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Aquarius simulations – Springel+2008, MNRAS, 391, 1685

(Sub)substructure –
structure formation is 
essentially scale-free
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LMC/SMC satellites?

DES satellites

Satellites discovered in DES are not isotropically distributed 
à associated with Magellanic Clouds?*

* see, e.g., Deason+2015; Drlica-Wagner+2015; 
Koposov+2015; Yozin & Bekki 2015; Jethwa+2016; Sales+2016 J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Do Local Volume ~SMC/LMC stellar mass dwarfs host their own dwarf 
galaxy satellites (and if so, what are their properties)? 

NGC 3109 and NGC 2403 now have confirmed satellites – more soon! 

What do dwarfs-around-dwarfs tell us about fundamental galaxy formation 
physics?

Number distribution and properties (luminosity function, total mass, metallicity, 
etc.) tell us about competing effects of galaxy formation efficiency, reionization, 
and environment. 

What is the impact of environment on dwarf galaxy formation?

Do dwarf galaxies have stellar halos? Is there appreciable stellar 
substructure (i.e., satellite remnants) in the halos of LMC analogs?

MADCASH survey observations of Local Volume galaxies will 
provide systematic measurements of stellar halos and dwarf 

satellites in sub-MW environments.
J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Stellar mass vs. distance;  Local Volume galaxies

*Data from Karachentsev+2013 Local Volume galaxies catalog, available at: https://relay.sao.ru/lv/lvgdb/, plus 
more recent MW dwarfs

LMC

SMC

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018
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MADCASH observing program
Galaxy M* (109 MSun) D (Mpc)
NGC 4214 1.0 2.9
NGC 404 1.8 3.0
NGC 300 2.6 2.1
NGC 55 3.0 2.1
NGC 247 3.2 3.7
NGC 4244 3.3 4.0
NGC 4449 4.8 3.9
NGC 2403 7.2 3.2

Galaxy M* (108 MSun) D (Mpc)
Sextans A 0.3 1.3
Sextans B 0.6 1.4
IC 1613 1.2 0.73
NGC 3109 3.7 1.3
IC 4662 4.9 2.4
IC 5152 5.2 2.0
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Subaru+HSC: 5/7 fields; ~69% of virial volume

Subaru+HSC: 3/7 fields; ~50% of virial volume

Subaru+HSC: ~13 sq. deg.; 7/7 fields

CTIO+DECam: ~40 sq. deg.
Subaru+HSC: 4 fields; ~7 sq. deg., 6% of volume

M*,LMC ~ 2.6x109 MSun ; M*,SMC ~ 7.1x108 MSun

CTIO+DECam: ~27 sq. deg.
CTIO+DECam: ~12 sq. deg.; 4/9 fields

CTIO+DECam: ~18 sq. deg.; 6/7 fields
CTIO+DECam: ~6 sq. deg.; 2/7 fields

Subaru+HSC: 2/7 fields; ~45% of virial volume
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Stellar substructure (tidal remnants) in PISCeS:
Resolved substructure around Centaurus A 
(D~3.7 Mpc): Crnojević+2016, ApJ, 823, 19

6 Crnojević et al.

Fig. 3.— Same as the upper panel of Fig. 2: we label our 13 newly discovered dwarf candidates in blue (from CenA-MM-Dw1 to CenA-
MM-Dw13, where the label on the plot corresponds to the number of the dwarf), and the 4 previously known dwarfs in white. The red
labels indicate the most prominent stream and shell features in the halo of Cen A.

4 Crnojević et al.

Fig. 1.— Left panel. De-reddened Hess diagram of the entire Cen A stellar catalogue to date. The CMD is binned into 0.05× 0.05 mag
pixels in both magnitude and color and displayed on a square root scale. Right panel. We overlay Dartmouth isochrones with a fixed age of
12 Gyr and varying metallicity from [Fe/H]= −2.5 to −1.0 (from left to right) in 0.5 dex steps, shifted to the distance of Cen A to indicate
the position of old RGB stars. The red box indicates our selection for RGB stars, and the accompanying RGB stellar map of Cen A is
presented in Fig. 2. The contaminant sequences are clearly identified with respect to the RGB population of Cen A: foreground stars are
mostly found above the TRGB at (g − r)0∼0.3 (Galactic halo) and ∼1.5 (Galactic disk), and their numbers drop significantly at fainter
magnitudes, while unresolved background galaxies are concentrated blueward of the RGB around (g − r)0∼ 0.2.

selection box that minimizes the fraction of contaminants
(see above) and at the same time minimizes the pointing-
to-pointing variations due to inevitably varying observ-
ing conditions, i.e., photometric incompleteness. We
therefore select the red box drawn in Fig. 1 which encom-
passes RGB stars with −2.5 ![Fe/H]! −0.7 and reaches
∼ 1.2 mag below the metal-poor TRGB (r0 = 26.1).
We allow the RGB box to extend ∼ 0.3 mag above the
TRGB as well (corresponding to a distance ∼ 300 kpc
closer than the nominal Cen A distance), in order to
take into account possible distance gradients in the halo
of Cen A, as well as photometric uncertainties.

3.2. Red giant branch spatial density map

We show the RGB spatial density map of Cen A in
Fig. 2, aimed at highlighting the substructure in its ex-
tended halo. RGB stars within the selection box drawn
in Fig. 1 are binned into 3 × 3 arcmin2 bins. In this
map we exclude seven additional pointings obtained in
2010, which extend along the minor axis of Cen A in
the NW direction, and two separate pointings in the
South targeting two known Cen A dwarfs (KK196 and
KK203); we will present these data in a future contribu-
tion. We also leave out two additional pointings, centered
at (1.0◦, 1.9◦) and (0.2◦, 0.3◦), because of their low com-
pleteness; the latter, in particular, is located in the very
central, high density region, which would make its con-
trast with the adjacent pointings even more apparent.
The completeness map for this region is also shown in
the same figure, and we derive it by counting the num-
ber of recovered fake stars with respect to the number
of injected fake stars within the RGB selection box in
3 × 3 arcmin2 spatial bins, for each pointing. The com-
pleteness map illustrates the wide range of observing con-
ditions under which these pointings were taken. The
RGB map is corrected by weighting the derived RGB
star counts in each spatial bin by the relative complete-
ness value, whenever the latter is higher than 20%. For
lower completeness values, we increase the stellar density
per bin to match the median density of surrounding bins
within a 40 < r < 50 bin annulus.

Our study is the first to contiguously map the extended
halo of any elliptical galaxy in resolved stars out to such
large galactocentric distances and down to such low sur-
face brightness limits (µV,0∼32 mag arcsec−2). This
surface brightness limit is an approximate value (i.e.,
it varies from pointing to pointing) obtained from the
field-subtracted surface brightness profiles of the newly
discovered dwarfs (see Sect. 4.1.2). The central regions
of Cen A (the innermost ∼1×1 deg2 in Fig. 2) have pre-
viously been the target of several integrated light studies
(see, e.g., Israel 1998; Peng et al. 2002), which expose
signs of a recent merger event and of additional shells
by tweaking the contrast between surface brightness fea-
tures. We clearly resolve some of these previously known
features into stars, which appear saturated in our RGB
map as the contrast was tuned for much fainter features
in the outer halo of the galaxy. Even so, a number
of newly uncovered shells with embedded overdensities
show minor accretion events caught in the act – see po-
sitions (ξ = 0.3◦, η = 0.6◦) and (−0.4◦,−0.25◦), labeled
Shell 1 and Shell 2, respectively, in Fig. 3.
In addition, the unprecedented areal coverage clearly

shows the presence of an old, relatively metal-poor pop-
ulation across the whole survey, confirming prior results
with smaller fields-of-view (e.g., Crnojević et al. 2013;
Rejkuba et al. 2014), along with a plethora of previ-
ously unknown streams and substructures. The over-
densities in the RGB spatial map not only uncover ex-
tremely low surface brightness features, but also al-
low us to discover very faint dwarfs around Cen A
(see also Crnojević et al. 2014b). Within the survey
area there are only four previously known dwarfs, i.e.,
ESO324-24 (ξ = 0.3◦, η = 1.6◦), NGC5237 (2.2◦, 0.1◦),
KKs55 (−0.7◦, 0.3◦), and KK197 (−0.75◦, 0.5◦) (see, e.g.,
Karachentsev 2005; Karachentsev et al. 2007), and they
are labeled in white in Fig. 3. In the same area, we found
13 dwarf candidates (blue labels), which allow us to sig-
nificantly extend the faint end of the satellite luminosity
function of Cen A (see Sect. 4.3). At the same time,
red squares in Fig. 3 are placed on the most prominent
new streams and shells in the outer halo of Cen A (see

Extended Halo of Centaurus A 5

Fig. 3.— Upper panel. Density map of Cen A RGB stars, in standard coordinates centered on Cen A. Stars from the red selection box
illustrated in Fig. 1 are placed into 3×3 arcmin2 bins, and the counts are corrected for incompleteness (see Sect. 3.2 for details). The density
scale is shown on the right, while the physical scale is reported on the upper axis. The central pointing is highly incomplete due to extreme
stellar crowding, and we replace it with a composite color image of Cen A (credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss
et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray); image at http://www.eso.org/public/images/eso0903a/). Lower panel.
Completeness map for the region shown in the upper panel, for stars in the RGB selection box (the central pointing has been omitted).
The colorbar covers completeness values from 0% (0) to 100% (1).
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Dwarfs around dwarfs with CTIO/DECam: NGC 3109

NGC 3109: MV ~ -15 dwarf 
(Mstar ~3x108 Msun) at 1.3 Mpc

Discovery of a new dwarf 
galaxy, Antlia B:

• MV ~ -9.7, rhalf ~ 270 pc
(Sand+2015, ApJL, 812, 13)

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Several candidate MV ~ -6 dwarfs, a 
confirmed MV ~ -9 dwarf (Antlia B, 

Sand+15), and a candidate stream.  HST 
Cycle 23 analysis ongoing (PI: J. Hargis).

Dwarfs around dwarfs with CTIO/DECam: NGC 3109
Im

age:D
. C

rnojevic

Star Formation History of Antlia B 3

N

E

1 arcmin

Fig. 1.— Top: Color composite of Antlia B constructed from the northernmost HST/ACS chip using the F606W and F814W images.
Bottom: DECam r-band stacked image of Antlia B (Sand et al. 2015) shown with the HST/ACS footprint (red box) of the imaging
presented in this study. The HST/ACS pointing and position angle were chosen to maximize the area coverage of Antlia B while minimizing
contamination from the bright foreground star and the background galaxy north of Antlia B.

4 Hargis et al.
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Fig. 2.— Optical color-magnitude diagrams of Antlia B. Panels show magnitudes and colors of point sources within the central region
(r < reff ; left), the outer region (reff < r < 2reff ; center), and the field (4reff < r < 5reff ; right).

TABLE 1
Properties of Antlia B

Parameter Value

RA0 (h:m:s) 09:48:56.08 ±2.1”
DEC0 (d:m:s) -25:59:24.0 ±3.8”
m�M (mag) 25.56±0.16
D (Mpc) 1.29±0.1
MV (mag) �9.7±0.6
rh (arcsec) 43.2±4.2
rh (pc) 273±29
✏ 0.30±0.05
✓ (deg) 4.0±12.0
S21 (Jy km s�1) 0.72±0.05
W50HI (km s�1) 17± 4
MHI (105 M�) 2.8 ± 0.2
vhelio,HI (km s�1) 376 ± 2

TABLE 2
Photometry of Resolved Stars in the HST/ACS imaging of Antlia B

# ↵ (2000) � (2000) F606W �F606W AF606W F814W �F814W AF814W
(deg) (deg) (mag) (mag) (mag) (mag) (mag) (mag)

1 344.37250 +41.458038 16.73 0.01 0.52 15.64 0.01 0.27
2 344.37418 +41.425993 25.58 0.29 0.53 24.53 0.16 0.27
3 344.37427 +41.425386 24.87 0.12 0.53 25.14 0.20 0.27
4 344.37434 +41.436219 24.95 0.11 0.53 24.22 0.08 0.27
5 344.37458 +41.422852 23.43 0.04 0.53 23.08 0.04 0.27
6 344.37478 +41.428685 26.29 0.39 0.53 25.23 0.25 0.27
7 344.37479 +41.410686 26.32 0.40 0.53 25.55 0.27 0.27
8 344.37481 +41.397515 22.83 0.02 0.54 20.52 0.01 0.28
9 344.37486 +41.430424 24.32 0.07 0.53 23.45 0.04 0.27
10 344.37489 +41.383481 25.37 0.26 0.54 25.27 0.31 0.28

Note. — This table is available in its entirety in a machine-readable form in the online
journal. A small portion of the data is shown as an example of the form and content of the
table.
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Magellanic Analog Dwarf Companions 
And Stellar Halos (MADCASH) survey:

•Ongoing Subaru+HyperSuprimeCam (HSC) and DECam program
• 7 galaxies with ~LMC stellar mass (Mstar = 1-7 x 109 MSun) 
between 2-4 Mpc of MW
• 6 sub-SMC stellar mass galaxies at D<2.5 Mpc
• 5s point source depths: g~27.4, i~26.2 (~1.5 mags below the 
TRGB at 3.2 Mpc)

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Subaru/HSC observing plans/progress 

NGC 4214/4244NGC 2403

NGC 247

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



SDSS vs. HSC

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



SDSS vs. HSC

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



New dwarf galaxy near NGC 2403 
(D~3.2 Mpc, M* ~ 7x109 MSun; ~2.5 M*,LMC)

MADCASH-dw1 background

MADCASH J074238+652501-dw 
MV ~ -7.7

size: ~200x70 pc
R~35 kpc from NGC 2403

* Carlin et al. (2016), ApJL, 828, 5

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Properties of MADCASH-1 in 
comparison to Local Group dwarfs

6

was converted into a luminosity using our adopted
TRGB distance modulus of 27.65, adopting an ex-
tinction coefficient AFUV = 7.9 E(B − V ) (Lee et al.
2009). We convert this to a star formation rate (SFR)
using the relation between SFR and UV continuum
from McQuinn et al. (2015): SFR(M⊙ yr−1) = 2.04 ×

10−28 Lν(erg s−1 Hz−1), and find an upper limit on
the SFR in MADCASH J074238+652501-dw of 4.4 ×

10−6 M⊙ yr−1. The same relation using the GALEX
FUV aperture magnitude for MW dwarf Leo T from
Lee et al. (2011) yields SFRLeoT ≈ 5.6×10−6 M⊙ yr−1,
suggesting that MADCASH J074238+652501-dw is at
most forming stars at a similar rate as Leo T.

Table 1. Properties of MAD-
CASH J074238+652501-dw

Parameter Value

RA (hh:mm:ss) 07 : 42 : 38.887 ± 2.6′′

Decl (dd:mm:ss) +65 : 25 : 01.89 ± 3.2′′

m − M (mag) 27.65 ± 0.26

D (Mpc) 3.39 ± 0.41

Mg (mag) −7.4 ± 0.4

MV (mag) −7.7 ± 0.7

rh (arcsec) 10.2 ± 3.0

rh (pc) 168 ± 70

ϵ < 0.42 (68% CL)

θ (deg.) 29◦(unconstrained)

µ0 (mag arcsec−2) 25.9 ± 0.7

Mstar(M⊙) ∼ 1 × 105

MHI/LV (M⊙/L⊙) < 0.69

MHI(M⊙) < 7.1 × 104

SFR (M⊙/yr) ≤ 4.4 × 10−6

4.5. GBT H I observations

Using the Robert C. Byrd Green Bank Telescope4,
we obtained position-switched HI observations of MAD-
CASH J074238+652501-dw through Director’s Discre-
tionary Time (AGBT-16A-462; PI:Spekkens) on 2016
May 9 and 11. The GBT spectrum in the velocity
ranges −1000 ≤ VLSRK ≤ −50 km s−1 and 50 ≤

VLSRK ≤ 1000 km s−1 has rms noise of σ = 0.35 mJy
at a spectral resolution of 15 km s−1. We do not find
any HI emission in these velocity ranges within the

4 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agree-
ment by Associated Universities, Inc.

FWHM = 9.1′(8.97 kpc) GBT beam at this frequency.
This non-detection combined with the measured dis-
tance and luminosity suggest that a putative HI coun-
terpart has a 5σ, 15 km s−1 HI mass upper limit of
MHI,lim = 7.1 × 104M⊙ and MHI/LV = 0.69 M⊙/L⊙.
The satellite is therefore gas-poor, similar to what is
found for other dwarf spheroidals in the Local Volume
(Grcevich & Putman 2009; Spekkens et al. 2014).

5. CONCLUSIONS

We report the discovery of a faint (Mg = −7.4 ± 0.4)
dwarf galaxy companion of the LMC analog NGC 2403
(∼ 2× LMC stellar mass) in imaging data from the
MADCASH survey using Hyper Suprime-Cam on the
Subaru telescope. From resolved stars reaching ∼

2 magnitudes below the RGB tip, we show that the new
dwarf, MADCASH J074238+652501-dw, has predomi-
nantly old, metal-poor stellar populations (∼ 10 Gyr,
[M/H] ∼ −2) similar to those in the LG ultra-faint
galaxies. Using non-detections in HI and UV observa-
tions, we place upper limits on the available gas reservoir
and star formation rate, confirming this as a gas-poor
system with old stellar populations. Our derived dis-
tance modulus of m − M = 27.65 ± 0.26 places MAD-
CASH J074238+652501-dw near NGC 2403, bolstering
the case that it is a faint satellite of this Local Volume
LMC analog.

Should we have expected to find only one new
satellite? NGC 2403 has one previously known
satellite, the dwarf galaxy DDO 445 (MV ∼

−12.5, [Fe/H] ∼ −1.7; Karachentsev et al. 1999),
which is outside our current footprint. The stel-
lar masses of this satellite and the newly discovered
dwarf are Mstar,DDO 44 ∼ 6 × 107 M⊙ (estimated
from the K-band magnitude from Karachentsev et al.
2013, assuming M/L = 1) and Mstar ∼ 1 ×

105 M⊙ for MADCASH J074238+652501-dw. Based
on abundance-matching relations (Moster et al. 2013;
Garrison-Kimmel et al. 2014), applied to subhalo
mass functions from dark-matter-only simulations
(e.g., Garrison-Kimmel et al. 2014), we expect 3-
11 dwarf galaxies at least as massive as MAD-
CASH J074238+652501-dw in NGC 2403’s virial vol-
ume. If satellites follow the subhalo distribution in
dark-matter-only simulations (Han et al. 2016), which
is nearly isothermal and consistent with the distribution
of satellites at high redshift (Nierenberg et al. 2011), we

5 Karachentsev et al. (2002) suggested NGC 2366, Holmberg II,
UGC 4483, and KDG052 may also be companions of NGC 2403.
Of these, only NGC 2366 (MB = −16.1) has NGC 2403 designated
as its main tidal disturber by Karachentsev et al. 2014; all others
are predominantly influenced by M81. For this work, we assume
that these galaxies are not satellites of NGC 2403.

Faint (MV ~ -7.7) companion of LMC analog NGC 2403, with old (>10 Gyr), 
metal-poor ([M/H] ~ -2) stellar pops, no appreciable HI or UV emission

* Carlin et al. (2016), ApJL, 828, 5
J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



New dwarf galaxy near NGC 4214? 
(D~2.9 Mpc, M* ~ 1x109 MSun ; ~0.4 M*,LMC)

*** preliminary

MADCASH Jxxxxxx+xxxxxx-dw
MV ~ -8.5(?)
rhalf ~ 200 pc

Rproj~70 kpc from NGC 4214

dwarf background

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Density of RGB 
stars around 
NGC 2403

-- Disrupting 
dwarf satellite 
with Leo I-like 
luminosity 

***preliminary!Carlin+2018, in prep.
J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



IC 1613: 
M* ~ 0.5 M*,SMC; d ~ 730 kpc

Carlin+2018, in prep.
J. Carlin, Near-field Cosmology with the Dark Energy Survey's DR1 and Beyond, Chicago, June 2018

preliminary!

RGB

MS

BHB

r < 15’

15’ < r < 25’

r > 25’

Evidence of 
an extended 

stellar 
component

*work by Ragadeepika
Pucha et al.; in prep.



How many satellites do we expect to find around 
isolated LMC/SMC stellar-mass galaxies?

Galaxy M* (109 MSun) Nsat (>105 MSun)
***SMC*** 0.7 1-3
NGC 4214 1.0 1-4
NGC 404 1.8 2-5
NGC 300 2.6 2-5
***LMC*** 2.6 2-5
NGC 55 3.0 2-6
NGC 247 3.2 2-6
NGC 2403 7.2 4-8

Note: M*=105 MSun à MV ~ -7.2

[Dooley+2017(MNRAS, 471, 4894)]

SMC LMC

see also Dooley+2017 (MNRAS, 472, 1060); 
based on Caterpillar simulations (Griffen+2016, ApJ, 818,10)

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018



Using method of Dooley+2017(MNRAS, 471, 4894)

How many satellites do 
we expect to find around 

M33 (M* ~ M*,LMC)?

Patel+2018 (MNRAS, submitted):

LCDM predictions:
~4 satellites with M* > 105 MSun, 
and ~11 with M* > 103 Msun

(only 1 possible M33 sat. known 
– And XXII; M* ~ 4x104 Msun)
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The Large Synoptic Survey Telescope
will again revolutionize our picture of our own cosmic backyard

The LSST system will include:
(i) an 8.4-meter optical telescope, a 3.5-degree diameter field-of-view, a 
3.2 billion pixel camera, and 6 broad-band, optical filters that will 
observe more than half the sky hundreds of times over 10 years
(ii) a data facility that will process, archive, and distribute survey images, 
associated transient alerts, and calibrated catalogs.

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018
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LSST will open ~1,000 times the volume for studying the 
Local Universe with resolved stars compared to SDSS

Figure: Keith Bechtol
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We (Carlin et al. 2016) have discovered the faintest dwarf galaxy 
companion of an LMC-mass host in the Local Volume -- MADCASH 
J074238+652501-dw. 

Many more dwarfs-around-dwarfs are likely to be discovered soon.

Still to come:

• Systematic search for overdensities of resolved RGB stars in LMC-
mass galaxy halos

• (Resolved) surface brightness maps, halo density profiles
• Explore as a function of environment
• Interpret in context of predictions from cosmological models
• LSST!

Summary -- Magellanic Analog Dwarf Companions 
and Stellar Halos (MADCASH):

J. Carlin, Stellar Halos Across the Cosmos, Heidelberg, July 2018


