
(e.g. Price-Whelan & Bonaca 2018; Malhan et al. 2018;
Ibata et al. 2020). This is because M92 is just before
its apocenter (as indicated by the path of the red line
in the lower panel of Figure 6). Indeed, the stars on
the leading arm have a lower potential energy that the
stars remaining in the cluster, and thus have a slightly
closer apocenter than them. The inverse is true for stars
in the trailing arm. Therefore, at this specific location,
the stream is not aligned with the orbit of the cluster,
with an angle between the orbit of the cluster and the
fitted position of the stream (i.e. the angle between the
cyan and red lines on the lower panel of Figure 6) of
Opor = 40° (at the position of the cluster). Thus, most
of the non-aligned velocity are caused by the precession
of the orbital plane of M92.

For each BHB, we compute the angle () between their
apparent motion and the fitted position of the stream at
their position. We can then define likely members of the
stream as those stars that go in the same general direc-
tion of the cluster (|0 — pr92| < 45°) and are within 3-o-
of the width of the stream. Three BHBs match these
criteria and are highlighted in red in the upper panel of
Figure 6. All of them are located in the trailing arm,
two of them are very close to the fitted position of the
stream and the third one is close to the possible location
of Lagrange point L2. Despite being a very sparse tracer
population, BHBs have the advantage among other stel-
lar tracers to have precise distance measurements (10%
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Figure 6. Upper panel: The dots represent the position of BHBs around M92 that satisfy the criteria described on Section
3.2.1, and the arrows show their proper motion (corrected for the Solar reflex motion). The red dots and arrows highlight the 3
BHBs that are likely member of the M92 stream. The red line shows the spatial limits of the catalogue of the BHB catalogue of
Thomas et al. (2018a). Middle panel: MSs and RGBs that sastisfy the criteria listed on Section 3.2.2 (in orange). Lower panel:
Particles spray from the model describe in section 4.1 (in pink). The red line show the orbit of the cluster in the potential used
by this model. For each of these panels, the background grayscale image correspond to the MF map of Figure 3, the blue star
show the position of the globular cluster and the blue arrow its mean proper motion. The cyan line shows the polynomial best
fit to the position of the stream, and the dashed lines show the typical 3-o- width of the stream in the MF.

precision), and so can be used as reliable tracers to con- ® 7.3 < dpeiio < 9.3 kpc
firm the existence of the stream.

. <2
3.2.2. Main sequence and red giant branch stars 1 a2

To supplement the BHB catalog, we also consider e |0 —0p0n| < 45°
main sequence (MS) and red giant branch (RGB) stars
from the catalogue of Thomas et al. (2019). The metal- o w—20w < 1.0/7.3
licities and distances of the stars from this catalogue
have been derived photometrically. Stars from this cat- %) 5 O
alogue that satisfy the following criteria are shown in ® \OHa +0Ou; < 4.0 masyr™.

the middle panel of Figure 6 : . . .
w is the Gaia parallax corrected from the zero point

e 2.5 < [Fe/H] < -2.0 offset of 0.029 mas.yr~' (Lindegren et al. 2018), dw is



M92 STREAM 9

the uncertainty on the parallax, yu is the proper motion*
of the stars, and 95 is the global proper motion of the
M92 cluster.

The first of the above criteria remove the majority of
metal-rich foreground Galactic disk stars and the second
and third criteria are the same as used for the BHBs.
The fourth criterion retains only those stars going in
general the same direction as the cluster. The last two
criteria remove fewer than 2% of the stars by exclud-
ing the few nearby stars with good Gaia parallaxes that
clearly have an incorrect photometric distance, as well
as those with very poorly determined proper motions.

The middle panel of Figure 6 clearly shows that the
large majority of stars that satisfy these criteria are lo-
cated along the stream, with a density 3 —4 times higher
that of the field. Most of these stars are located in the
trailing arm. However, the leading arm is well populated
out to ~ 2.5 degrees from the cluster.

The lower number of kinematically-selected stars in
the leading arm compared to the trailing arm could be
a consequence of a wrong fit to the position of the lead-
ing arm, since the contamination is more important in
this region than in the trailing arm, leading to a miscal-
culation of the angle §. Another explanation could be
inherent to the CFIS photometry used by Thomas et al.
(2019) to make this catalogue of stars, since the CFIS
u-band photometry has a more uncertain zero point cal-
ibration in this region of sky. An error on the zero point
calibration could lead to wrong estimates of the pho-
tometric metallicities and of the distances derived by
Thomas et al. (2019). In this eventuality, the MF will
be less affected due to the use of a relatively wide fil-
ter to define the signal (which therefore does not require
very precise photometry). In short, we urge caution in
drawing robust conclusions from the low number of kine-
matically selected stars in the leading arm at this stage.

4. DYNAMICAL MODELLING OF THE STREAM

We now undertake dynamical modelling of M92 and
its stream, to attempt to understand its dynamical age
and orbital properties. The presence of a remnant
cluster greatly facilitates the simulation of the stream
by reducing the number of free parameters, especially
concerning the orbit of the progenitor, in contrast to
"progenitor-free” streams like GD-1 (Grillmair & Dion-
atos 2006). We now describe two different models of
the stream, the first created by spraying particles at the
Lagrange points (Varghese et al. 2011), and the second
using a full N-body simulation.

4 corrected from the Solar reflex motion

4.1. Spraying particles

Here, we use the GALA package (Price-Whelan 2017)
to model the stream by spraying particle at the Lagrange
points at every time step (dt =5 Myr), using the distri-
bution function developed by Fardal et al. (2015).

The Milky Way potential is modelled by a Miyamoto-
Nagai disk with a mass of 5.56 x 10!° Mg, a scale length
of a = 3.5 kpc and a scale height of b = 0.28 kpc. It also
includes a NFW halo (Navarro et al. 1997) with a Virial
mass of 0.84 x 102> Mg and a scale length of g = 17.19
kpc. This produces a circular velocity at the Solar radius
of 229.3 km.s~!, consistent with the value found by Eilers
et al. (2019) that we previously used to correct the PM
of the Solar reflex motion. Our model uses the present-
day position and velocity of the globular cluster, listed
in Table 1. Although it does not affect significantly the
dynamics of the stream, we include the self-gravity of
the cluster by adding the potential of a Plummer (1911)
sphere of mass 3.17 x 10° M, with a scale radius of 2.4
pc.

The position and proper motion of the particles gen-
erated by this model are compared to the MF in the
lower panel of Figure 6. The large majority of these
particles have been sprayed very recently, in the last
300—350 Myr. All of them were sprayed less than ~ 500
Myr ago. Since the M92 cluster has an orbital period of
~ 130 Myr, this implies that the stream has been formed
over the last 4 — 5 orbits, with most of the stars in the
stream having escaped during the last orbit. Using these
timescales and the mass of the stream found in Section
3.1, it is possible to conclude that the cluster lost on av-
erage =~ 6.3x10* Mo.Gyr™'. If this rate is constant, M92
will be fully disrupted in the next 5 Gyr. However, due
to the loss of mass, its tidal radius will become smaller,
and so it is very likely that the cluster will be completely
disrupted in the next 1 -2 Gyr (see Meiron et al. 2020).

We also note that, with this model, we can validate the
selection criteria used in Sections 3.2.1 and 3.2.2, since
most of the particles sprayed over the last 500 Myr ap-
pear to respect these criteria. The particles that do not
respect these criteria have been ejected from the stream
due to repeated pericentric passages of the cluster close
to the Galactic center.

4.2. N-body simulation

We have also performed a full non-collisional N-body
simulation of the disruption of M92, using the Gyrfal-
cON integrator (Dehnen 2000, 2002) that is part of the
NEMO package (Teuben 1995). The choice to use a non-
collisional instead of a fully collisional code was made
to reduce the computational time, but is also justified
by the fact that Meiron et al. (2020) recently showed
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Figure 7. Projection of the particles of the simulation of M92 described in Section 4.2 overlaid on the MF. The particles are
color-coded by look-back time relative to when they escaped the progenitor. The red line shows the orbital path of the M92

cluster.
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Figure 8. The three dimensional separation of the progeni-
tor as a function of lookback time for the N-body simulation
is shown in orange. Also overlaid as a histogram is the rel-
ative count of stars escaping the cluster as a function of the
lookback time.

that internal two-body encounters do not play a major
role in the dissolution of a massive globular cluster like
M92. The adopted Galactic potential for this simulation
is the same as the one used by Ibata et al. (2020) to sim-
ulated the GD-1 stream. This potential is composed of
a bulge, thin disk, thick disk and interstellar medium of
model 1 of Dehnen & Binney (1998). The dark matter
halo is similar to the halo found by Cautun et al. (2020),
constructed using a Navarro et al. (1997) profile, with a
virial radius of 206 kpc, a concentration of ¢ = 12, and
with an oblateness of ¢ = 0.82 (Malhan & Ibata 2019).
This Galactic potential model has a circular velocity at
the Solar radius of 229 km.s™!, consistent with the value
found by Eilers et al. (2019) that we used earlier.

To find its initial position for the simulation, the M92
globular cluster was integrated backward from its cur-
rent position (listed in Table 1) for 600 Myr. We then
integrate it forward using a King (1966) model with a
mass Mge = 3.8 X 10° Mg, a core radius of r. = 1.5 pc,
and a ratio between the central potential and the veloc-
ity dispersion of Wy = 7.5. These parameters were set to
produce a stream with a mass consistent with 3.1 x 10*
Mg, as found in Section 3.1, while also having a remnant

cluster with similar properties to the current M92. The

cluster is modelled with 32,000 equal-mass particles and

the adopted smoothing scale length in GyrfalcON is 0.5
¢ (due to the size of the cluster).

The spatial distribution of particles at the end of the
simulation, projected on the (£, 1) plane and color-coded
by the time when they escaped the progenitor, are shown
in Figure 7. As was the case in the spraying-particle
model, the bulk of the stars in the stream were ejected in
the last 300 Myr. Indeed, 50% of them were ejected just
after the penultimate pericentric passage of the cluster
at the pericenter, shown in Figure 8, which also shows
the change in Galactocentric radius as a function of time
over the orbit. We also note that all the particles along
the detected part of the stream were ejected within the
last 600 Myr, even though we did initially run simula-
tions over a longer period of time. However, none of
these produced particles have a position consistent with
the observed stream. This confirms our conclusion from
the particle spraying analysis, which is that the stream
is a relatively recent creation, with an age of ~ 500 Myr.

The initial mass of the progenitor that we used was
slightly more massive than the current total mass of
the system (stream + cluster) that we previously de-
rived. This accounts for the fact that most of the stars
that escaped at the first pericenter (at a lookback time
of 570 Myr) are not distributed along the path of the
stream that we detected. Rather, most of these stars are
fanned over a wider area, similar to the “fan“ structure
recently observed along the Palomar 5 stream (Bonaca
et al. 2020). The stars composing this structure are on
a slightly different orbit than M92’s. If such a struc-
ture is indeed present along the M92 stream, it will be
a very low surface brightness structure that would be
very difficult to detect, especially taking into account
that this region is close to the Galactic disk. We ten-
tatively note that the phase-space dispersion linked to
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a possible “fanning” of the stream could also partially
explain why the region around the leading arm is more
spread out than in the trailing arm (in addition to the
stronger contamination in this region that we previously
discussed).

5. DISCUSSION

It is very interesting to find that the M92 stream has
a dynamical age of ~ 500 Myr, while the M92 cluster
hosts a stellar population aged of 11+1.5 Gyr (Di Cecco
et al. 2010). It is possible that the M92 stream, as cur-
rently detected, is the tip of the iceberg of a more diffuse
structure formed from stars that escaped the cluster at
earlier time. Although such a diffuse structure would
have a very low-surface brightness and would likely be
hard to detect. However, it is also possible that the dif-
ference between the dynamical age of the stream and the
age of the stellar population in its progenitor is directly
linked to the origin of M92.

At this stage, several interesting possibilities emerge:

1. Since M92 has recently passed close to the Galac-
tic center, including possibly interacting with the
Galactic bar, it is possible that M92 was not orig-
inally on such a disruptive orbit and has only re-
cently been thrown on its current orbit;

2. M92 could have been brought into the Galaxy
by a dwarf galaxy, which will have suffered from
orbital decay due to the dynamical friction with
the Galactic dark matter halo (e.g. Chandrasekhar
1943; Cora et al. 1997). This host is now either
completely destroyed or on a completely different
orbit (see Malhan et al. 2019, 2020);

3. An alternative to the previous point is that M92
is the remnant nucleus of the progenitor galaxy,
rather than being one of its globular cluster (e.g.
Searle & Zinn 1978; Freeman 1993; Boker 2008).
Based on result from the Next Generation Virgo
Cluster Survey (NGVS; Ferrarese et al. 2012), if
MO92 is the remnant nucleus of a dwarf galaxy, this
galaxy would have a metallicity of [Fe/H] ~ —2.1
(Spengler et al. 2017), a mass of M = 107*! Mg
and an effective radius between 250 and 900 pc
(Sdnchez-Janssen et al. 2019).

At this date, we did not find any traces of a disrupted
dwarf galaxy close M92. However, in the future, we
plane to explore the different space parameters, espe-
cially the metallicity and dynamical space, using jointly
the CFIS, PS1, Pristine (Starkenburg et al. 2017) sur-
veys and the incoming Gaia early data release 3. In
parallel, we plane to make a more detailed model of the

cluster and of its environment, especially by account-
ing for the presence of the Galactic bar in the Galactic
potential.

6. SUMMARY

We report on the discovery of a stellar stream ema-
nating from the globular cluster M92 (NGC 6341) us-
ing photometry from CFIS and the PS1 survey. Part
of this stream was independently detected by Sollima
(2020) using Gaia DR2 data during the preparation of
this manuscript. Our detection of the M92 stream was
made possible by using the metallicity information con-
tained in CFIS u-band to improve the match-filtering
technique, and by taking into account the spatial varia-
tion of the Galactic foreground population.

The detected stream has a projected length of ~ 17°
(or =~ 2.5 kpc at the distance of M92) and a width of
0.29° (42 pc). We find that the detected portion of the
stream has a mass of [3.17 +0.89] x 10* Mg, about 10%
the mass of the current main body of M92. Moreover,
we confirm the existence of the M92 stream kinemati-
cally with main sequence, red giant and blue horizontal
branch stars, all of which have Gaia proper motion mea-
surements.

We also present dynamical modeling of the stream us-
ing two different methods, by regularly spraying parti-
cles at the Lagrange points and with a realistic, non-
collisional, N-body simulation. Both models show that
the stream seems to have been formed very recently, dur-
ing the last ~ 500 Myr, with most of the it being younger
than 370 Myr. This observation is very interesting since
the M92 cluster is one of the oldest and most metal-poor
globular cluster around the Milky Way (e.g. Harris 1996,
2010), forcing us to question the origin of this cluster.

At this stage, several interesting possibilities emerge:

1. The M92 stream as currently detected could be
the tip of the iceberg of a more diffuse structure;

2. The orbit of M92 may have change recently, pos-
sibly due to an interacting with the Galactic bar;

3. M92 may previously have been brought into the
Galaxy by a dwarf galaxy, which is either now
completely destroyed or on a completely different
orbit.

4. M92 is the remnant nucleus of a dwarf galaxy.

Investigating these interesting possibilities will require
a more detailed model of the cluster, likely taking into
account its collisional nature and the presence of the
Galactic bar in the Milky Way potential. Certainly, this
stream appears to be a potentially very valuable beacon
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to probe the inner three dimensional structure of the
Galactic potential.
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