N

N

Butterfly in a Cocoon, Understanding the Origin and
Morphology of Globular Cluster Streams: The Case of
GD-1
Khyati Malhan, Rodrigo Ibata, Raymond G Carlberg, Monica Valluri,

Katherine Freese

» To cite this version:

Khyati Malhan, Rodrigo Ibata, Raymond G Carlberg, Monica Valluri, Katherine Freese. Butterfly
in a Cocoon, Understanding the Origin and Morphology of Globular Cluster Streams: The Case of
GD-1. The Astrophysical Journal, 2019, 881 (2), pp.106. 10.3847/1538-4357/ab2e07 . hal-02400831

HAL Id: hal-02400831
https://hal.science/hal-02400831
Submitted on 9 Dec 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02400831
https://hal.archives-ouvertes.fr

1903.08141v2 [astro-ph.GA] 30 Jun 2019

arxXiv

ACCEPTED BY THE ASTROPHYSICAL JOURNAL
Preprint typeset using B TEX style emulateapj v. 01/23/15

NORDITA-2019-022, LCTP-19-06

BUTTERFLY IN A COCOON,
UNDERSTANDING THE ORIGIN AND MORPHOLOGY OF GLOBULAR CLUSTER STREAMS:
THE CASE OF GD-1

KHYATI MALHAN', RODRIGO A. IBATA?, RAYMOND G. CARLBERG®, MONICA VALLURI® AND KATHERINE FREESE!®®
b 9 9
Accepted by The Astrophysical Journal

ABSTRACT

Tidally disrupted globular cluster streams are usually observed, and therefore perceived, as narrow,
linear and one-dimensional structures in the 6D phase-space. Here we show that the GD-1 stellar
stream (= 30 pc wide), which is the tidal debris of a disrupted globular cluster, possesses a secondary
diffuse and extended stellar component (= 100 pc wide) around it, detected at > 50 confidence level.
Similar morphological properties are seen in synthetic streams that are produced from star clusters
that are formed within dark matter sub-halos and then accrete onto a massive host galaxy. This lends
credence to the idea that the progenitor of the highly retrograde GD-1 stream was originally formed
outside of the Milky Way in a now defunct dark satellite galaxy. We deem that in future studies, this
newly found cocoon component may serve as a structural hallmark to distinguish between the in-situ
and ex-situ (accreted) formed globular cluster streams.

Subject headings:
dynamics -globular clusters

1. INTRODUCTION

It is generally believed that large galaxies, like the
Milky Way, underwent an initial in-situ formation phase,
that was followed by ex-situ mass growth of the halo via
merging and accretion of protogalactic fragments (Searle
|& Zinn|[1978} [Freeman & Bland-Hawthorn|[2002). This
suggests that today’s galaxies should contain contribu-
tions from both in-situ and ex-situ formed tracer com-
ponents, such as globular clusters (GCs), depending on
the galaxy’s assembly history. While, for the Milky Way,
it is often assumed that the metal-rich GCs are associ-
ated with the in-situ phase of galaxy formation, and that
metal-poor GCs are all accreted (Forbes et al.|[2018)), this
distinction is much harder to discern observationally, es-
pecially for the GC population in the stellar halo that
shows a wide spread in metallicity (Carollo et al.|[2007}
[Helmil[2008)). Yet this distinction is important to tightly
constrain models of galaxy formation and evolution in a
cosmological context. It is also relevant for dark matter
studies, as accreted stellar objects tend to remain em-
bodied within the dark envelope coming from the merg-
ing sub-halo progenitor; unlike stellar structures born
within the Milky Way that are generally expected to be
devoid of such dark sheaths.

The best example of GCs that are a result of accretion
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in the Milky Way is currently provided by those that are
associated with the Sagittarius dwarf galaxy (Bellazzini
and the LMC (Wagner-Kaiser et al.[[2017).
We know this to a certainty because we are witnessing the
on-going merging process of the parent satellites. How-
ever, the GCs and the baryonic content of the ancient
accreted satellites, that were deposited into our Galactic
halo 2 5 — 6 Gyr ago, do not specifically feature any char-
acteristic observable clues conveying the historical tale of
their accretion. This is simply because such mergers have
been gradually stripped of their dark matter envelopes
and their observable stars have been mixed into the halo,
leaving hardly any relic traces of their earlier existence.
Therefore, one of the other approaches to distinguish ac-
creted GCs is to instead survey the effects imprinted on
their internal structure and kinematics (such as studying
the evolution of their half mass radii or measuring their
velocity anisotropies), which depends on the strength of
the underlying tidal field. The idea is that GCs born
in the massive Milky Way galaxy would be subjected
to a different force field during their lifetime, than the
ones that originated in dwarf galaxies and were later ac-
creted. However, simulations show that post-accretion,
the clusters adapt to the new tidal environment of their
host galaxy, losing any signature of their original envi-
ronment in a few relaxation times (Miholics et al.[2016;
Bianchini et al.|][2017)).

Here we aim to examine if narrow stellar streams, that
are remnants of GCs, can be useful in addressing this
problem and potentially dis-entangling the two different
types of GC/stellar populations present in the halo.

A GC that undergoes tidal disruption due to its inter-
action with a massive host forms a long and thin stellar
stream. Typically, their physical widths are comparable
to the tidal radii of GC systems (a few tens of pc), and
are therefore often observed to be quite narrow, linear
and one-dimensional structures in the 6D phase-space,
devoid of any extended structural component. Here we
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Fic. 1.— The cocoon around GD-1. (a) STREAMFINDER’s density map that was obtained from Gaia DR2 as described in Section |2}
shown here in Galactic coordinates. The stars are color coded according to their z-component of angular momentum as calculated by the
STREAMFINDER. The gray band is the 10° wide data selection that we made to isolate GD-1 stars of interest. (b) Stars corresponding to the
data selection, shown here in a rotated coordinate system (introduced by |Koposov et al.|2010) that aligns along the GD-1 stream. The plot
reveals an extended stellar component, much like a cocoon, surrounding “thin -1. (c e number density plot corresponding to stars
shown in (b) with 0.5° pixel resolution. (d) The approximate trajectories of the GD-1 stream, PS1-E stream, Gaia-5 stream and the spur
along with the locations of the gaps are provided for comparison with our density map. These trajectories were produced by approximately

curve fitting the on-sky extents of the respective structures as observed in previous studies (Bernard et al.|[2016} [Price-Whelan & Bonaca
2018}

|2018} |Bonaca et al.| |[Malhan et al.||2018b)).

revisit one of the GC streams of the Milky Way, the GD-
1 stream (Grillmair & Dionatos 2006), and examine its
structure to check if it possesses any morphological sig-
nature which can be useful in providing insights into the
origin and the embryonic association of its progenitor
system with an ancient satellite merger.

This paper is arranged as follows. In Section 2] we
present our diagnoses of the GD-1 structure, where we
discover a secondary extended and diffuse stellar compo-
nent around the thin stream at > 50 confidence level.
In Section [3| we show that the detected component is a
genuine feature and not an artifact of underlying back-
ground contaminants. In order to interpret our findings,
we further analyze a set of synthetic streams produced in

a cosmological simulations in Section[d] which ultimately
assists us both in making a strong case for this detection
and in understanding the origin of this secondary stream
feature. We finally present our conclusion and discuss
the prospects of our study in Section

2. DIAGNOSING THE GD-1 STREAM

The GD-1 stellar stream is observed as a long (~ 80°,
[Price-Whelan & Bonaca2018) and exceptionally narrow
structure in the sky (angular width of ~ 0.5°), and was
previously measured to have a physical width of ~ 20 pc
(Koposov et al|2010). Its velocity dispersion in the di-
rection tangential to the line of sight has been measured
to be < 2.3kms™! (95% conf.), and it is an extremely
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metal poor structure ([Fe/H] = —2.24 £+ 0.21) (Malhan
& Ibata 2019). The color-magnitude diagram (CMD)
of GD-1 is similar to that of the M13 GC (Grillmair &
Dionatos|[2006) and corresponds to a stellar population
of age 10-12 Gyr. While the location of the progenitor
of GD-1 is currently unknown (de Boer et al.[[2018; Mal-
han et al.|2018a} [Price-Whelan & Bonacal[2018; [Webb &
Bovy|2018), and indeed it may have been completely dis-
rupted long ago, these stream properties strongly imply
that GD-1 is the remnant of a GC.

We first detect the GD-1 stream structure of inter-
est, using our STREAMFINDER algorithm (Malhan & Ibata
2018; Malhan et al.| 2018bj [Ibata et al.|[2018, [2019).
The required stellar stream density map was obtained
from processing the Gaia DR2 dataset, after adopting
a Single Stellar population (SSP) template model of
(Age, [Fe/H]) = (12.5 Gyr, —2.0) from the PARSEC stel-
lar tracks library (Bressan et al.||2012)). In order to de-
tect the GD-1 stream in particular, the algorithm was
made to process only those stars that lie in the region
80° < £ < 230° and b > 20°, and with Heliocentric
distances in the range 1 to 20kpc. All other algorithm
parameters are identical to those described in|Ibata et al.
(2019). The corresponding stream map is shown in Fig-
ure , where all the sources have a stream-detection
significance of > 6. This detection statistic means that
at the position of each of these stars, the algorithm finds
that there is a > 60 significance for there to be a stream-
like structure (with Gaussian width of 100 pc, and +10°
long) passing through the location of each of the stars,
and with proper motion consistent with that of the stars.

The algorithm successfully detects the 80° long GD-
1 stream, as well as numerous other tentative stream
structures, which will not be discussed further in this
contribution. To isolate the GD-1 stars of interest we
make a 10° wide selection around the stream track (gray
band in Figure [1p). The corresponding selected stars
are shown in panel (b) of Figure in the rotated coor-
dinates of GD-1 (the transformation from the galactic
coordinate system to this new rotated frame was made
using the conversion matrix provided in |[Koposov et al.
2010). This map triggered our initial suspicion that the
GD-1 stream, that is usually conceived as a physically
thin structure, could possibly be part of an extended
and diffuse stellar component (dubbed “cocoon” in the
Figure). The dense stellar structure lying along ¢o ~ 0°
is the GD-1 stream. This contribution is devoted to the
study of this extended component and its origin. Figure
shows the star number density map, corresponding to
Figure [Ip, obtained using a pixel size of 0.5°.

Recent studies have revealed several interesting struc-
tures in the region of the sky surrounding GD-1: these
include the neighbouring streams (PS1-E, Bernard et al.
2016, Malhan et al||2018al and Gaia-5, |Malhan et al.
2018b)), the detection of possible gaps in GD-1 (Price-
Whelan & Bonacal2018)), and a “spur” structure (Bonaca
et al.[[2018). These features are sketched schematically
in Figure[Id. The number density map in Figure [I¢ re-
veals some of these known features, such as the gaps at
¢1 ~ —40° and —20°, and also part of the PS1-E stream.
The map also reveals a possible location for GD-1’s elu-
sive missing progenitor at [¢1, o] ~ [—6°, —0.8°], which
we tentatively propose is associated with the “kink” fea-
ture (characteristic of stars emerging from the Lagrange

points of the progenitor of a tidal stream) that is visible
at this location.

In our analysis below, we ensure that the identified
signal corresponding to the conspicuous extended stellar
component (the cocoon in Figure [Ip) does not arise due
to the presence of these surrounding stellar structures.

2.1. Data

The STREAMFINDER algorithm was made to process
only those stars for which Gaia’s extinction corrected
magnitude Gy < 19.5. The magnitude cut was chosen
so as to avoid edge-effects stemming from the faint limit
of our Gaussian Mixture Model at Gy = 20.0 (see |Ibata
et al[|2019 for technical details). Also, the number of
sources rise towards the fainter magnitude limit, that
makes the processing time of the algorithm computa-
tionally expensive. We therefore made a fresh sample
selection directly from the Gaia DR2 dataset in order to
study the GD-1 and the accompanying feature of inter-
est.

We take the Gaia DR2 catalogue for the region of the
sky ranging between (¢1, ¢2) = ([—60°,20°], [-15°,15°]),
consistent with the on-sky extent of the GD-1 stream,
and first correct it for extinction using the |Schlafly
& Finkbeiner| (2011) corrections to the |Schlegel et al.
(1998)) extinction maps, assuming the extinction ratios
Ac/Ay = 0.85926, Ag,. /Ay = 1.06794, Agnp /Ay =
0.65199, as listed on the web interface to the PARSEC
isochrones (Bressan et al.[[2012). Henceforth all magni-
tudes and colors refer to these extinction-corrected val-
ues. For this data selection, we also make cuts in Gaia’s
color (0.40 < [Gep — Grplo < 1.60) and the magnitude
(Go < 20) space. The color window ensures the inclusion
of the GD-1 like stellar populations, discarding most of
the disk contaminants. The chosen magnitude limit mit-
igates against the effect of completeness variations due
to inhomogeneous extinction. We set constraints also in

the proper motion (y/u? 4+ p2 > 2, where pf, = pocosd)

and the parallax (@ < 0.33 masat 3o level) selection in
order to include only those stars that inhabit a simi-
lar phase-space region as GD-1. Henceforth, for conve-
nience, we will drop the asterix superscript from p%,. This
sample of stars was then cross-matched with the spec-
troscopic surveys of SEGUE (SDSS DRI10, [Yanny et al.
2009) and LAMOST DR4 (Zhao et al.|[2012) datasets in
order to acquire their line-of-sight velocities (vios) that
are missing in Gaia DRl From these cross-matches we
obtained their vjos and [Fe/H] measurements. We then
imposed a very conservative metallicity cut in the cross-
matched catalogue, selecting stars with [Fe/H|] < —1.5
(consistent with GD-1’s metallicity, following Malhan &
Ibata)2019) so as to retain a maximal population of GD-
1-like stars and reject most of the contaminants. We
retain this filtered dataset and refer to this as sample-1.

2.2. Anatomy of the GD-1 stream

In Malhan & Ibatal (2019) we performed an orbit-fitting
procedure for the GD-1 stars, although to a more conser-
vative star sample (in particular, the spatially-extended
component was rejected), in order to constrain the grav-
itational potential of the Milky Way. One of the natural

7 Gaia DR2 measures v)os only for the stars with G < 13.
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F1G. 2.— The phase-space-metallicity distribution of GD-1 stars,
based on selection within a 1.50 threshold of the adopted GD-1
orbital model. From top to bottom the panels show the angle ¢2
in the standard GD-1 coordinate system, proper motion u, and
s, the parallax w, and the heliocentric line of sight velocity v)os of
the stream stars, as a function of ¢;. The lowest panel shows the
metallicity distribution of the stars. The orbital model of GD-1 is
shown as a dashed curve while the data points are shown in colour.
The light gray band along the model highlights the effective 1.50
region around the orbit. This stringent selection yields 40 stars
that are shown here.

by-products of the study was the best-fit orbit model for
the GD-1 stream. We use the same orbit model here for
the purpose of selecting stars in sample-1.

First, we analyze the stars contained in a very narrow
and restricted phase-space region around GD-1. This was
done by sigma-clipping and selecting only those stars in
sample-1 that lie within 1.5¢0 of the orbit model in the ob-
served phase-space parameters (@1, @2, W, [ha, [ss Vlos
Here, ¢1, ¢o refer to the angles of the GD-1 coordinate
system as mentioned previously, @, tq, ft5 are the par-
allax and proper motion measurements that come from

8 While performing sigma clipping for parallaxes @, we accounted
for the zero-point correction of the parallax measurements present
in Gaia DR2 (Lindegren, L. et al|[2018).
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F1G. 3.— Probability distribution function for the 4-parameter
Gaussian model (described in Equation corresponding to the
data points shown in Figure@ The top plots here represent the dis-
tribution of (ws, fs), while the bottom plots show the same but for
(we, fe). Since fs — 1(fc — 0), this suggests that the 1.50 selec-
tion does not show significant evidence of any secondary features,
and consists of only a uni-modal structural component, GD-1 it-
self, that is 40+ 10 pc wide. This is not surprising, as the stringent
sample selection (made in the multi-dimensional volume of phase-
space and photometry information) can barely accommodate any
additional structural feature.

the Gaia data, and v refers to the heliocentric line of
sight velocity obtained from our cross-matches with the
SEGUE and LAMOST catalogues. This stringent selec-
tion ensures the rejection of any datum that is even re-
motely an outlier. Simultaneously, we also clip the data
in Gaia’s colour-magnitude (Go, [Gp — Grp)o) space us-
ing the same SSP model that previously allowed GD-1’s
detection. This very fine selection yields a total of 40
stars (35 from SEGUE and 5 from LAMOST), that rep-
resent very high confidence GD-1 candidate members.
These stars are shown in Figure [2]

We then test if this stringent sample selection of GD-
1 members contains only a uni-modal stellar component
(GD-1 itself), or accommodates any additional feature.
This we investigate using a generative model which we
take to be a two component Gaussian model; one compo-
nent to account for the stream itself and the other for any
possible secondary feature. The free parameters for our
model were then provided as (ws, fs) and (w,, f.). Here
ws and fs denote the stream’s physical width and the
fraction of stars in the data contained within the stream,
and w,, f. have the same meaning but for the secondary
population. The likelihood function was expressed as:
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wskpc] = 0.0355 where f. =1 — f,. Here, ¢¢ is the observed position of
a data point, and the corresponding orbit model value
is given by ¢5'. Notice that since we are interested in
measuring the physical dispersion of the structure(s) in
the direction perpendicular to the GD-1’s orbit, this cal-
f; = 0.637543 culation is made only in the position space for the ¢y co-
B ordinate. E(p,w) is the error function which is included
@ x as a modification to the normalisation of the Gaussian
: : function. This factor takes into account the sigma clip-
ping procedure that we undertake for the data selection
& welkpel = 0.11+542 which abruptly truncates the data at a given o—value.
s N Here, it is defined as E(p,w) = erf(p/wv/2), and in this
-'- case p = 1.5. We then sample the posterior probability
distribution function (PDF) with an MCMC algorithm.
The resulting PDF is shown in Figure |3} The PDFs are
fe=03733 well behaved and suggest that the dataset under inspec-
tion contains only a single uni-modal structural compo-
nent, since fy — 1, corresponding to a physical width of
(ws) = 40+ 10 pc. This means that with this (extremely
narrow) sample selection our generative model only de-
tects the thin GD-1 stream.
Next, we make a comparatively lenient selection from
wslkpel f welkpel fe sample-1 by selecting all the stars in sample-1 that lie
GFIG~,5~ Pé”of)?gﬂity, Si(sitr,iblgion tf}mcn for the ‘é‘PaTimett}?r within a 50 threshold with respect to the orbital track
aussian mode escribe m uation correspondin; () e . .

50 data selection threshold shoqun in Figure @ pIn adé;ition to and the assumed SSP model. The selection yields a to-
identifying the GD-1 stream with (ws) = 30pc and (fs) = 0.63, tal of 116 stars (104 from SEGUE and 12 from LAM-
we also detect an underlying secondary diffuse component with OST) and the corresponding stars are shown in Figure
(we) = 110 + 20 pc and (f) = 0.37. This means that 37%(~ 43 Once again, we fitted the same double Gaussian model

stars) of the sample belongs to this newly-identified structure. We : . . -
associate this secondary structure with the GD-1 cocoon. via an MCMC process (ln this case p = 5)' The PDFs



6 Malhan et al.

were found to be well behaved (Figure |5, albeit this
time revealing a bi-modal distribution given the detec-
tion of a secondary extended component alongside GD-1.
This secondary component was identified with a physical
width of (w.) = 110 + 20 pc, with 37% (f. = 0.37) of the
stars belonging to this newly-identified component (= 43
stars). We dub this component the cocoon of GD-1. The
revised physical width of the narrow component is found
to be (ws) ~ 30 pc.

We also realized that such a relaxed selection, although
made in the multi-dimensional volume of phase-space
and photometry information, may also gather stars from
the structures lying in GD-1’s neighbourhood (shown in
Figure [1d). Therefore, in order to ascertain that this
newly identified cocoon component is not a reflection of
these surrounding localized structures, we repeat our pre-
vious analysis except this time masking the sky regions
where GD-1’s neighbouring structures lie. To mask the
spur, for instance, we first approximate its on-sky tra-
jectory from the map of Bonaca et al.| (2018]) and adopt
its width to be 0.2°, as per their study. We repeat the
same for the PS1-E stream (Bernard et al.[2016), and set
its width at 0.3°. These models (or masked regions) are
shown in Figure 4| (top panel), and the stars lying in these
regions were then removed. We do not mask the Gaia-5
stream region because, although it happens to be located
close to GD-1 in the sky, Gaia-5’s proper motions are
significantly different from those of GD-1 (Malhan et al.
2018b)), and hence it is not enclosed in the 5o threshold
selection that we make here. This masked selection, in
contrast to the previous unmasked case, yields a total
of 109 stars (98 from SEGUE and 11 from LAMOST).
We again find a bi-modal distribution of stars, but with
a slight variation in our parameter values. This time,
the secondary component was identified with a physical
width of (w.) = 130730 pc, with 22% (f. = 0.22) of the
stars belonging to this extended component (a2 24 stars).
The observed dip in the cocoon’s signal strength in this
case is expected, as the 7 stars that were now masked
previously lay in the exterior region of GD-1, thereby
contributing to the cocoon signal.

Having established the presence of a secondary ex-
tended stellar component, we then take the likelihood
ratio test to assess the need for the presence of two pop-
ulations rather than just one. For this, we used the un-
masked (masked) data sample of 116 (109) stars as above,
and fitted them using the same double Gaussian model
except this time forcing f. = 0 and w, = 1 (the value of
w, is unimportant given that f. is set to zero). The cor-
responding p-value with respect to the fully free model
above is p = 1.46 x 107% (p = 1.18 x 10~7), indicating
that the simpler model with a single uni-modal width
distribution can be rejected with high confidence at the
50 (50) level. Hence, the evidence for an additional com-
ponent appears to be strong. Note that the estimated
value of w, in our analysis is sensitive to the phase-space
volume probed for the data selection (set to a 5o thresh-
old width here), nevertheless it can be perceived to be a
lower bound. This means that in reality the detected co-
coon structure may be spatially extended to even greater
distances from GD-1, as was initially suggested by Fig-
ure [[p. This property is also revealed by the synthetic
streams that are produced in cosmological simulations

(we discuss this in Section [4] below).

3. COCOON OR CONTAMINATION?

In order to ascertain the existence of this cocoon fea-
ture, it is important to ensure that it is not an artifact
of the underlying background contamination that lies in
the region of the sky containing GD-1. To examine this
issue, and to quantify the contamination level present
along GD-1’s orbital track, we followed a tailor-made test
that we now describe.

We take GD-1’s orbit model and shift it by +10° in
¢2, keeping its configuration fixed in the other phase-
space dimensions, and count the number of stars that
get selected by the orbit within 50 from sample-1 in
the same fashion as discussed before. This is shown
in Figure [Bh. In this case, the selection around the or-
bit draws 0 contaminants. We repeat this procedure for
+5°,—5° —10° shifts in ¢o from the 0° reference point,
and respectively find that only 2, 3 and 4 contaminants
are selected around the orbit. Thus, the observed level
of cocoon members is unlikely to be due to random con-
taminants.

Next, in order to extract out the information on the
spatial extent of the cocoon we do the following. Keeping
GD-1’s orbit model fixed at its original position, we make
a 30 threshold selection of the data points in proper mo-
tion, parallax, photometry and los velocity information
space. For each selected datum, the angular difference
Agps, between the GD-1’s orbital model and the observed
value, is calculated and the data is binned at that value.
The corresponding stellar density distribution is shown
in Figure [6p. The narrow peak at ¢ ~ —0.1° shows the
presence of the “thin” component of the GD-1 stream,
while the broadened distribution reveals the presence of
the cocoon that extends out to ~ 1° in either direction.

4. INTERPRETING THE ‘COCOON’ WITH
COSMOLOGICAL SIMULATIONS

In order to interpret our findings, we turn to a set of
cosmological simulations. In this section, we first de-
scribe the simulation setup, followed by the interpreta-
tion of the identified cocoon phenomenon.

The simulation used here to illustrate the formation of
stream cocoons is essentially the same as that developed
in|Carlberg| (2018al). The simulation started with the Via
Lactea II halo catalog at redshift 3. The halos were re-
constituted as Hernquist spheres (Hernquist|/1990)) using
dark matter particles of mass 2 x 10* M. The 30 heav-
iest halos (= 4 x 108 M) were provided with the tidally
limited King model star clusters (King||1966) of mass
10° Mg, that were inserted in randomly oriented planes
into these halos. The star particles had mass 5 Mg. The
dark matter particles had a softening of 200 pc and the
star particles had a softening of 2pc. The mixture of
dark matter and star particles were evolved with a mod-
ified version of Gadget-2 code (Springel||2005) that pro-
vided the expected level of two-body relaxation in the
star clusters. There typically are about 300,000 time
steps for a simulation run from near redshift 3, an initial
age of 2.07 Gyr, to a current epoch age of 13.4 Gyr.

All the simulated star particles were then transformed
from the Galactocentric Cartesian frame to the Helio-
centric (observable) frame using the Sun’s parameters
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F1a. 6.— Left panel: Checking for contamination along GD-1’s track. The gray background shows the field star number density of our
sample-1 data as obtained in Section |2|via cross-matching the Gaia DR2 catalog with the SEGUE and LAMOST datasets. This density
map appears patchy due to the non-uniform sky coverage of these two spectroscopic surveys. GD-1’s orbital track is shown in cyan. We
shifted this track in the ¢2 coordinate, using different values of ¢2 as marked in the diagram, to test the level of field star contamination in
the surrounding regions. A 50 threshold for selection was used throughout. The number of contaminants found are reported in brackets,
and also shown as color points, and are substantially smaller than the number found for the cocoon structure that we detect in this study.
Right panel: Stellar density distribution, obtained by making a 3o threshold selection in proper motions, parallaxes, photometry and line
of sight velocity with respect to the original GD-1 orbital model. A¢2 refers to the angular difference between the datum and the GD-1
orbit. The green profile reveals a narrow peak at A¢2 ~ —0.1° (the “thin” GD-1 stream) along with a broadened distribution (the cocoon)
that extends out to ~ 1° on either direction. The red and blue regions represent the estimated (on-sky) widths of the thin GD-1 stream
and the extended component, respectively.
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Fic. 7.— GC streams in a cosmological simulation. Stellar stream particles for some of the synthetic streams are shown in their rotated
coordinate systems. Particles shown in each panel are member stars belonging to the same GC progenitor. Almost all the synthetic
streams, of which only 6 are presented here, featured an additional distinctive diffuse stellar component (which we dub the cocoon in our
analysis). This secondary feature, accompanying the thin GC stream, is likely a ubiquitous characteristic exhibited by all the streams that
are remnants of the accreted GC streams that arrived within their own dwarf galaxy-mass dark matter sub-halos.

as Ry = 8.122kpc (Gravity Collaboration et al|[2018)) But how does this secondary feature actually form? The
and Vo = (11.1,255.2,7.25) km g1 (lReid et al. |2014|; origin of this phenomenon becomes clear by examining
ISchonrich et al|2010). We then selected out only those the evolution of GCs in the simulation.

stars that lay in the region of the sky where |b] > 20° Process of cocoon formation: In the simulation, all the
and bkpc < dg < 20kpc. This choice of location was stars start in GCs. These GCs are placed into a disk-like
made so as to focus on those streams that lie in a similar distribution in the dark matter sub-halos
region of the sky as GD-1, thereby allowing a meaning- on nearly circular orbits with radii of ~ 1 kpc. As
ful comparison. A few of the selected structures (a 350 the tidal fields of these sub-halos begin to strip off the

structures were reviewed) are shown in Figure[7 In the stars from the GCs a “donut” of stars is formed, which
corresponding figure, each panel (shown in the coordi- is initially dispersed around the ~ 1kpc orbit (see Fig-
nate system that roughly aligns along the streams) shows ure [8). Once the sub-halo falls into the main halo, its
only those star particles that came from the same GC dark matter merges with the main halo (partially or com-
progenitor. One can see that all of these streams con- pletely) and the GC, along with the dispersed stars, gets
tain a secondary diffuse stellar component (the cocoon), deposited into the main halo. The GC now releases stars

similar to one that we detect here for the GD-1 stream. on its new orbit in the main halo, forming the thin and
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F1G. 8.— Dynamical evolution of GCs in the cosmological simulation (see Section for details). Only the GC and its associated stellar
particles are shown here. The frames (from left to right, in kpc units) show the dynamical evolution and tidal disruption of a GC as it
is accreted onto the main halo within its dark matter sub-halo. The X and Y coordinates are centred on the GC system. The left panel
(T =~ 1.7 Gyr) shows the GC’s pre-merging “donut” phase as the stars undergo tidal stripping within the sub-halo. The blob at the center
is the progenitor GC in all panels. The middle panel (T =~ 5.7 Gyr) shows the initial stage of accretion of the GC, with its sub-halo, onto
the main halo. The right panel (T =~ 13.4 Gyr, the scale of this panel is wider) shows the present epoch. The dark matter envelope is
almost completely disrupted. On the other hand, the GC ends up forming a thin and dense tidal stellar stream, and the stars that were
spread out in the “donut” like shape end up creating a broad stream (the cocoon) surrounding the thin stream structure.
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Fic. 9.— Analyzing the cocoon feature in a synthetic stream.

Top panel: Distribution of stellar particles of a synthetic stream
that possessed similar properties to GD-1. The circle marks the lo-
cation of the progenitor that was removed intentionally. The gray
band effectively corresponds to a 50 selection width around GD-
1, and we use stars within this region in our analysis to make a
meaningful comparison to GD-1. Bottom panels: Probability dis-
tribution function for the Gaussian model. As expected, we find
a bi-modal distribution of stellar components in this case, corre-
sponding to the presence of a thin structure and an accompanying
extended component. The red curve in the top panel corresponds
to the best fitted polynomial function using Equation [2]

dense part of the stream, while the stars that were spread
out in the “donut” like shape end up creating a broader
stream enveloping the thin stream structure. Both the
thin stream and the cocoon finally end up on quite sim-
ilar orbits. These different phases of GC’s dynamical
evolution are illustrated in Figure

This picture may now provide an explanation of the
newly identified cocoon component we have found in this
paper. According to this framework, GD-1’s progeni-
tor GC originally formed inside a “dwarf galaxy” dark
matter sub-halo, and was brought into the Milky Way
during the accretion of the parent sub-halo. Our qual-
itative study of synthetic streams further suggests that
the accompanying cocoon structure is most likely a ubig-
uitous characteristic that is exhibited by all the streams
that are remnants of the accreted GCs that came along
within their satellite galaxies.

We also carried out a quantitative analysis with one of
the synthetic streams to test if they too reveal a bi-modal
distribution, similar to that shown above for GD-1. To
this end, we first selected a candidate structure from our
set of synthetic streams that shared similar structural
and orbital properties to those of GD-1. We chose the
stream shown in Figure [7p, as it possessed similar phys-
ical length, spanning distance and L, value as that of
GD-1. The stream is also shown in Figure[0] Once again,
we fit the same double Gaussian model via an MCMC
process. So as to make a meaningful comparison with
the GD-1 case, here we analyzed only those star parti-
cles that roughly lay within the physical width that was
effectively equivalent to 5o selection width of the GD-1
stars. Also, note that in this case we lack a corresponding
orbital model for the stream (that basically goes into the
equation (1| in the form of the parameter ¢%'). For this,
we allow ¢5* (™ in the present case) to be an additional
parameter of our model that is fitted to the data using
the polynomial parameterization of the form:

N =a+b(+c(?, (2)

where a, b, ¢ are the intrinsic parameters of n™ that are
actually sampled during the MCMC exploration. The
physical dispersions of the two structural components
(the stream and the cocoon) are then calculated about
the fitted . The results obtained in this case are shown
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Fic. 10.— Orbital properties of GD-1 in comparison to Milky
Way GCs. GCs with orbits measured by Gaia (Gaia Collaboration
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GD-T stream. Some well-known GCs have been labelled. In this
plane, objects with retrograde motion have positive L,. The orbital
properties of GD-1 are clearly extreme. The highly retrograde orbit
suggests an accretion origin for the stream progenitor, which is
consistent with the scenario presented here.

in Figure [)] As expected, we find a bi-modal distribu-
tion of the particles corresponding to a thin structure
and an accompanying diffuse component. In this case,
the secondary component was identified with a physi-
cal width of (w.) = 130 & 10pc (comparable to the size
of GD-1’s cocoon, however note that the structure actu-
ally extends well beyond this range, similar to the range
displayed in Figure ) The similarity between the re-
sults obtained in this case, by analyzing synthetic stream
structures from the cosmological simulations, with the
ones obtained for the GD-1 case, that was based on as-
trophysical data, establishes both the plausibility of the
existence and the positive detection of the cocoon struc-
ture around the GD-1 stream.

5. CONCLUSION AND DISCUSSION

We investigated the structure and morphology of the
GD-1 stellar stream in order to understand its embryonic
origin and its participation in the formation of the Milky
Way halo. Being a remnant of a GC, GD-1 is often con-
ceived as a simple system that is usually approximated
as a linear structure. Our study here suggests otherwise.

Using the 6D phase-space and photometric measure-
ments, we probed the sky region around the GD-1 stream
and found evidence for the presence of an additional ex-
tended and diffuse stellar component (which can be per-
ceived in Figure ) This secondary component, that we
dub the cocoon here, was detected at a > 50 confidence
level. The physical width of the cocoon was found to
be (w.) = 110 & 20 pc (Figures [)), which we obtained
by analyzing the 6D phase-space and color-magnitude
region within the 50 volume around the GD-1 stream.
Alongside, the revised physical width of the narrow com-
ponent was estimated to be (w;) ~ 30pc. To interpret
this detection, we turned to a set of cosmological simu-

lations, and found that this cocoon feature is most likely
a ubiquitous characteristic that is exhibited by all the
streams that are remnants of the accreted GCs that came
within dwarf galaxy-mass dark matter sub-halos (Fig-
ure [7] and [8] see section [4] for details on how the cocoon
structure is formed). This framework, in light of the de-
tection of GD-1’s cocoon, lends credence to the idea that
GD-1’s progenitor GC was originally brought into the
Milky Way in a now defunct satellite galaxy.

The highly retrograde nature of GD-1’s orbit (L, ~
3000 km s~ kpc, see Figure Malhan & Ibatal [2019)
together with its metal poor stellar population paints
a similar picture that appears consistent with this sce-
nario. This is because more retrograde motions and lower
metallicties in the outer galactic halo are indicative of ac-
cretion of low-mass galaxies (Carollo et al.|[2007). More-
over, the detection of the cocoon means that GD-1’s pro-
genitor was still within the “dwarf galaxy” dark halo
prior to the merging of the dark matter sub-halo onto
the main halo.

In principle, there are other physical processes that can
also give rise to similar extended and diffuse components
in (otherwise) thin stellar streams. The thick compo-
nent could be produced by the perturbation effects of the
stream’s interaction with other massive galactic compo-
nents, such as by shocks from the disk. However, GD-1’s
disk crossings take place between 13 kpc and 23 kpc from
the Galactic center, where the disk density is too low to
significantly impact the stream (Bonaca et al.[[2018)). In-
teractions with dark matter sub-halos could also result in
the heating of stellar streams (Ibata et al.[2002; |Johnston
et al.[2002; Siegal-Gaskins & Valluri|2008; |Carlberg et al.
2012; |[Erkal et al.[[2016). However, GD-1’s velocity dis-
persion is as low as ~ 1.5 kms~! (Malhan & Ibata/2019),
indicating dynamical coldness of this system, that sug-
gests that so far GD-1 has not suffered substantial exter-
nal heating. Recently |Carlberg| (2018b) argued that an-
other contribution to stream density variations could also
stem from the GC streams having traversed the large-
scale tidal field of the host galaxy which varied over time
as the galaxy assembled.

The cosmological simulations suggest that we have pos-
sibly found an unambiguous means of distinguishing be-
tween the in-situ and ez-situ formed GC streams popu-
lation, which otherwise can be hard to disentangle. The
number of streams identified in this manner should in
principle place a lower limit on the number of past accre-
tion events, allowing one to quantify the number of stars
in the stellar halo that are a result of hierarchical merg-
ing events (Bullock & Johnston!|2005). Although here
we studied only a single GC stream, making the case for
the discovery of the cocoon phenomenon, it would be in-
teresting to analyze other GC streams of the Milky Way
in order to examine if the cocoon property is ubiquitous,
or is limited only to particular types of globular cluster
streams.

The simulations that we studied here show a large
diversity in the structural morphology of the cocoon
component (Figure , nevertheless, the phenomenon
was found to be ubiquitous among all the accreted GC
streams. The morphology would of course depend on
the orbital history of the accreted satellite, but it may
retain information about its now defunct dark nursery.
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Through careful N-body modeling of the GD-1 stream,
which can simultaneously reproduce its cocoon, it may be
possible to constrain the initial conditions of the parent
dark matter sub-halo. For instance, the cocoon’s phase-
space density may be linked with the dark matter density
profile and its phase-space dispersion with the mass and
the physical size of the dark sub-halo. For example, it
is known that for the same set of initial conditions the
GC stripping occurring in a “cuspy” dark matter profile
is relatively more pronounced than in a “cored” profile
(since force fields in constant density profiles are rather
compressive in nature, |Cole et al.|2012} Petts et al.|2016,
Contenta et al[/2018)). In such a case, “cuspy” profiles
are expected to form denser cocoon, which can then ul-
timately get reflected in the morphology of the accreted
stream and cocoon system. This would ofcourse also be
sensitive to the initial phase-space position of the GC
within the dark sub-halo. Such a study, employing the
cocoon as a dark matter probe, may open an exotic win-
dow on the pre-merging times by revealing the physical
properties of the primordial dark sub-halos. The inferred
properties, in principle, could be different from those that
are currently observed for the dwarf galaxies. Such a
comparison would also be useful in understanding and
testing the galaxy evolution paradigms and cosmological
models for the lowest mass halos.
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