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ABSTRACT

Dark matter clusters on all scales, and it is therefore expected that even substructure should host its own substructure. Using the
Extragalactic Distance Database, we searched for dwarf-galaxy satellites of dwarf galaxies, that is, satellite-of-satellite galaxies,
corresponding to these substructures of substructure. From investigation of Hubble Space Telescope data for 117 dwarf galaxies, we
report the discovery of a previously unknown dwarf galaxy around the ultra-diffuse M96 companion M96-DF6 at 10.2 Mpc in the
Leo-I group. We confirm its dwarf-galaxy nature as a stellar overdensity. Modeling its structural parameters with a growth-curve
analysis, we find that it is an ultrafaint dwarf galaxy with a luminosity of 1.5 x 10 L, which is 135 times fainter than its host. Based
on its close projection to M96-DF6, it is unlikely that their association occurs simply by chance. We compare the luminosity ratio of
this and three other known satellite-of-satellite systems with results from two different cosmological sets of ACDM simulations. For
the observed stellar mass range of the central dwarf galaxies, the simulated dwarfs have a higher luminosity ratio between the central
dwarf and its first satellite (=10 000) than observed (~100), excluding the Large and Small Magellanic Cloud (LMC/SMC) system. No
simulated dwarf analog at these observed stellar masses has the observed luminosity ratio. This cannot be due to missing resolution,
because it is the brightest subhalos that are missing. This may indicate that there is a satellite-of-satellite (SoS) problem for ACDM
in the stellar-mass range between 10° and 10® M, the regime of the classical dwarf galaxies. However, simulated dwarf models at
both a lower (<10% M) and higher (>10% M) stellar mass have comparable luminosity ratios. For the higher-stellar-mass systems,
the LMC/SMC system is reproduced by simulations; for the lower stellar masses, no observed satellite-of-satellite system has been
observed to date. More observations and simulations of satellite-of-satellite systems are needed to assess whether the luminosity ratio

is at odds with ACDM.
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1. Introduction

In a Lambda cold dark matter (ACDM) cosmology, matter
clusters on all scales; from the biggest clusters of galaxies
down to the smallest stars. Every dark matter halo possesses
dark matter substructure. For galactic-scale dark matter halos,
the well-known substructure is constituted by dwarf galaxies
swarming their giant host galaxies. The connection between
substructure galactic halos has been extensively used to test
ACDM predictions (e.g., Moore et al. 1999; Kroupa et al. 2005;
Libeskind et al. 2010; Boylan-Kolchin et al. 2011; Sawala et al.
2016; Pawlowski et al. 2017; Javanmardi et al. 2019; Miiller &
Jerjen 2020).

While the study of the substructure is highly dependent on
the resolution of the dark matter and baryonic particles, modern
simulations are capable of simulating the faintest known dwarf
galaxies (e.g., Revaz & Jablonka 2018; Wheeler et al. 2019), but
with some caveats, such as the size of the simulation box. This
makes it possible to predict and study the substructures-of-
substructure.

The closest satellite within the Milky Way halo for which we
can study the satellite population is the Large Magellanic Cloud
(LMC). The LMC has one bright satellite — the Small Magellanic
Cloud (SMC) - as well as potentially several ultrafaint
dwarf companions (Erkal & Belokurov 2020; Patel et al. 2020;
Battaglia et al. 2022; Pace etal. 2022). Dooley etal. (2017)

calculated the expected number of bright (M, > 10* M) and
faint (M, < 10* M) satellites associated with the LMC using
abundance matching and simulations. These authors noted that
observations may be in tension with the LMC system, because
between four and eight bright galaxies of this kind are predicted
but only one is known. This indicates that there may be an
anomaly in the abundance of satellite systems. However, it has
also been argued that the classical dwarf Carina may be asso-
ciated with the LMC based on its orbital angular momentum,
which would lessen this tension (Jahn et al. 2019; Patel et al.
2020; Battaglia et al. 2022).

To extend the studies of LMC satellites, Dooley et al. (2017)
made predictions of the number of satellites more massive than
10° M, for several nearby LMC-like galaxies. Miiller & Jerjen
(2020) searched for dwarf galaxies around two of those galax-
ies, and added data for four additional galaxies from the litera-
ture (Martin et al. 2009; Carlin et al. 2016; Carlsten et al. 2020).
Miiller & Jerjen (2020) found that the observed satellite num-
bers tend to be on the lower side of the expected range. Either
there are more luminous subhalos in ACDM than what is sug-
gested by predictions or observational biases may lead to under-
estimation of the true number of satellites, or a combination of
both. The former is reminiscent of the too-big-to-fail problem
(Boylan-Kolchin et al. 2011); the latter could arise because of,
for example, projections of bright foreground stars or background
galaxies at the position of an — overlooked — dwarf galaxy.
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To further study the abundance of substructure, it is therefore
imperative to survey different environments and test whether
there is a problem in ACDM or the tension described above
is due to observational uncertainties. In this article, we present
the discovery of a satellite of a dwarf galaxy in the nearby
Leo-I group. We further discuss the luminosity ratios of other
observed satellites and their satellites and what is expected in
ACDM.

2. Data and methods

In this section, we first present the data and the search for dwarf
galaxies upon which this paper is based, and then present sur-
face and point source photometry and estimate the stellar over-
density of the newly discovered dwarf galaxy.

2.1. Search for dwarf-galaxy satellites

To search for satellites of dwarf galaxies, we used the
Extragalactic Distance Database! (EDD, Tully etal. 2009)
CMD/TRGB catalog (Anandetal. 2021). We downloaded
Hubble Space Telescope (HST) images of 117 dwarf galaxies
with a distance estimate of greater than 8 Mpc and carefully
inspected them by eye. We chose 8 Mpc as a minimal distance
so that a potential satellite will fall on the field of view of ACS.
With 202 x 202 arcsec?, ACS covers at least a radial distance of
4 kpc. However, we note that the targeted dwarf galaxy was often
centered on one of the two CCDs, and therefore the area around
the dwarf was not covered uniformly to the same distance in all
directions.

For PGC 4689210, a dwarf galaxy in the M96 group — also
known as Leo I 09 (Trentham & Tully 2002), NGC 3384-DF6,
or M96-DF6 (Cohen et al. 2018) —, we detected a faint stellar
over-density, hereafter called dw1046+1244, close to the galaxy
(see Fig. 1). It has a similar color and surface-brightness granula-
tion, indicating that it may be at the same distance as M96-DF6.
In the HST image, M96-DF®6 is barely resolved into stars. M96-
DF6 is an ultradiffuse galaxy in the Leo-I group with a tip of the
red giant branch (TRGB) distance of 10.2+0.3Mpc (Cohen
et al. 2018).

2.2. Point source photometry

We perform point-spread function (PSF) photometry with the
DOLPHOT software package (Dolphin 2000, 2016). Using the
parameters used in the EDD pipeline (Anand et al. 2021), which
are based on the recommended parameters in the DOLPHOT
manual’, we performed photometry on the * flc images, which
are corrected for losses due to imperfect charge-transfer effi-
ciency. We used the F814W drizzled (*.drc) image as a reference
frame for both alignment and source detection. Using the pho-
tometry measured from the individual frames, DOLPHOT pro-
vides combined photometry and uncertainties for each source
overall. The output photometry is supplied in the Vega magni-
tude system.

We retained objects that matched in both F606W and
F814W pass bands and showed a global quality flag =1, crowd-
ing parameter <0.5, chi-square parameter <1.5, magerr < 0.4,
and sharpness parameter of between —1.5 and 1.5. Restricting
the sharpness and chi parameters excludes background galaxies

I https://edd.ifa.hawaii.edu/, last accessed: 10.11.2022.
2 http://americano.dolphinsim.com/dolphot/dolphotACS.
pdf
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as well as any remaining blemishes. The resulting color—
magnitude diagrams are shown in Fig. 2.

2.3. Surface photometry

The newly detected dwarf galaxy is faint and has an extremely
diffuse stellar distribution in the HST images, which makes sur-
face photometry measurements difficult. Modeling the galaxy
light with GALFIT (Peng et al. 2002) out of the box did not
produce meaningful results. Therefore, we first used a growth-
curve analysis to measure the photometric parameters of the
dwarf. This two-step approach has been successfully applied
on dwarf galaxies in nearby groups (e.g., Miiller et al. 2015,
2017b). To this end, we masked all sources using the Python
implementation of Source Extractor (Bertin & Arnouts 1996),
SEP (Barbary 2016), with a threshold of 5¢-. This threshold was
chosen via trial and error. Source Extractor generates a source
map, which we can use as a mask. However, because Source
Extractor struggles to detect the low-surface brightness edges of
objects, we dilate this mask with a circular kernel of 10 pixels
in radius. We then calculated the radial cumulative curve.
Masked patches of the sky were replaced with the median esti-
mate of the global background on the masked image. To estimate
the local background of the growth curve, the curve was var-
ied until the outer part — which corresponds to the background
— became flat. We find the best value for the local background
by stepping through different values and fitting a line for pixel
values that are well outside of the visible galaxy profile (12.5—
22.5 arcsec). The local background value that results in a slope
of zero gives the best estimate. Because the growth curve is a
cumulative sum, the total collected light from the galaxy corre-
sponds to where the curve becomes flat. We find this sum by esti-
mating the median value of the background region (i.e., within
12.5 to 22.5 arcsec). The error is given by two times the stan-
dard deviation within this region (0.11 mag). We then estimated
the radius at which the galaxy reaches half of its cumulative
sum. This corresponds to the effective radius. Its uncertainty is
derived from the uncertainty of the cumulative sum (0.5 arcsec);
see Fig. 3 for a plot of the growth curve. We note that this
method of structural-parameter estimation is independent of
models such as a Sérsic profile. The effective surface bright-
ness is calculated from the apparent magnitude and effective
radius.

To test our implementation of the growth-curve fitting and
estimate the overall uncertainty, we injected 200 artificial dwarf
galaxies into the HST data. The injected dwarfs were made to
resemble the detected object, with their apparent magnitudes
and effective radius uniformly distributed within the 20~ mea-
surement uncertainty and between 3 and 5 arcsec for the effec-
tive radius, respectively. For each of these dwarfs, we repeated
the growth-curve fitting and estimated the difference between
the injected and the extracted structural parameters, namely the
apparent magnitude and the effective radius. For the apparent
magnitude, we find an offset of —0.09 mag and a standard devi-
ation of 0.11 mag. For the effective radius, we find an offset of
0.3 arcsec and a standard deviation of 0.4 arcsec. This is likely
coming from underestimating the flux due to the masking and
can be corrected by making the dwarf galaxy brighter and larger
by these estimated values. We correct the apparent magnitude
and effective radius by these values, and derive the final pho-
tometric errors as a root sum square of the uncertainty of the
growth curve and the offset from the artificial galaxy experiment.
The uncertainty in the effective surface brightness is calculated
from a Gaussian error propagation of the apparent magnitude
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M96-DF6

e

dw1046+1244

Fig. 1. Pseudo-color image created from HST/ACS F606W and F814W images showing the ultradiffuse galaxy M96-DF6 (below the bright
foreground star to the left). The large square box shows the location of the new satellite dw1046+1244 and is 23 x 23 arcsec?. To visualize this
faint dwarf, we blurred the box with a Gaussian filter and adjusted the brightness curve (small white box). North is up and east is to the left. Image

from the HST Program 14644.

and effective radius. The structural parameters and the final
errors are listed in Table 1.

As a last step, we used GALFIT to model the galaxy. We
fixed the effective radius and the ellipticity (0.9 < e < 1.0),
and used an exponential profile (Sérsic n = 1). The results of
the GALFIT modeling are presented in Fig. 4. The dwarf galaxy
light is well subtracted.

2.4. Stellar overdensity

To quantify the stellar overdensity associated with the newly
discovered ultrafaint dwarf galaxy, we compare the local stel-
lar density at its location with the mean stellar density in its

environment. To do this, we split the field and only consider
point sources that pass the photometry quality cuts and reside
on the chip of the dwarf. Starting at the center of the dwarf, we
draw a small circle around it and compute the stellar density in
this region. We then normalize this with the mean stellar den-
sity on this side of the field (i.e., on the chip where the dwarf
galaxy resides). We increase the radius in steps of 20 pix and
repeat the calculation for the annuli with radii rjpe; = 7; and
Fouter = Fi+1. We note a stellar overdensity of 3 at the location of
the dwarf when compared to its environment, which corresponds
to a 3.4 o signal. The density drops down to the background level
at a radius of » =220 pix, which corresponds to 10.8 arcsec. This
is similar to the break we find in our growth curve analysis (see
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Fig. 2. CMDs for M96-DF6 and the M96-DF6 satellite dw1046+1244.
The gray dots are all point sources passing the photometric quality cuts
detected over the entire FoV. The dashed line in the left graph indicates
the magnitude of the TRGB derived by Cohen et al. (2018).
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Fig. 3. Magnitude growth curve in the F606W band of the newly dis-
covered dwarf galaxy dw1046+1244. The thick green horizontal line
indicates the estimated total magnitude, and the two thin green lines
correspond to +2 standard deviations around it. The vertical yellow line
indicates the radius where the magnitude reaches the background. The
two black lines correspond to the distance where the curve reaches half
the flux, which is the estimation of the effective radius.

Fig. 3). We repeat this test for the dwarf M96-DF6 in its envi-
ronment and obtain a stellar overdensity radius of 33.1 arcsec.
Figure 5 shows a 2D histogram of the field with 50 x 50 pix? bins
and indicates the radii of the stellar overdensities of the two
dwarf galaxies.

3. Discussion
3.1. Scaling relation

Dwarf galaxies follow specific scaling relations, such as
the luminosity—effective radius relation (Martin et al. 2008;
Poulain et al. 2021) and these can therefore be used to assess
the nature of the detected object (see e.g., Fig. 11 in Miiller et al.
2017a). Figure 6 presents the luminosity—effective radius rela-
tion defined by the Local Group dwarf galaxies as compiled
by McConnachie (2012). As expected, both the dwarf galaxy
M96-DF6 and its newly discovered satellite follow this rela-
tion. The dwarf galaxy dw1046+1244 is similar to AndXXX
(Martin et al. 2016), also known as CasslI, with My = —8.0 mag
and r, = 260pc. This latter dwarf has a velocity disper-
sion of 11.8:7‘:7 and is dark matter dominated (Collins et al.
2013). If dw1046+1244 has a similar dark matter halo, such
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Table 1. Structural properties of the newly discovered dwarf galaxy
dw1046+1244.

dw1046+1244
RA (J2000) 10:46:45.96
Dec (J2000) +12:44:59.5
Mreoew (Mag) 21.92 +£0.14
reff (arcsec) 42 +0.6
Uefr.Feosw (Mag arcsec™>) 27.0+ 0.3
Mpeoew (mag) -8.1+0.3
ry (pc) 210+ 29
L. (10° Ly) 1.5+0.3
M, (10° M) 23+0.3

Notes. The parameters mpgew and r.g have been corrected by
—0.09 mag for systematic errors calculated in our artificial galaxy tests
(see text). To estimate Mpgoew, i, and L., we adopted a distance of
10.2 Mpc, as measured for M96-DF6, and M., is based on a mass-to-
light ratio of 2, which is typical for dwarf galaxies (e.g., Miiller et al.
2021b).

a velocity dispersion can be measured with modern facilities
such as Keck (see e.g., Danieli et al. 2019) or the VLT (e.g.,
Emsellem et al. 2019).

With a solar mass of 2x10° Mgy, dwl1046+1244 is at
the threshold of the ultrafaint dwarf galaxy regime (<10° M,
according to Bullock & Boylan-Kolchin 2017). While this is not
a physical distinction to dwarf spheroidals, it denotes the class
of objects in the Local Group discovered in the CCD era (e.g.,
Willman et al. 2005; Belokurov et al. 2007, 2010; Martin et al.
2009; Kim et al. 2015; Kim & Jerjen 2015), and separates them
from the classical dwarfs, such as Fornax or Sculptor (Shapley
1938), which were discovered on photographic plates. Because
dw1046+1244 is extremely faint and shallow in surface bright-
ness, we find it appropriate to classify it as an ultrafaint dwarf
galaxy.

3.2. Satellite of a satellite

The Leo-I galaxy group has been surveyed by many research
teams. Miiller et al. (2018) presented the results from a wide
search for dwarf galaxies using SDSS. Extrapolating the lumi-
nosity function of Leo-I from their Fig. 6, we expect roughly
160 dwarf galaxies in the environment of the Leo-I group with
a luminosity of —8 mag or more. So what is the likelihood of
finding two dwarf galaxies within the ACS field of view simply
by chance? Care must be taken here because ACS was point-
ing towards one dwarf. The probability we are therefore inter-
ested in is that of finding one additional dwarf galaxy in an ACS
image by chance. Assuming the dwarf galaxies are uniformly
distributed within a circular area of 4 degree radius centered
on M 96, they are distributed within 50.6 deg?. The ACS instru-
ment has a field of view of 202 x 202 arcsec’. The M 96 foot-
print is therefore 16 000 times larger than the ACS field of view.
With 160 potential dwarf galaxies, the probability that one dwarf
galaxy falls into the area of the ACS footprint is one percent. It
is therefore unlikely, but not impossible, that we see the two of
them in the same image simply by chance. For now, we con-
sider dw1046+1244 to be a satellite of M 96-DF6. One caveat is
that the previous estimate is simplified. Rather than using a uni-
form distribution, we would need to assume a three-dimensional
radial profile and calculate the cone defined by the ACS field of
view. However, ultimately, the nature of the satellite needs to be



Miiller, O., et al.: A&A 673, A160 (2023)

Fig. 4. GALFIT modeling of the newly discovered dwarf galaxy dw1046+1244 in the F606W band. The images were smoothed with a Gaussian
kernel and binned. From left to right: snapshot of the dwarf, mask of all sources with a threshold of 5o identified by Source Extractor, best GALFIT

model, and residual image.

confirmed with velocity measurements, and so any contamina-
tion estimation can only be used a rough guideline.

The ultradiffuse galaxy M96-DF6 has a stellar luminosity of
2% 107 Le. This is about 100 times more luminous than its pre-
sumed satellite galaxy. It is separated from dw1046+1244 by
only 1.75 arcmin, which corresponds to 5.4 kpc at their measured
distance. Crnojevic et al. (2014) reported the first discovery of
a satellite-of-satellite system in a group of galaxies outside of
the Local Group. The two galaxies, Cen A-MM-dw1 and Cen A-
MM-dw?2, reside in the nearby Centaurus Group and have stel-
lar luminosities of 2.0 x 10% Ly and 2.0 X 10° Ly, respectively,
which is a luminosity ratio of 10. The host, Cen A-MM-dw]1,
has an effective radius of 1.4 kpc and therefore on the border of
the ultradiffuse galaxy regime. The satellite, Cen A-MM-dw?2, is
an ultrafaint dwarf galaxy similar to the dwarf galaxy reported
here, but is slightly larger (360 =80 pc). Cen A-MM-dw1 and
Cen A-MM-dw2 are separated by 3 kpc. This system is there-
fore highly similar to the one found here. It is especially intrigu-
ing that both M96-DF6 and Cen A-MM-dw1 can be considered
ultradiffuse galaxies, which have received attention due to mea-
surements showing that some of them either host a very massive
dark matter halo (van Dokkum et al. 2016; Miiller et al. 2021a)
or a small — if any — dark matter halo (van Dokkum et al. 2018;
Emsellem et al. 2019; Danieli et al. 2019).

Another satellite-of-satellite system was reported by
Makarova et al. (2018). This system, namely LV J1157+5638
and LV J1157+5638 sat, was also discovered to be on one ACS
field. The two galaxies have luminosities of 1.7 x 107 Ly and
4.8%x10° Ly, respectively, which is a factor of 36, and are sep-
arated from each other by 3.9 kpc. Again, this is similar to the
properties found for the dwarf galaxy we study here.

In the Centaurus group, two other potential galaxy pairs were
reported by Miiller et al. (2017a), namely dw1243-42/dw1243-
42b and dw1251-40/dw1252-40, with projected separations of
1.6 kpc and 2.9 kpc, respectively. While the first pair share sim-
ilar luminosities (a magnitude difference of only 0.5 mag), the
second pair of galaxies have a luminosity ratio of 16 with
4.5x 10° Ly, and 7.3 x 10° L,. However, the two pairs both lack
accurate distance estimates, and so it is not clear whether or not
they reside in the same group. We compile all these systems in
Table 2.

Figure 7 shows the luminosity ratio of the satellite-of-
satellite systems as a function of the stellar mass of the
brighter dwarf of the pair. Furthermore, we add six satellite-
of-satellite systems from the Feedback in Realistic Environment
(FIRE)/GIZMO hydrodynamic zoom-in simulations of isolated
dark matter halos (Wheeler et al. 2015), which span host stellar

masses of between 10* and 10° M. Half of these systems have
a similar stellar mass to CenA-MM-dw1 — the faintest main
dwarf in our sample — and half are fainter. Wheeler et al. (2015)
give the stellar masses of the brightest satellites of the simulated
dwarfs. Generally, these authors find higher luminosity ratios
(=~1000) than what is observed in the local Universe (<100).
However, one system at a lower stellar mass than observed has
a luminosity ratio of three. Also using FIRE, Jahn et al. (2019)
studied the luminosity function of isolated LMC-like galaxies.
Based on their Fig. 4, we estimate that the luminosity ratio
between their LMC-like galaxies and the most massive satellite
ranges between 1 and 160, which is of the same order of mag-
nitude as for the observed LMC and the other observed dwarfs
here (which are nevertheless at lower stellar masses).

Another 14 satellite-of-satellite systems are drawn from the
cosmological zoom-in simulations of Revaz & Jablonka (2018).
We found these satellite-of-satellites whilst looking for subhalos
hosting stars in the virial halo of the four dwarf models with a
luminosity (at z = 0) of between 103 and 10% L, For all of these
dwarf halos, we find ultrafaint galaxy satellites associated with
them (see Table 3). For the three hosts resembling the M96-DF6
system in luminosity, namely h076, h®48, and h050 (see Table 1
of Revaz & Jablonka 2018), we find satellites with luminosities
of 2x10%, 2x10° Ly, and 1.8 x 10° and distances to the host
dwarf of 27, 20, and 17 kpc, respectively. For these models, the
luminosity ratio is even larger with values of above 1000. There
are some dwarf models with higher masses (~10% M) that have
a luminosity ratio of the order of 10 000. For the fainter models,
which have masses of around 10° M, we find the luminosity
ratios to range from 1 to 300, and therefore to be a better match
to observations, but they are of lower stellar mass than the obser-
vations would suggest. It is worth mentioning that, owing to
the resolution, finding satellite-of-satellite systems at shorter dis-
tances is difficult (r12 = 0.6 kpc). With only a few systems, espe-
cially at the observed stellar mass of the main dwarf, whether
there is a trend or not remains to be determined; however, it is
conceivable that ACDM does not produce satellite-of-satellite
systems that are as bright as what is observed for dwarf galaxies
of between 10° M, and 108 M.

We furthermore show the resolution limit of IlustrisTNGS50
(Pillepich et al. 2019; Nelson et al. 2019), which has a particle
gas mass of 8.5x 10* M,. Assuming we need 10 particles to
identify an object as a satellite, we can calculate the minimal
luminosity ratio as a function of host mass. In Fig. 7, systems
below this calculated line are in principle resolved in Illus-
trisTNGS0. However, we note that the observed dwarf galaxies
are sitting at the edge of or above this resolution limit, meaning
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Fig. 5. Density map of presumed RGB stars (yellow dots) using a binning of 50 x 50 pix2. The yellow circles indicate where the stellar density of
the dwarf galaxies drops to the background. The colors of the bins indicate the stellar density: dark blue meaning no stars and yellow meaning ten

stars.

that they are not resolved in IllustrisTNG50. For our observed
galaxies, the simulations would need a stellar mass resolution of
two orders of magnitude larger than what is currently available
with IustrisTNGS50.

4. Summary and conclusions

By searching through the EDD, we established a sample of 117
dwarf galaxies with available HST observations and with dis-
tances of 8 Mpc or greater. We searched for dwarf-galaxy satel-
lites of dwarf galaxies and in these HST images found one
known satellite-of-satellite for LV J1157+5638 and one previ-
ously unknown dwarf galaxy in the immediate vicinity of M96-
DF6, namely an ultradiffuse galaxy in the nearby Leo-I group
that appears as an extremely faint overdensity of stars. Using
a growth curve to measure structural parameters, we find this
new dwarf, named here as dw1046+1244, to be an ultrafaint
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dwarf with a stellar luminosity of 1.5 x 10° Ly, and an effective
radius of 205 pc. These parameter values are similar to those of
other ultrafaint dwarfs in the Local Group, such as AndXXX.
This newly discovered dwarf follows the size—luminosity rela-
tion as defined by the Local Group dwarf and is 100 times fainter
than its host. Other known satellite-of-satellite systems in the
nearby Universe share similar properties in terms of their sep-
aration (2-20kpc) and luminosity ratio (2—135). Noteworthy is
that for two out of the four known satellite-of-satellite systems,
the central dwarf galaxy is ultradiffuse. It has been suggested that
some ultradiffuse galaxies are failed galaxies (van Dokkum et al.
2016) and therefore host a vast dark matter halo. If this were
found to be the case, it could explain why they have a — still
relatively massive — satellite associated with them.

There currently exist only a few cosmological simulations
that can resolve dwarf galaxies and their dwarf galaxy satellites.
One of them is FIRE, a hydrodynamic zoom-in simulation of
isolated dark matter halos. Wheeler et al. (2015) simulated six
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Fig. 6. Luminosity—effective radius relation defined by the Local Group
dwarf galaxies (gray dots). The blue square is the ultradiffuse galaxy
M 96-DF6, and the red star corresponds to the newly discovered ultra-
faint dwarf dw1046+1244.

Table 2. Satellite-of-satellite systems observed in the nearby Universe.

Table 3. Satellite-of-satellite systems from the cosmological zoom-in
simulations of Revaz & Jablonka (2018).

Dwarf and 1. satellite L. L, 1saemie  Sep.  Ratio
(10°Ly)  (10°Ly)  (kpe)

LMC and 1486 449 20 3

SMC

M96-DF6 and 204 1.5 5 135

dw1046+1244

LV J1157+5638 and 17.2 0.5 4 35

LV J1157+5638 sat

Cen A-MM-dw1 and 2.0 0.2 3 10

Cen A-MM-dw?2

dw1252-40 and 7.3 4.5 3 16

dwl1251-40

dw1243-42b and 2.7 16.6 2 2

dw1243-42

Notes. The references for the discovery of the satellite pairs
are: M96-DF6/dw1046+1244 (this work), LV J1157+5638/LV
J1157+5638 sat (Makarova et al. 2018), Cen A-MM-dw1/Cen A-MM-
dw2 (Crnojevi¢ et al. 2014), dw1252-40/dw1251-40 (Miiller et al.
2017a), and dw1243-42b/dw1243-42 (Miiller et al. 2017a). The two
pairs at the bottom do not have distance estimates and are therefore
uncertain satellite-of-satellite systems.

such satellite-of-satellite systems, of which five have luminos-
ity ratios of the order of 1000, a factor 10 higher than what is
observed in the nearby Universe. Again using FIRE, Jahn et al.
(2019) looked at five isolated LMC-like systems and their satel-
lites. Extracting the luminosity of their brightest satellites, we
find that these systems have luminosity ratios of between 1 and
160, which is in the range of the observed dwarf systems here.
However, apart from the LMC, these simulated systems are all
much more massive than the observed dwarfs.

Another set are the cosmological zoom-in simulations of
Revaz & Jablonka (2018). Within 14 of their dwarf-galaxy mod-
els, we searched for their most luminous satellite. For the more
massive dwarfs (>10° M), we find luminosity ratios of much
larger than 1000. For the less massive dwarf models, the ratios
range between 1 and 300, which is closer to our observations.

Model L. L*,l.satellite Sep. Ratio
(10° Lo) (Lo) (kpe)
h025 309.37 36467 18 8484
h019 291.39 24874 15 11715
h021 233.79 270145 13 865
h076 18.56 1917 19 9682
h048 8.02 2029 14 3953
h050 4.16 717 12 5802
h064 0.41 1982 13 207
h039 0.19 19713 9 10
h141 0.22 688 5 320
h061 0.21 713 15 295
h111 0.20 741 14 270
h091 0.17 9007 12 19
h123 0.13 161141 14 1
h180 0.12 1336 5 90
106{ — IllustrisTNG50
® Wheeler+15
5 Jahn+19
10°4 ® Revaz &Jablonka 18
° W M96-DF6
= CenA-MM-dwl
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Fig. 7. Simulated and observed luminosity ratios of satellite-of-satellite
systems as a function of the luminosity of the main dwarf. The gray
dots correspond to the six satellite-of-satellite systems analyzed in the
FIRE simulation (Wheeler et al. 2015), and the black dots show the
14 satellite-of-satellite systems identified in the zoom-in simulations of
Revaz & Jablonka (2018). The colored square and triangles are mea-
surements from observed satellite-of-satellite systems. The line indi-
cates the resolution limit of the Illustris-TNG50 simulation.

However, these latter dwarf models are all less luminous than
the observed dwarfs we consider here. Only three of the dwarf
models have a similar stellar mass and these all have much
higher luminosity ratios than observed, which is consistent with
the simulated dwarfs from Wheeler et al. (2015) for this mass
range. It is interesting to note that the three brightest hosts
from Revaz & Jablonka (2018) have similar stellar masses to the
faintest hosts from the FIRE simulation in Jahn et al. (2019), but
rather different luminosity ratios. This could indicate that differ-
ent simulations produce different satellite systems. However, this
would then put the ACDM into question, and whether or not it
has solved the abundance problem, when the predicted luminos-
ity functions depend on the simulations.

For three out of four observed dwarf-galaxy satellite sys-
tems, cosmological simulations do not reproduce the observed
luminosity ratio between the dwarfs and their brightest satel-
lites. If the two candidate satellite systems around Cen A are
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confirmed as true satellites, they will have similar luminosity
ratios. It is therefore conceivable that, in ACDM, the brightest
satellites of dwarf galaxies are missing, at least in the regime of
the classical dwarfs, which is reminiscent of the too-big-to-fail
problem (in reverse). The problem here is not that we are miss-
ing observations of dwarf satellite systems with a large lumi-
nosity ratio, but that we observe satellite-of-satellite systems
with a low luminosity ratio, which we do not find in cosmo-
logical simulations (at given stellar mass). Further observations
and more detailed cosmological simulations of dwarfs at the
observed stellar mass are needed to assess whether or not there
is a satellite-of-satellite (SoS) problem; in any case, the data and
two independent sets of simulations indicate that this may be
the case.
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