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A B S T R A C T 

The formation of dark matter-deficient galaxies (DMDGs) through tidal interactions has been a subject of growing interest, 
particularly with the disco v ery of galaxies such as NGC 1052-DF2. Previous studies suggested that strong tidal forces could 

strip dark matter (DM) from satellite galaxies, but the role of dynamical friction in this process has been largely o v erlooked. In 

this paper, we present self-consistent N -body simulations that incorporate the effects of dynamical friction on the tidal formation 

of NGC 1052-DF2, and compare them with the one without dynamical friction. We find that dynamical friction significantly 

accelerates the decay of the satellite galaxy’s orbit, causing it to experience more frequent tidal stripping and leading to the 
earlier formation of a DM-deficient state, approximately 7 –8 Gyr after infall. This is a few Gyr earlier than simulations without 
dynamical friction. Our results suggest that DMDGs can form in a wider range of orbital configurations, particularly on more 
circular orbits, than previously thought. Furthermore, we find that globular clusters in the DM-deficient phase exhibit ele v ated 

v elocity dispersion, pro viding an observational signature of this evolutionary stage. We also examine the evolution of satellite 
in the phase space of total energy versus angular momentum, and show that a vertically narrow feature in this phase space is a 
clear signature of pericentre passage. These findings broaden the understanding of how DMDGs form and highlight the critical 
role of dynamical friction in shaping the evolutionary history of satellite galaxies in massive haloes. 

Key words: methods: numerical – globular clusters: general – galaxies: dwarf – galaxies: formation – galaxies: interactions –
dark matter . 
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 I N T RO D U C T I O N  

ince the disco v ery of NGC 1052-DF2 (hereafter DF2) as a dark
atter-deficient galaxy (DMDG) by van Dokkum et al. ( 2018b ), the

ormation mechanisms of such galaxies have been widely debated. 
hortly after its disco v ery, the accurac y of the distance measurement

o DF2 was questioned by Trujillo et al. ( 2019 ). Ho we ver, more
ecent data, based on 40 orbits of the Hubble Space Telescope 
 HST ) Advanced Camera for Surv e ys (ACS) observations, support
 distance of approximately 22 Mpc (Shen et al. 2021b ). The stellar
ass of DF2 is M ∗ ≈ 2 × 10 8 M � (van Dokkum et al. 2018b ), and

ts dynamical mass is estimated at M dyn ≈ 3 × 10 8 M �, though with
onsiderable uncertainties ( ≈40 –70 per cent; van Dokkum et al. 
018b ; Danieli et al. 2019 ; Emsellem et al. 2019 ). 
The distribution of globular clusters (GCs) around DF2 has been 

ontro v ersial. There are about 10 GCs around DF2 (van Dokkum
t al. 2018b ; Shen, van Dokkum & Danieli 2021a ) with peak
uminosities around M 606 ≈ −9 mag in F 606 W of the ACS (Shen
t al. 2021a ), which is brighter than those in normal dwarf galaxies
 M ≈ −7 . 5 mag ) with similar stellar masses (Jord ́an et al. 2007 ;
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iller & Lotz 2007 ; Rejkuba 2012 ; Saifollahi et al. 2022 ). Addition-
lly, the GCs exhibit a broad spatial distribution, spanning a radial
istance of 1 –10 kpc from DF2’s centre (van Dokkum et al. 2018b ;
hen et al. 2021a ), which contrasts with the typically more centrally
oncentrated GC systems in early-type dwarf galaxies (Tremaine, 
striker & Spitzer 1975 ; Antonini 2013 ; Neumayer, Seth & B ̈oker
020 ). 
There is another DMDG in the neighbourhood: NGC 1052-DF4 

hereafter DF4). Surprisingly, DF2 and DF4 are quite similar to 
ach other in that their age, mass, size, number of GCs, the spatial
istribution of GCs, and the peak of the luminosity function of GCs
van Dokkum et al. 2019 ; Danieli et al. 2020 ; Shen et al. 2021a ).
his similarity raises the question of whether DF2 and DF4 share a
ommon formation pathway or if their resemblance is coincidental. 
he possibility of forming DMDGs like DF2 and DF4 within the �
old dark matter ( � CDM) paradigm has been debated, with some
oncerns o v er whether current v elocity measurements of the GC
ynamics are accurate enough to support a truly dark matter (DM)-
eficient nature (Martin et al. 2018 ; Le wis, Bre wer & Wan 2020 ) and
he lack of observed tidal tails (Montes et al. 2021 ). 

Among the proposed formation scenarios for DF2, the ‘minibullet 
luster’ scenario has gained attention (Silk 2019 ; Shin et al. 2020 ;
ee, Shin & Kim 2021 ; Otaki & Mori 2022 ). This scenario suggests
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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hat DF2 formed from the collision of two gas-rich dwarf galaxies.
hile van Dokkum et al. ( 2022a , b ) found that some characteristics

f DF2 and DF4 align with this scenario, it struggles to explain the
ide spatial distribution of GCs in DF2. DM and stellar densities
f DMDGs are sparse, so dynamical friction will be weak, and core
talling (Read et al. 2006 ) may prevent them from sinking (Dutta
ho wdhury, v an den Bosch & van Dokkum 2019 , 2020 ). Even if this

s the case for DF2, it does not mean that the GCs will be pushed to
he outer region. In fact, Ogiya et al. ( 2022b ) showed that the initial
istribution of the GCs at their formation epoch is r ≈ 5 –10 kpc ,
nd that eventually it is difficult for the minibullet cluster scenario to
eproduce the spatial distribution of GCs of DF2. 

An alternative explanation is the tidal formation scenario (Ogiya
018 ; Montes et al. 2020 ; Jackson et al. 2021 ; Moreno et al. 2022 ;

ˇ emaitis et al. 2023 ), where a satellite galaxy orbiting a massive
ost halo experiences strong tidal forces. The tidal force inflates
he satellite system (tidal heating) and even removes the mass in its
uter region (tidal stripping). The stars of the satellite galaxy are
ore concentrated in the centre than the DM, so the tidal interaction

auses a satellite to lose more DM than stars until when the system is
tripped to an extent that the tidal radius is comparable to the stellar
xtent. Ogiya, van den Bosch & Burkert ( 2022a , hereafter O22 )
howed that the wide GC distribution in DF2 could be explained by
he tidal scenario using N -body simulations. Ho we ver, O22 ignored
he impact of dynamical friction on the satellite galaxy orbiting in the
ensity field of the host halo by employing a time-varying analytical
otential of the host halo. 
In addition to DF2 and DF4, we also make note of another

ltradiffuse galaxy F8D1 (Caldwell et al. 1998 ) associated with M81,
he closest known example of such a kind. Žemaitis et al. ( 2023 )
isco v ered a giant tidal tail of stars associated with F8D1, with an
verage surface brightness of μg ∼ 32 mag arcsec −2 , extending over
0 kpc in a projected distance. They estimated that 30 –36 per cent
f its current luminosity is contained in the tail, and that the close
ncounter with M81 is the likely cause of its dynamical feature. Their
isco v ery of the F8D1 tidal tail suggests that many other ultradiffuse
alaxies could be the result of such tidal interaction, and their tidal
ail signatures could be hidden below the current detection limits.
n Appendix B , we show the surface brightness distribution of our
imulated satellite galaxy. 

In this paper, we investigate the effect of dynamical friction on
he tidal formation scenario of DMDGs, based on completely self-
onsistent N -body simulations. Throughout this paper, we assume the
istance to DF2 is D = 20 Mpc . The rest of this paper is organized as
ollows. Section 2 describes our simulations. Section 3 explains our
nalysis method and results. Section 4 discusses the major channel
or dynamical friction to make the resultant differences, and Section 5
ompares our results to those in the literature. Finally, we summarize
n Section 7 . 

 N U M E R I C A L  SIMULATIONS  A N D  SET-UP  

e simulate a system consisting of a host halo and a satellite galaxy.
he tidal interaction causes the satellite to diffuse and lose its mass,
ventually making it DM deficient. 

We run two types of simulations: ‘ Run0 ’ has an N -body satellite
alaxy and an external static potential as a host halo, and ‘ Run1 ’
as an N -body satellite and an N -body host halo. This is the only
ifference between the two. In Run0 , the satellite galaxy does not
eel dynamical friction, while one does in Run1 . This way, we can
learly demonstrate the impact of dynamical friction by comparing
he two runs. 
NRAS 535, 675–688 (2024) 
We use the N -body/smoothed particle hydrodynamics (SPH) code
ADGET3-OSAKA (Shimizu et al. 2019 ; Nagamine et al. 2021 ),
hich is a modified version of GADGET-2 (Springel 2005 ). The

ode includes various physical modules such as star formation,
upernov a feedback, radiati ve heating and cooling, etc., which
re all turned off in this work because we are not doing galaxy
ormation simulations here. The gravity calculation scheme is the
ree method (Barnes & Hut 1986 ), and we turn off the SPH part
or this work. For the satellite, we placed 25 million DM particles
nd 49 990 stellar particles, whose masses are 4 . 00 × 10 3 M �. For
he host halo in Run1 , we put 15 million DM particles whose

ass is 5 . 78 × 10 5 M �. The Plummer softening length is 14 pc
Plummer 1911 ). The tree opening angle criterion parameter is set to
= 0 . 6. 

.1 Initial condition 

e create the initial conditions similar to those in O22 , which allows
s to compare our results with theirs. The host halo consists of only
M. Its density profile is described by Navarro–Frenk–White (NFW)
rofile (Navarro, Frenk & White 1996 ): 

( r) = 

ρs 

r 
r s 

(
1 + 

r 
r s 

)2 , (1) 

here ρs and r s are the scale density and scale radius, respectively.
he age of DF2 is estimated to be ∼9 Gyr (van Dokkum et al. 2018c ;
ensch et al. 2019 ; Ruiz-Lara et al. 2019 ), which corresponds to red-
hift z ∼ 1 . 5. Therefore, we used ( M 200 , c) = (7 × 10 12 M �, 4 . 2)
or the host halo based on Ludlow et al. ( 2016 ) assuming z = 1 . 5.
un0 implements the host halo as an external static potential, while
un1 has an N -body one, although both of them use the same settings
s written abo v e. In other words, Run1 just calculates the gravity
mong host and satellite particles, while Run0 first calculates the
ravity among satellite particles and then adds the analytical forces
y the potential to them. 
The satellite galaxy consists of DM, stars, and GCs. The total

tellar mass is set to M ∗ = 2 × 10 8 M �. The stellar particles are dis-
ributed as the 3D-deprojected S ́ersic profile (S ́ersic 1963 ; Prugniel &
imien 1997 ; Ciotti & Bertin 1999 ; Lima Neto, Gerbal & M ́arquez
999 ): 

( r) = ρs 

(
r 

R e 

)−p n 

exp 

[ 

−b n 

(
r 

R e 

)1 /n 
] 

, (2) 

 n ≈ 1 − 0 . 6097 

n 
+ 

0 . 05463 

n 2 
, (3) 

 n ≈ 2 n − 1 

3 
+ 

4 

405 n 
+ 

46 

25 515 n 2 
. (4) 

 e is 2D half-light radius, and n is S ́ersic index. We set the parameters
 R e , n ) = (1 . 25 kpc , 1 . 0), which are typical values for M ∗ = 2 ×
0 8 M � (van der Wel et al. 2014 ), although the mass–size relation
as a large scatter. 

The satellite DM mass is M DM , h = 1 × 10 11 M �, determined by
tellar-to-halo mass relation (Shuntov et al. 2022 ). As shown in
giya ( 2018 ), the satellite DM density profile must have a flat

entral core. Therefore, we adopted Burkert profile (Burkert 1995 ) for
t: 

( r) = 

ρs (
1 + 

r 
r s 

)(
1 + 

r 2 

r 2 s 

) , (5) 

ith ( ρs , r s ) = (5 . 6 × 10 7 M � kpc −3 , 4 . 6 kpc ). 
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Figure 1. Initial density profiles of each component are shown for satellite 
DM (black solid), stars (orange long dashed), and host halo (dashed). Note 
that in Run0 , the host halo is implemented as an external potential, so there 
is no density profile of the host halo represented by particles. The bottom 

vertical lines indicate the initial radial positions of the 10 GCs. 
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Table 1. Simulation parameters. 

Host halo 

M 200 7 . 00 × 10 12 M �
Total mass 8 . 67 × 10 12 M �
N DM 

( Run1 ) 1 . 5 × 10 7 

m DM 

( Run1 ) 5 . 78 × 10 5 M �

Satellite galaxy 
Total DM mass 1 . 00 × 10 11 M �
Total baryon mass 
(stars + GCs) 

2 . 09 × 10 8 M �

N DM 

2 . 5 × 10 7 

N � 49 990 
m DM 

4 . 00 × 10 3 M �
m � 4 . 00 × 10 3 M �

Globular clusters 
m GC 9 . 00 × 10 5 M �
N GC 10 
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We implemented 10 GCs as 10 tracer particles because Dutta 
howdhury et al. ( 2020 ) showed that whether the GCs in DF2
re single particles or live particles does not affect their orbits so
uch. We used the S ́ersic profile with ( R e , n ) = (2 . 0 kpc , 0 . 5) as

he probability distribution function for the initial positions of the 10 
Cs. Then they were placed in the range of 1 –4 kpc . Each GC has a
ass of m GC = 9 × 10 5 M �, roughly in line with those of DF2 (van
okkum et al. 2018c ). 
All of the N -body components are generated by MAGI (Miki &

memura 2018 ). In Fig. 1 , we plot the distribution of all components.
he orbit was determined by the orbital parameters ( x c , ε) defined

n Lacey & Cole ( 1993 ): 

 c ≡ r c ( E) 

r 200 , host 
, (6) 

≡ L 

L c ( E) 
, (7) 

here r c ( E) is the circular radius corresponding to the energy E,
nd r 200 , host is the virial radius of the host halo. L is the satellite
rbital angular momentum, and L c ( E) is that of the energy E 

n a circular orbit. The parameter ε is the circularity parameter, 
hich indicates the orbit’s radial nature. The satellite galaxy initially 
as ( x c , ε) = (0 . 8 , 0 . 45), which is very similar to that adopted in
22 . The slight difference in these parameter values from O22 ,
ho used ( x c , ε) = (1 . 0 , 0 . 3), is due to small differences in the

nitial conditions and simulation set-up. Ho we ver, our parameter 
alues are close enough that the o v erall results are very similar to
ach other. With these parameters and the initial position of the 
atellite at r = 305 kpc, the initial orbital velocity of the satellite
s 241 km s −1 . With the total satellite mass being 1 × 10 11 M �,
he velocity dispersion of the satellite stars is about 200 km s −1 .
hese parameter values become important later when we try to 
nderstand the dynamics in the phase space of energy and angular 
omentum. The simulation parameters are summarized in Table 1 for 

onvenience. 
 RESULTS  

.1 Mock obser v ations 

e compare the evolution of the physical state of the satellite
alaxy in Run0 and Run1 . At the same time, we also perform
ock observations of our simulations and compare them to the 

ctual DF2 observations as follows. To evaluate the uncertainties 
ntroduced by the viewing angle, we shoot 13 lines of sight (LOSs)
hat are each separated by π/ 4 in both longitude and latitude, and
roject stellar particle distribution onto the plane perpendicular to 
he LOS. We divide the projected plane into 540 pc × 540 pc pixels.
ecause each stellar particle has a mass of 4000 M �, one particle

n the abo v e pix el roughly corresponds to the surface brightness
imit of μ � 29 mag arcsec −2 (assuming a mass-to-light ratio of 

/L V ∼ 3 from Bruzual & Charlot 2003 ), which is nearly equal to
he observational limit of the Dragonfly Telephoto Array (Abraham & 

an Dokkum 2014 ), one of the telescopes that observed DF2 (van
okkum et al. 2018b ). Therefore, we detect the pixels having more

han one stellar particle as passing the abo v e surface brightness limit.
ome stellar particles are more than 10 kpc away from the centre
f the satellite galaxy due to tidal stripping, and we neglect such
articles in sparse regions. 

.2 Evolution of the satellite galaxy 

ig. 2 shows the projected density of the satellite particles (DM in
rey colour in larger panels, and star particles in orange points in
he smaller inset) in Run1 at t = 0 . 0 , 2 . 3 , 4 . 9 , 6 . 6 , 7 . 4 , 9 . 0 Gyr (the
ame figure for Run0 is shown in Appendix A ). All components
nitially have a spherical shape, so the satellite and its orbit are
n the x –y plane throughout the entire simulation time. The DM
articles are tidally stripped and the density around the satellite 
ecomes as low as that of the tidal tail after ≈8 Gyr . On the other
and, the stripping of the stellar body is slower; it just expands
ntil the fourth pericentric passage, and then a tidal tail appears
fter the fifth one ( ≈6 . 8 Gyr ). It keeps its spherical shape until
9 Gyr , and after that, the satellite galaxy is completely destroyed.

n parallel with the stars, the GCs are also scattered. We can see
ll the 10 GCs within the small box at t = 6 . 6 Gyr (middle right
anel). 
MNRAS 535, 675–688 (2024) 
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M

Figure 2. Projected density of satellite galaxy particles in Run1 at t = 0 . 0 , 2 . 3 , 4 . 9 , 6 . 6 , 7 . 4 , 9 . 0 Gyr from top left to bottom right. The grey scale shows the 
DM component in the larger panels, the orange dots show the stellar component, and the blue dots indicate the positions of the GCs in the smaller inset. The 
larger panels are centred at the main host halo. The inset panels are centred at the centre of the satellite galaxy, and their size is about 20 kpc . 
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Fig. 3 shows the projected density of stars (orange dots) and 
he orbit of the satellite galaxy, together with the GC distribution
blue dots). We can see the entire tidal tail of stars. After the fourth
ericentre, a sparse tidal tail appears (middle right panel). After the 
fth pericentre, it becomes denser, and finally, the stellar particles 
ecome a band-like shape. The lack of symmetry in the tidal tail is
ue to the projection effect. We note the striking similarity between 
he tidal tail feature in the bottom right panel (9 Gyr) and the observed
iant tidal tail of F8D1 ( ̌Zemaitis et al. 2023 ). It is noteworthy
hat this particular long tidal feature only arises when dynamical 
riction is included within our simulation time, and also indicates a 
nique time period for the system in which the DM content should be
ow. See Appendix B for more discussion on the surface brightness
istribution. 
Fig. 4 shows the orbits of the satellite galaxies. The ordinate shows

he distance between the centre of the satellite and the host. In Run0 ,
he apocentric distance decreases slowly, approximately from 300 to 
50 kpc in 10 Gyr . 1 On the other hand, Run1 shows a much faster
rop, to finally 150 kpc in the same time span. After some orbits, tidal
nteraction reduces the satellite’s mass and weakens the strength of 
he dynamical friction, slowing the orbital decay. The pericentric 
istance also shows a similar trend, declining by 6 kpc in Run0 , and
y 18 kpc in Run1 . As a result, the orbital period in Run1 is shorter
han in Run0 , being about 2 Gyr in Run0 on average and 1 . 5 Gyr in
un1 . The number of pericentric passages is five in Run0 and seven

n Run1 , which means that the satellite in Run1 suffered more from
idal interactions than in Run0 . 

Fig. 5 shows the evolution of the mass and mass ratio of the satellite
ystem. The upper panel shows the masses of stars and DM ( M ∗ and
 DM 

) within 2 . 7 kpc around the centre of the satellite as a function
f time. The lower panel plots their mass ratio: M DM 

/M ∗( < 2 . 7 kpc ).
hen this mass ratio approaches unity closely, the satellite galaxy 

s regarded as a DMDG. In Figs 5 , 6 , and 7 , the mean values of 13
OSs results are shown by darker coloured lines, and the min–max 

ange of 13 LOSs is shown by light coloured shade around them. 
Tidal stripping reduces the galaxy mass in an outside-in fashion. 

ecause the stellar body is more centrally concentrated than the DM 

alo, the stellar mass is almost constant until the fourth pericentric 
assage, whereas the DM mass begins to decrease from the first
ericentric passage. Therefore, the DM mass will be less than the 
tellar mass at some point. In the case of Run0 , it does not happen
ithin 10 Gyr , and the satellite galaxy could not become a DMDG
ithin the simulation time. On the other hand, in Run1 , the satellite
ecame DMDG at ≈7 . 3 Gyr , just after the fifth pericentric passage,
s shown in Fig. 5 . 

After the sixth pericentric passage, the DM-deficient satellite 
alaxy is completely destroyed at ≈8 . 6 Gyr ; it cannot maintain its
pherical shape and becomes a band-like shape. The satellite galaxy 
ecomes largely DM deficient during 7 . 3 –9 . 3 Gyr , except for a brief
eriod near the sixth pericentric passage. This ‘ DM-deficient period ’ 
s shown by the grey shaded region in the figures, where the DM
raction largely o v erlaps with that of DF2. Due to tidal heating, a
idally born DMDG has a very small binding energy, which can be
asily dissipated by the next tidal interaction, at which point its stellar
istribution cannot be defined well relative to the DM distribution. 
Fig. 6 shows the evolution of the stellar component of the satellite.

he upper panel plots the 2D-projected half-light radius as a function 
f time, which we approximated by the half-stellar-mass radius on the 
 The orbital decay observed in Run0 is due to self-friction (Fujii, Funato & 

akino 2006 ; Fellhauer & Lin 2007 ; Miller et al. 2020 ). 

4

W  

s  
rojected plane. We can see that the stellar body expands right after
ach pericentric passage. This is because the galaxy gains energy 
uring the high-speed passage (tidal heating), and its effect is much
tronger in Run1 . This half-light radius in Run0 did not reach the DF2
alue, but it already goes o v er the DF2 value in Run1 during the DM-
eficient period. The lower panel plots the LOS velocity dispersion of
he observable stellar particles. Reflecting the expansion, it decreases 
s the half-light radius increases. This is also consistent with the DF2
alue during the DM-deficient period. In the bottom panel of Fig. 6 ,
e see that the velocity dispersion along the LOS, σLOS , becomes

onsistent with that of DF2 at t ∼ 7 . 3 –8 . 2 Gyr, but followed by a
harp increase after the sixth pericentric passage. 

So far, we have seen that the satellite’s stellar properties become
oughly consistent with DF2 during the DMDG phase. Finally, let us
xamine the GC distribution. 

.3 Distribution of GCs 

ig. 7 shows the evolution of the GC distribution. The upper panel
lots the 2D-projected median radius of GCs ( R GC ) as a function
f time. It does not include the GCs f arther aw ay than 10 kpc nor
tellar particles because they are regarded as stripped. Although this 
efinition is basically the same as that of stars, R GC shows a different
volution from R e . We find that R GC oscillates rapidly, which is
ue to their random motion within the satellite galaxy. In Run1 , R GC 

eaches the DF2 value around fourth pericentre, and rapidly increases 
fter the fifth pericentre. Run0 shows a similar trend, but with a much
lower speed. The difference is not due to dynamical friction on the
atellite, because if this were the case, we would only see this trend
n Run1 . Note that the GCs suffer from dynamical friction caused by
he density field of the satellite system itself. Initialization of the GC
istribution might also have some impact (see Section 5 for a further
iscussion). 
The middle panel of Fig. 7 plots the number of GCs within 10 kpc

rom the satellite centre. It decreases rapidly during the DM-deficient 
eriod, ranging from 2 to 10. This suggests that 0 –80 per cent of GCs
an be stripped, and that the candidate galaxy of DF2 should initially
ave approximately 10 –50 GCs before the majority of them are
tripped (van Dokkum et al. 2018b ; Shen et al. 2021a ). Therefore, if
e put more GCs initially, we can probably reproduce the number
f GCs within 10 kpc of DF2. Whether we can reproduce the exact
umber of GCs within a certain radius is not that critical. Rather,
tatistical signatures such as the distribution in the phase space would
e more interesting as we will discuss in Section 6 . 
In the bottom panel of Fig. 7 , we show the LOS velocity

ispersion of GCs ( σGC ). Both runs show a gradual decrease in σGC ,
onsistent with previous work (Ogiya et al. 2022b ; Zhang, Bi & Yin
024 ). This is because GCs are subject to the dynamical friction
ithin the satellite galaxy, which causes them to sink gradually 

owards the centre of the satellite galaxy . However, interestingly ,
un1 shows a sharp increase just after entering the DM-deficient 
eriod, whereas Run0 continues to show a decreasing trend. This 
s because the tidal effect becomes stronger sooner in Run1 than
n Run0 due to faster orbital decay by dynamical friction with
loser pericentre passages. Once the satellite galaxy is completely 
isrupted tidally, then σGC stabilizes to about 10 km s −1 with some
uctuations. 

 EFFECT  O F  DY NA M I C A L  FRI CTI ON  

e see that dynamical friction can turn a galaxy into a DMDG in a
hort time. The fundamental effect of dynamical friction is to extract
MNRAS 535, 675–688 (2024) 
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Figure 3. Similar to Fig. 2 , but only for stars (orange dots) and GCs (blue dots). A small square is placed at the centre of mass of the satellite stellar distribution. 
Note that each row has a different colour bar from that of Fig. 2 . The grey line shows the orbit of the satellite galaxy. The black and grey cross marks are placed 
at the host halo centre and the initial position of the satellite galaxy, respectively. 
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Figure 4. The distance between the centres of the host and the satellite as a 
function of time. The blue dashed and orange solid lines correspond to Run0 
and Run1 , respectively. We can see that the orbit in Run1 decays more rapidly 
due to dynamical friction from the live DM halo. Grey shade represents the 
‘DM-deficient period’ (defined in the context of Fig. 5 , see text). 
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Figure 5. Top panel: Stellar (solid line) and DM (dashed line) mass within 
2 . 7 kpc from the centre of the satellite as a function of time. As for the stellar 
mass, the solid line and the shade around it represent the mean value and min–
max range gained by 13 LOSs, respectively. The triangles indicate the timing 
of the pericentric passages in Run0 (blue) and in Run1 (orange). The colour 
coding is the same as Fig. 4 . Bottom panel: Mass ratio M DM 

/M ∗( < 2 . 7 kpc ) 
calculated from the top panel. Light green shade represents the observed 
range of DF2 (Danieli et al. 2019 ). We defined the ‘DM-deficient period’, 
shown by the grey shade, which largely overlaps with the green shade. 
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2 The absolute magnitude of DF2 is M V = −15 . 4 (van Dokkum et al. 2018b ). 
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omentum from a moving object. In our case, the satellite galaxy 
oses its momentum, leading to the orbital decay. The amount of

ass-loss due to tidal stripping depends mainly on the pericentric 
istance (Jackson et al. 2021 ; Smith et al. 2022 ; Montero-Dorta et al.
024 ), so the orbital decay may contribute to the enhancement of the
idal stripping. Ho we ver, when comparing the pericentric distance 
n Run0 and Run1 , the difference is not so large (Fig. 4 ): its ratio
s at most 1.47 at the fourth pericentre. Therefore, the difference in
he changes of the satellite properties is small (e.g. the decrease in
he mass ratio � ( M DM 

/M ∗) after the second pericentric passage is
lmost identical in the two runs as seen in Fig. 5 ). Thus, the dynamical
riction does not enhance the tidal effect so much, but shortens the
rbital period and increases the number of pericentric passages (tidal 
nteraction) per unit time. 

 C O M PA R I S O N  WITH  T H E  LITERATURE  

e simulated almost the same configuration as O22 in Run0 . Note
hat O22 used a time-growing potential, although we used a static 
ne. The growing host halo results in orbital decay of its satellite
alaxies o v er the first few orbits ( O22 ), and the evolutionary time-
cale is shorter than that of Run0 and longer than that of Run1 . The
atellite in O22 became a DMDG in ∼9 Gyr , which is the mid-point
f Run0 and Run1 . 
O22 succeeded in reproducing the GC distribution of DF2 when 

he satellite galaxy is a DMDG. In our simulation, the GC distribution
xpanded a little too fast. Comparing our Fig. 7 with fig. 5 in O22
hich plotted the same physical quantity, the only clear difference 

s the higher amplitude of rapid oscillation in our case. We initially
lace the 10 GCs using S ́ersic profile as a probability distribution
unction. O22 adopted a different method, where they first put stellar
articles and transformed 10 of those located at r ≈ 2 . 5 kpc into
Cs. After ∼100 Myr , their distribution is well fitted by the S ́ersic
rofile that we use ( R e = 2 . 0 kpc , n = 0 . 5). These slight differences
n implementation could easily lead to a some what dif ferent e volution 
f their distribution, which is not surprising. 
Purple hatch in the bottom panel of Fig. 7 shows 1 σ range of

tted number of GCs in low surface brightness galaxies (LSBGs)
n the Fornax cluster of absolute magnitude M V ≈ −15 . 4 (Prole
t al. 2019 ). 2 LSBGs of similar stellar mass observed in the local
niv erse hav e ∼0 –10 GCs; its range is wide and its measurement
rror is also large (Forbes et al. 2020 ; Jones et al. 2023 ). Therefore,
utting more GCs in our initial condition is a reasonable remedy
f we want to try to make our simulation agree more with DF2
bservations. In any case, the present observational precision of 
C distribution at high redshift is insufficient to distinguish these 
ifferences. 
MNRAS 535, 675–688 (2024) 
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Figure 6. Top: 2D half-light radius R e . The measured value of DF2 is 
indicated by a horizontal dashed line (van Dokkum et al. 2018b ). Bottom: 
Velocity dispersion of the satellite’s stars along the LOS. The horizontal 
line and shade denote the DF2 value (Emsellem et al. 2019 ). Grey vertical 
shade represents the ‘DM-deficient period’ (see the main text). The triangles 
indicate the timing of the pericentric passages in Run0 (blue dashed) and in 
Run1 (orange solid line). 
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Figure 7. Similar set-up as Figs 5 and 6 . Top: 2D projected median radius 
( R GC ) of the 10 GC particles. This has a similar trend to the stellar half-light 
radius, but the time when it reaches the DF2 value is slightly earlier than 
the DM-deficient period. Middle: Number of GCs within projected radius of 
10 kpc from the satellite centre. It begins to decrease rapidly during the DM- 
deficient period. The purple hatch on the left edge indicates observational 
1 σ range of LSBGs in Fornax cluster (Prole et al. 2019 ). Bottom: LOS 
velocity dispersion of GCs, which shows a rapid increase in the DM-deficient 
period. The green shade indicates the observational likelihood estimate of 
σGC = 7 . 8 + 5 . 2 −2 . 2 km s −1 by van Dokkum et al. ( 2018a ). 
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 PHASE-SPAC E  E VO L U T I O N  

xamining the distribution of stars and GCs in the phase space
f total energy E tot versus z-direction angular momentum L z 

nhances our understanding of kinematical signatures of DMDGs
etter. In Fig. 8 , we show the time evolution of phase space at
 = 0 . 0 , 2 . 9 , 4 . 7 , 5 . 2 , 7 . 5 , 9 . 5 Gyr. The background grey scale shows
he DM mass per pixel in phase space. The central rectangle shows
he range of values that local Milky Way stellar streams are found
Bonaca et al. 2021 ). The comparison indicates that the satellite
alaxy in our simulation set-up has a higher angular momentum in a
eeper potential well than most of the Milky Way stellar streams. 

At t = 0 Gyr, the satellite stars (cyan points) are distributed in
 narrow horizontal strip with roughly constant energy but exhibit
 wide distribution in L z due to the internal velocity dispersion of
he satellite galaxy. The satellite experiences its second periastron
t t = 2 . 9 Gyr, where the cyan stellar points show a narrow vertical
NRAS 535, 675–688 (2024) 
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Figure 8. Phase-space evolution of the stars of satellite galaxy is shown by cyan points at t = 0 . 0 Gyr (initial state), t = 2 . 9 Gyr (second periastron), t = 4 . 7 Gyr 
(intermediate state after third periastron), t = 5 . 2 Gyr (apocentre after third periastron), t = 7 . 5 Gyr (entering the DM-deficient phase), and t = 9 . 5 Gyr (just 
after the DM-deficient phase). Darker blue points are 10 GC particles. Background grey scale is the DM mass in each pixel of the phase-space plane. 
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istribution due to the deeper potential well at pericentre (stretching 
he distribution downward) and the effects of tidal heating (pulling 
he distribution upward). At t = 4 . 7 Gyr, the satellite is in an
ntermediate state following the third periastron and occupies a 
ocalized region of phase space determined by its initial orbital 
onditions. At t = 5 . 2 Gyr, the satellite mo v es through the apocentre
fter the third periastron, reverting to a similar distribution as the 
nitial state at t = 0 Gyr, although with a somewhat shorter horizontal
xtension due to gradual energy loss from dynamical friction. At 
 = 7 . 5 Gyr, the satellite enters the DM-deficient phase, and its
istribution becomes similar to that at pericentre at t = 2 . 9 Gyr. As
bserved in the accompanying movie, the phase-space distribution 
f stars and GCs appears roughly ‘frozen’ in phase space after
 ∼ 8 Gyr, with the entire distribution becoming somewhat narrower 
ertically from t = 7 . 5 to 9.5 Gyr. This is evident in the final
tate of the DM-deficient phase at t = 9 . 5 Gyr in the bottom right
anel. 
In summary, our phase-space analysis shows that a narrow vertical 

istribution is a very good indicator of pericentre passage. A movie
hat summarizes the orbital and phase-space evolution of our satellite 
alaxy can be seen at the following URL as well as the journal
ebsite: https:// www.youtube.com/ shorts/ XJtq6uy EY . 
MNRAS 535, 675–688 (2024) 
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 C O N C L U S I O N  A N D  DISCUSSION  

any numerical simulations of DMDGs have been performed under
he assumption that dynamical friction can be ignored. In this work,
e ran two sets of simulations to measure the effect of dynamical fric-

ion, one with a full N -body and the other with an analytical host halo.
Our primary conclusion is that dynamical friction cannot be

gnored, as it plays a major role in producing tidal features like those
bserved in galaxies such as F8D1. Dynamical friction shortens the
ime-scale for galaxies to evolve into DMDGs by a few Gyr in our
et-up, which mirrors the conditions that reproduce DF2 in O22 .
his finding suggests that even galaxies on more circular orbits can
ecome DMDGs, extending the possible orbital parameter space
n which DMDG formation can occur. Our results emphasize that
he role of dynamical friction is crucial in enabling the formation of
MDGs across a broader range of orbital configurations. We note that

he lifetime of the tidally formed DMDGs is only about one orbital
eriod because they get more energy than the binding energy and
re easily destroyed in the next tidal interaction. As our simulations
how, the satellite galaxy freezes in the phase space of total energy
ersus angular momentum and maintains a high surface brightness
ore and extended tidal tail even at t = 10 Gyr (see bottom right
anel of Fig. B1 ). Ho we ver, the measurement of M DM 

/M � becomes
ore uncertain with the stripped DM and long tidal tails, making the

efinition of a DMDG less clear o v er time. 
While these simulations demonstrate the importance of dynamical

riction, it is essential to recognize that the satellite galaxy’s evolution
s sensitive to initial conditions such as the mass ratio, orbital energy,
nd orbital eccentricity (circularity). These factors can significantly
nfluence the extent to which dynamical friction contributes to the
atellite’s transition into a DM-deficient regime. 

F or e xample, the mass ratio between the satellite and host galaxy
s a key determinant of the strength of dynamical friction. In cases
here the mass ratio is lower, the dynamical friction force would
e weaker, leading to a slower orbital decay and fewer pericentric
assages within a given time, potentially delaying the satellite’s
volution into a DMDG. Conversely, a higher mass ratio would
nhance the dynamical friction effect, causing the satellite to lose
rbital energy more rapidly and accelerating the stripping of DM.
hus, the efficiency of dynamical friction is closely tied to the mass

atio, with larger satellites experiencing more pronounced orbital
ecay and stronger tidal interactions. In our simulations, the chosen
ass ratio is in the optimal range for producing ef fecti ve orbital

ecay, but this sensitivity highlights the need to explore other values
n future studies. 

The orbital energy of the satellite also plays a significant role in
etermining the system’s evolution. A higher initial orbital energy
ould result in wider orbits, where the satellite experiences weaker

idal forces, potentially postponing DM loss unless dynamical
riction acts to tighten the orbit. In contrast, a satellite with lower
rbital energy would naturally have a smaller orbit and more frequent
lose encounters with the host galaxy, allowing tidal stripping to
ccur even without significant dynamical friction. Therefore, the
nitial orbital energy sets the stage for the satellite’s susceptibility to
idal interactions, and the presence of dynamical friction can either
ccelerate or moderate this process depending on the initial energy
evel. 

The orbital circularity is another critical factor influencing the
ormation of DMDGs. Satellites on highly eccentric orbits experi-
nce stronger tidal forces at pericentre, leading to enhanced mass
tripping, even without significant dynamical friction. In such cases,
he role of dynamical friction may be less pronounced, as the
NRAS 535, 675–688 (2024) 
ccentric orbit itself generates sufficient tidal interactions to drive
he system into a DM-deficient state. On the other hand, for satellites
n more circular orbits, where pericentric passages are less frequent
nd less extreme, dynamical friction becomes more important in
radually reducing the satellite’s orbital radius, enabling repeated
idal interactions that lead to the depletion of DM o v er time. This is
onsistent with findings from Zhang et al. ( 2024 ), who demonstrated
hat increasing orbital circularity weakens tidal stripping by pushing
he pericentre farther from the host galaxy centre. 

While our simulations focus on a particular set of initial conditions,
hey demonstrate that dynamical friction plays a crucial role in
his scenario. Ho we ver, v arying the mass ratio, orbital energy, or
ircularity could produce dif ferent e volutionary outcomes, including
ases where dynamical friction is less critical or even unnecessary
or DMDG formation. Future studies exploring a broader range of
nitial conditions could provide a more comprehensive understanding
f how these factors interact and affect the tidal evolution of satellite
alaxies. Despite this sensitivity, our current results provide valuable
uantitative insights into the role of dynamical friction in satellite
alaxy evolution and establish a framework for future investigations.

Finally, we note that the GCs in our simulations spread out more
apidly than those observed in DF2, resulting in a GC distribution
hat does not perfectly match the observ ations. Ho we ver, by refining
he initial number and distribution of GCs, it may be possible to
etter reproduce the observed GC configuration through additional
terations. That said, the precise final positions of the GCs are not
ur primary concern. More importantly, their kinematical properties
rovide valuable insights into the underlying tidal formation mech-
nism of DMDGs. In particular, our simulations indicate that the
OS velocity dispersion of GCs becomes ele v ated during the DM-
eficient phase, which could serve as a key observational signature
f this evolutionary stage (Fig. 7 ). Additionally, the orbital and
hase-space evolution of the satellite stars reveals a vertically narrow
eature in the total energy versus angular momentum space, a clear
ndicator of pericentre passage (Fig. 8 and the associated movie).
iven the lack of observational data on GCs at higher redshifts

 z ∼ 1), when they were likely formed, and the large scatter in the
ocal GC distribution, our simulations provide a plausible scenario in
hich dynamical friction plays a central role in DMDG formation. 
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PPENDI X  A :  SNAPSHOTS  O F  Run0 

ere we present the same figures for Run0 as Figs 2 and 3 . Fig. A1
hows that both DM and stars maintain a spherical shape throughout
he entire simulation time, because Run0 assumes a spherical back- 
round host halo potential that does not apply dynamical friction on
he satellite halo. 

The size of each frame in Fig. A2 is the same as Fig. 3 which is
et to contain the entire orbit of Run1 . Therefore, the orbital track of
un0 goes beyond the frame. The orbital track also tells us that the
rbital period is longer in Run0 than in Run1 . 
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Figure A1. Same as Fig. 2 , but for Run0 . Projected density of satellite particles in Run0 at t = 0 . 0 , 2 . 3 , 4 . 9 , 6 . 6 , 7 . 4 , 9 . 0 Gyr from top left to bottom right. In 
the large panels, grey scales show the DM component, orange scales show the stellar component, and blue dots indicate the positions of the GCs in the small 
panels. The small panels are centred at the centre of the satellite galaxy, and their frames are illustrated as black squares in the large panels. Their length per 
side is 10 kpc . 
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Impact of dynamical friction on the tidal formation of NGC 1052-DF2 687 

Figure A2. Same as Fig. 3 , but for Run0 . Note that each row has a different colour bar, different from Fig. A1 . The grey line shows the orbit of the satellite 
galaxy. The black and grey cross marks are placed at the centre of the host halo and at the initial position of the satellite galaxy, respectively. 
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PPENDIX  B:  SU RFAC E  BRIGHTNESS  

ISTR IBU TION  O F  T H E  DISRUPTED  

ATELLITE  

n Section 3.2 , we noted a striking similarity between the tidal tail
eature in the bottom right panel of Fig. 3 at t = 9 Gyr and the
bserved giant tidal tail of F8D1 ( ̌Zemaitis et al. 2023 , see their
g. 3). F8D1 is a system that has been neglected for decades despite

ts proximity. There is currently no information on its DM or GC
ontent, ho we ver, more ne w data and results are expected to come
oon and we can perform more rigorous comparisons with our
imulations (Ferguson, pri v ate communication). 
NRAS 535, 675–688 (2024) 

igure B1. Evolution of surface brightness of the satellite galaxy at t = 7 . 4 Gyr (ju
hase), and t = 9 . 5 and 10 Gyr (after the DM-deficient phase). In this figure, the or
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Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
For comparison with observations, we show the surface brightness
istribution of our simulated satellite galaxy in Fig. B1 which was
alculated from the projected stellar mass plot assuming a fixed mass-
o-light ratio of M/L V ∼ 3 (Bruzual & Charlot 2003 ). The surface
rightness at the satellite centre is as high as μV ∼ 24 mag arcsec −2 ,
nd it smoothly becomes dimmer along the tidal tail down to
9 –30 mag arcsec −2 . This range of surface brightness is comparable
o the observed F8D1 ( ̌Zemaitis et al. 2023 , see their fig. 5), and we
ope to perform further comparison in the future using more realistic
osmological zoom-in simulations with star formation and feedback
rocesses. 
st before entering DM-deficient phase), t = 9 Gyr (at the end of DM-deficient 
igin of the coordinate is shifted to the centre of mass of the satellite galaxy. 
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