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ABSTRACT
We present Megacam deep optical images (g and r) of Malin | obtained with the 6.5m Magellan /Clay

telezcope, detecting structures down to ~ 28 B mag arcsee . In order to enhance galaxy features
buried in the nolse, we use a noise reduction filter based on the total generalized variation regularizator.
Thiz method allows us to detect and resolve very faint morphological features, including spiral arms,
with a high visual contrast. For the first time, we can appreciate an optical image of Malin 1 and
itz morphology in full view. The images provide unprecedented detail, compared to those obtained o
the past with photographic plates and CCD, including HST imaging. We detect two peculiar features
in the disk /zpiral arms. The analysis suggests that the first one is possibly a background galaxy, and
the second 15 an apparent stream without a clear nature, but could be related to the claimed past
interaction between Malin 1 and the galaxy SDSSJ123708.91 4+ 1422532, Malin 1 exhibits features
sugresting the presence of stellar associations, and clumps of molecular gas, not seen before with such
a clanty. Using these images, we obtain a diameter for Malin 1 of 160 kpe, ~ 50 kpe larper than
previous estimates. A simple analysis shows that the ohserved spiral arms reach very low luminosity
and mass surface densities, to levels much lower than the corresponding values for the Millky Way.

Subject headings: galaxies: general — galaxies: spiral — techniques: Image processing

1. INTRODUCTION

One of the main factors precluding the observabality
of the extragalactic universe 15 the hmitation in surface
brightness (3B) by different survevs. In the seventies,
different authors have shown that the universe s popu-
lated by low surface brightness galaxies (LEBGs) having
much lower SB than the dark night sky (Disney 1976;
Bothun ot al. 1987). Daleanton et al. (1997) showed us-
ing data from CCIY drift scans from the eighties, that
one can expect about 4 gn]a:dﬁfdegﬂ between the range
23-25 mag arcsec ~. In the nineties and already en-
tering in the new millennmium, there were no surveys
with sigmificantly fainter surface brightness limits. Some
progress on the statiztical significance of the population
of LSBGs has been made in recent vears because of the
higher volumes sampled, thanks to mazsive surveys like
the SDSS and others, but still barely reaching ~. 23.0
mag arcsec 2. On the other hand, and quite unexpect-
edly, van Dokkum et al. (2015); Koda et al. (2015) re-
ported on the discovery of a dozen of Milky Way (MW
sized, passively evolving, ultra diffuse galades [UDGE)
in the Coma cluster. Thiz population iz wvery likely

! This paper includes data gathered with the 6.5 meter Magellan
Telescopes located at Las Campanas Observatory, Chale.

dark-matter dominated and thus represents a challenge
to the current theories of galaxy formation. Without
the presence of large fractions of dark matter in LS-
BGs, 1t 1z very difficult to prevent the rapid destrue-
tion of low density galaxies within a massive cluster
like Coma (Toomre & Toomre 1972; Moore et al. 1999
Me(Gee & Balogh 20010).

Thuz, there are still many unsolved issues concerning
the nature of LSBGs. One of these ssues = the na-
ture of the class of the so-called giant LSBGs: large for-
mat spiral galaxies with a similar or larger size than the
MW and verv low SB. Big spirals exhibiting similar mor-
phologies of the grand design spiral galasxies hike M31
and the MW, but with much lower stellar density, as de-
scribed in Sprayberry et al. (1995); Impey et al. [1906);
Galaz et al. (2002, 2011), and references therein. The
best and more extreme example in thiz category 15 Ma-
lin 1, & disk /spiral active galaxy (Impey & Bothun 193%
Barth 2007) with a disk 5B of > 24 B mag arcsec” 2,
an uncertain inclination (the HI data indicate that this
galaxy has an inclination of about 50 deg), and a barred
mner disk (Barth 2007). In addition to this faint 3B,
what makes Malin 1 exceptional 1= itz =ize: about 110
kpe diameter in HI and presumably a similar or larger
diameter in the optical, making this palaxy the larpest
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Magellan 6.5 m
Seeing 0.”8
Exposure 4.8h (r), 4.2h (g)

Spirals
Two cigar-like features (background galaxies? Jet?)
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Fic. 2. Zoom images of the monochrome versions of bottom right panel of Figure 1. In the right panel, an inset with an HST
image, from Barth (2007), is shown. Both panels include the image scale in arcsecs. The double arrows represent the phymical scale (30.6
kpe, the appraximate diameter of the Milky Way).



as left pand of Figure 2 but showing some regrons discussed in the text. The arrow indicate the position of Malin
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Resume

* BbICOKMI rpaaneHT uBeTa (BHewHMe obnactum
ronybbie)

* CnupanbHble BeTBU — A0 28m/sec2
~0.6Mc/pc2

e J1B€ NMHENHbIX pa3mbITbIX AeTann. Nx
npupoaa HeNnOHATHA.
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ABSTRACT

Recent studies have established that extreme dwarf galaxies —whether satellites or field objects— suffer from the so called *“too big to
fail” (TBTF) problem. Put simply, the TBTF problem consists of the fact that it is difficult to explain both the measured kinematics
of dwarfs and their observed number density within the ACDM framework. The most popular proposed solutions to the problem
mvolve baryonic feedback processes. For example, reionization and baryon depletion can decrease the abundance of halos that are
expected to host dwarf galaxies. Moreover, feedback related to star formation can alter the dark matter density profile in the central
regions of low-mass halos. In this article we assess the TBTF problem for field dwarfs, taking explicitly into account the baryonic
effects mentioned above. We find that 1) reionization feedback cannot resolve the TBTF problem on its own, because the halos in
question are too massive to be affected by it, and that 2) the degree to which profile modification can be invoked as a solution to the
TBTF problem depends on the radius at which galactic Kinematics are measured. Based on a literature sample of ~90 dwarfs with
interferometric observations in the 21cm line of atomic hydrogen (HI), we conclude that the TBTF problem persists despite baryonic
effects. However, the preceding statement assumes that the sample under consideration is representative of the general population
of field dwarfs. In addition, the unexplained excess of dwarf galaxies in ACDM could be as small as a factor of = 1.8, given the
current uncertainties in the measurement of the galactic velocity function. Both of these caveats highlight the importance of upcoming
uniform surveys with HI interferometers for advancing our understanding of the issue.

1. Introduction & Di Cintio 2015a; Ferrero et al. 2012; Papastergis et al. 2015).
N ‘ ) 1 Just as in the case of the bright MW satellites, the observed kine-
The lambda cold dark matter (ACDM) cosmological model has matics of field dwarfs imply that they are hosted by low-mass

——/been long estab‘llshed as the prevailing paradigm for cosmology  pajos. These halos are produced in large enough numbers in a
and eXtragalaChC asrronon]Y‘ Even though ACDM is extrel’l’lely ACTIM nniverca that wa wonld avnect tn datect cionificantly
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[MTpobnema yncna KapanNKOBbIX
CMYTHUKOB raJ1IakTUK CO CBOMMM

CKMUHN-TANON.
Bo3MOXHble pelleHuUA:

He-tunnyHoctb MW (Ho npobnema ectb 1 Ans
Local Group).

«Baryonic feedbacks»: nopasnenune SF,
nameHeHue npodpuna DM B KapamnKax.



Y10 opurmHanbHoro B pabote

* /icnonb3oBaHue bonbluero obvema AaHHbIX MO
Kap/JiMKam

* HoBbIM noaxoa Npu UCMosib30BaHUM MeToa
abundance matching (conoctasneHne pyHKUUM
KPYroBbIX CKOPOCTEN raNaKTUK U rano).
[MocTpoeHne pyHKUNN CKOPOCTEN BpaLLEeHUA C
ydyeTtom a) feedback-motivated halo profiles; 6)
y4yeT HepaBEeHCTBA MaKCMMaIbHOMN CKOPOCTH
BpalLEHUA ANCKA M MAaKCMMaIbHOW CKOPOCTHU
BpallEeHUs rano.



* OnpeaeneHne pyHKUMKU pacnpeaeneHua ana WupuH AMHuin W (Ha
50%"

< dNgya >
ntwy = e

dV dlog;a W

C nocneayowmm Nnepexoaom K PyHKLMM CKOPOCTEN BpaLLLEeHUS
n(Vrot), KoTopana 3agaBanacb B popme pyHKUMM Schechter’a

Viotar = W /(2 X sin i)

AN gal Viot \* _hf
(Vigt) = = — In(10 «.*(““) (3
Vo) = i dion oy = A0 ()

HaKnoH ANCKOB CYUTANCA CYHAUHBIM.
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Fig. 1. Red squares correspond to the velocity width function (WF) of
galaxies as measured in the Local Volume (Klypin et al. 2015). The
Local Volume WF is based on a nearly volume-complete optical catalog
of nearby galaxies (Karachentsev et al. 2013), and includes both late-
type and early-type dwarfs. Blue circles correspond to the WF measured
in this work, based on the galaxy catalog of the ALFALFA HI survey
(Haynes et al. 2011). The W < 40 kms™' section of the ALFALFA
WF (blue dots) is not used in the analysis that follows, due to possible
incompleteness (see Sec. 2.1.1 for details). In both cases, the errorbars
represent the uncertainties due to counting statistics only.
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Pe3ynbTaTt
abundancre matching
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OTtaenbHo paccmoTpeHbl ~200 Kapankos ¢ Vrot <50

km/s C n3speCtTHbimn KpnBbimun BpalleHNA.

e OueHeHbl 3Be3gHble maccbl M* (IR-
doTomeTpua, uset B-V, CM-amnarpammbi).

* «[loagroHAnacb» KpnBaAd BpaWleHNA ANA Nano

MaKCMMaA/ZIbHO BO3MOXXHOW maccbl, motivated by
hydrodynamic simulations of galaxy formation
(mogenb DC14)— kpome cny4vaes log(M*/M, ) <4,
ANA KOTOPbIX NpUHUManca npodpmnnb NFW.



* [lpumepbl cCONOCTaBNEHUA
TEoOpPEeTUYECKOMN KPUBOW BpaLLEHUA
TEMHOIO rano C MaKCMMaibHOW

CKOPOCTbIO BPaLLEeHUA Kap/IMKOB.
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Fig. 3. Datapoints with errorbars represent the rotational velocity mx
sured at the outermost HI radius, Voum=V(Rounr), for six exam;
galaxies. The galaxies are ordered from top left to bottom right in ort
of increasing Ry mi- In each panel, the dotted and dashed lines ¢
respond to the RCs of the most massive halo that is compatible w
the observed datapoint within 1o, assuming an NFW and DC14 prof
respectively. The horizontal mark denotes the value of the linewid
derived Vi y1 for each galaxy.



JINHUN- 4TO MOXKHO Bb110 Bbl OXKMAATL ANA
peweHnsa nobaembl Kap/IMKOB, TOYKU — YTO
AAt0T HaboaeHNA KOHKPETHbIX FralakTUK.
[ONnA ranakTMK NPMHMMANMCbL ABa TMNA
npodunen Kpmsbix BpaweHmna: NFW (BBepxy) u
feedback-inspired no moaenu

Di Cintio et al, 2014

(BHM3Y).
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OCHOBHOM BbIBOA

Mpobnema gePpmunTa Kap/IMKOB He pellaeTca AaXKe C Y4eTOM
feedback, To ectb nepepacnpegeneHma maccol DM B
Kap/INKaX, XOTS C ee Y4eTOM PaccornacoBaHHOCTb C
KOCMOTOHNYECKMM MOAEeNNPOBAHNEM CTAHOBUTCH HE TAKOMU

bonbwon (~dakropa 2) ana Vi gr> 15 km s7!.



