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Molecular Gasin the Qutskirts

Linda C. Watson and Jin Koda

Abstract The outskirts of galaxies offer extreme environments whegecan test
our understanding of the formation, evolution, and desiwacof molecules and
their relationship with star formation and galaxy evolatiéVe review the basic
equations that are used in normal environments to estinmgtsEqal parameters like
the molecular gas mass from CO line emission and dust camtiremission. Then
we discuss how those estimates may be affected when applieel outskirts, where
the average gas density, metallicity, stellar radiatiold fiand temperature may be
lower. We focus on observations of molecular gas in the dnssif the Milky Way,
extragalactic disk galaxies, early-type galaxies, groapd clusters. The scientific
results show the versatility of molecular gas, as it has hesd to trace Milky
Way spiral arms out to a galactocentric radius of 15 kpc, talststar formation
in extended ultraviolet disk galaxies, to probe galaxyratéons in polar ring SO
galaxies, and to investigate ram pressure stripping int@lssThroughout the Chap-
ter, we highlight the physical stimuli that accelerate thigrfation of molecular gas,
including internal processes such as spiral arm compmessid external processes
such as interactions.
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1 Introduction

Despite early discoveries of OB stars and molecular gasearotiter Milky Way
(MW; e.g.,|Fich and Blitz 1984; Brand and Wouterloot 1988)t much attention
had been paid to molecular gas in galaxy outskirts primdrégause there was a
notion that virtually no star formation occurs there. Thigion was altered en-
tirely by the Galaxy Evolution Explorer (GALEX), which revealed that ultraviolet
emission often extends far beyond the edges of optical diskmely, extended ul-
traviolet disks, or XUV disks; Thilker et 5; Gil de Paza€2007b). The UV
emission suggests the presence of massive stars, at leastsBand hence that
there was recent star formation within the lifetime of B stér 100 Myr). These
young stars must have been born nearby, perhaps requintggioed molecular gas
and clouds somewhere in the extended galaxy outskirts afjesgas densities there
are extremely low compared to typical star-forming regisitiin the MW. Under-
standing the conditions of parental molecular gas in sucaxareme condition is
vital to expand our knowledge of the physics of star fornmatMve need to under-
stand the internal properties of molecular clouds, inclgdhe atomic-to-molecular
gas phase transition, the distribution of molecular cloadsl the external environ-
ment in galaxy outskirts.

A blind search for molecular gas has been difficult for theyéaoutskirts of
nearby galaxies due to the limited capability of existingilides. The Atacama
Large Millimeter/submillimeter Array (ALMA) improved theensitivity remark-
ably, but even ALMA would need to invest hours to days to cauya large areal
search for molecular gas over extended disks. This reviemnsarizes the current
knowledge on molecular gas and star formation in the oussKkiut this research
field is still in a phase of discovery. The space to exploraigd, and more system-
atic understanding will become possible with future obatons.

Studies of molecular gas in the outskirts will also revealybt unknown physi-
cal properties of the interstellar medium (ISM) in the oirtsk Most observational
tools were developed and calibrated in the inner parts cdagial disks and may
not be applicable as they are to the outskirts. Many studiesabject tosystem-
atic biases, especially when molecular gas in the outskirts is compueuigdinner
disks. For example, the rotational transition of carbon axide (CO) is often used
to measure the mass of molecular gas in normal galaxies;weswts presence and
excitation conditions depend on the metal abundanceastellliation field, internal
volume and column densities, and kinetic temperature falllich may change in
the outskirts.

In this review, we start from a summary of how the ISM evolvethie inner parts
of the MW and nearby galaxies with an emphasis on molecular(8act[R). We
then discuss the observational methods, including theteonsaneeded to plan for a
future observational search of molecular gas with a radést®pe (Sedt]3). We ex-
plain the potential effects of applying these equationseutite extreme conditions
in galaxy outskirts, which may cause systematic biases wleiSM is compared
between galaxies’ inner parts and outskirts (§ect. 3.4hodigh not many observa-
tions have been carried out in galaxy outskirts, we sumradhe current state of
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molecular gas observations in spiral (S€¢t. 4) and eliptimlaxies (Seck]5) and
in galaxy groups and clusters (Sdgt. 6). We finish the reviéth possible future
directions (Secf]7). The term “outskirts” is abstract aag heen used differently
in different contexts. In this review we use this term for #trea beyond the opti-
cal radius of galaxy, e.g., beyongh, which is the radius where thH&band surface
brightness of a galaxy falls to 25magarcsgcWe should, however, note that in
some circumstancess is not defined well, and we have to rely on a loose defini-
tion of “outskirts”.

The measurements of gas properties, such as molecular oftessdepend on
some assumptions of the gas properties themselves. Hgovgalaxy outskirts are
an extreme environment, and the assumptions based on psavieasurements in
inner disks may not be appropriate. This problem needs te$éalved iteratively
by adjusting the assumptions to match future observatidestherefore spend a
number of pages on the methods of basic measurements[(J5esxtt.tBat the equa-
tions and assumptions can be revisited easily in futuraesuBeaders who already
understand the basic methods and assumptions may skigBSsttirely and move
from Sect[2 to Se¢il 4.

2 Molecular Gasfrom thelnner tothe Outer Regions of Galaxies

The most abundant molecule ldoes not have significant emission at the cold tem-
peratures that are typical in molecular clougs30 K). Hence, the emission from
CO, the second-most abundant molecule, is commonly usedde molecular gas.
Molecular gas is typically concentrated toward the cerdfgmlaxies and its surface

density decreases with galactic radius (Young and Scoufe ;| Wong and Blitz

). The gas phase changes from mostly molecular in theateegions to more
atomic in the outer regions (Sofue et al 1995; Kodalet al 28b6ie and Nakanishi
M). These trends apparently continue into the outskist$l disks often extend
beyond the edges of optical disks (Bofma 1981).

We may infer the properties of gas in the outskirts by extegdiur knowledge
from the inner disks. Recentt16) concluttedlthe H-H» gas phase
transition between spiral arm and interarm regions chaagesfunction of radius
in the MW and other nearby galaxies. In the molecule-dontimaer parts, the gas
remains highly molecular as it moves from an interarm regi¢ma spiral arm and
back into the next interarm region. Stellar feedback doéslissociate molecules
much, and perhaps the coagulation and fragmentation ofaulaleclouds domi-
nate the evolution of the ISM at these radii. The trend diffierthe outer regions
where the gas phase is atomic on average. Thgad is converted to Hin spiral
arm compression and goes back into thepHase after passing spiral arms. These
different regimes of ISM evolution are also seen in the LMQG3yland M51 de-
pending on the dominant gas phase there (Heyer and Terep&

2003{Koda et 41 2009; Fukui eflal 2009; Tosaki &t al 2011; Gilo et 4] 2014).
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Even in regions of relatively low gas densities, a naturattlation may occa-
sionally lead to gravitational collapse into molecular gasl clouds. For exam-
ple, many low-density dwarf galaxies show some molecularayal star formation.
However, some stimulus, such as spiral arm compressiomssaecessary to ac-
celerate the Hto H, phase transition. In addition to such internal stimuliréhare
external stimuli, such as interactions with satellite geda, which may also trigger
the phase transition into molecular gas in the outskirts.

3 Molecular ISM Masses: Basic Equations

The molecular ISM is typically cold and is observed at radiavelengths. To
search for the molecular ISM in galaxy outskirts one needbedamiliar with
conventional notations in radio astronomy. Here we sunueattie basic equa-
tions and assumptions that have been used in studies of tleeurar ISM in tradi-
tional environments, such as in the MW's inner disk. In maiar, we focus on the
J=1-0,2— 1 rotational transitions of CO molecules and dust contineumssion
at millimetre/sub-millimetre wavelengths. The moleculdM in galaxy outskirts
may have different properties from those in the inner di¥ks.discuss how ex-
pected differences could affect the measurements witd €Q — 0,2 — 1, and dust
continuum emission.

3.1 Brightness Temperature, Flux Density and Luminosity

The definitions of brightness temperatug brightnesd,, flux densityS,, and
luminosity L, are often confusing. It is useful to go back to the amount &frgy
(dE) that passes through an aperture (e.g., detector, or snegethe 4t sky area),

dE = 1,dQgdAdtdv = {[I,dQg] dA} dtdv = {S,dA}dtdv = L,dtdv, (1)

whereS, = [1,dQg andL, = [ [1,dQgdA (see Fig[ll). Thalt anddv denote
unit time and frequency, respectively. TH®g is the solid angle of the source and
has the relation with the physical aréB = D?dQg with the distancé. Similarly,
dA = D?dQ, using the solid angle of the aperture area seen from the sd@g.
The aperturelA can be a portion of thersky sphere as it is seen from the source
and is 41D? when integrated over the entire sphere to calculate luritindie dA
could also represent an area of a detector (or a pixel of zideje

The flux densityS, is often expressed in the unit of “Jansky (Jy)”, which is
equivalent to “10%3ergs*cm2Hz1". An integration ofl, over a solid angle
dQg (e.g., telescope beam area or synthesized beam area) ggs8yidn reverse,
Iy is S, divided by the solid angl€®g [= [dQg]. Therefore, the brightneds [=
S,/ Qg] is expressed in the unit of “Jy/beam”.
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Fig. 1 Definitions of parameters. The rays emitted from the souritk the areadB = D?dQg
pass through the solid angli®2, (or the aredd?dQ,) at the distance db

The brightness temperatufgis the temperature that makes the black body func-
tion B,(Ty) have the same brightness as the obselyedt a frequency (i.e.,
Iy = By(Ty)), even wherl, does not follow the black body law! In the Rayleigh-
Jeans regimen{y < kT),

¢ (S
Tv_mlv_m((Q—B). 2)

The T, characterizes radiation andnst necessarily a physical temperature of an
emitting body. However, if the emitting body is an opticathick black body and

is filling the beamQg, T, is equivalent to the physical temperature of the emitting
body when the Rayleigh-Jeans criterion is satisfied.

TheT, is measured in “Kelvin”. This unit is convenient in radiorastomy since
radio single-dish observations calibrate a flux scale irkiblein unit using hot and
cold loads of known temperatures. Giant molecular cloudd@S) in the MW have
a typical temperature of£10K (Scoville and Sanders 1987), and the black body
radiationB, (T) at this temperature peaksat~ 588 GHz ¢ 510um). Therefore,
most radio observations of molecular gas are in the Rayléggms range.

A numerical expression of Eq.](2) is useful in practice,

()l G

The last term corresponds €5 in Eq. (2) and is calculated as

Qg = nbmajbmin

~ 1-133)majbmin, (4)
which represents the area of interest (e.g., source siBsctgpe beam) as a 2-d
Gaussian with the major and minor axis FWHM diameters,@f andbm,n, respec-
tively. Equation[(B) is sometimes written with brightness a
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Ty A 2 Iy bmaj><bmin -t
()=o) (5mean) (F2) -+ ©

where in this case the last term is for the unit conversiomftbeam” into arcset
andbmaj andbmin must refer to the telescope beam or synthesized beam.

3.2 Observations of the Molecular | SM using CO Line Emission

Molecular hydrogen (b) is the principal component of the ISM at a high density,
100 cm 3. This molecule has virtually no emission at cold tempeesgurence, CO
emission is typically used to trace the molecular ISM. Caoiemally, the molecular
ISM massMmol includes the masses of helium and other eleméfis; = 1.36My,
is used to convert the Hmass intdViyg.

321 CO(J=1-0)LineEmission

The fundamental CO rotational transitida- 1 — 0 atvco(1—0) = 115271208 GHz
has been used to measure the molecular ISM mass since the. FeB&Gimplicity
we omit “CO(1— 0)” in subscript and instead write “10”. Heno&;o(1-0) = vip.

The dynamical masses of GMCs and their CO(Q) luminosities are linearly
correlated in the MW's inner disk (Scoville etlal 1987; Solmet 21 1987). If a
great majority of molecules reside in GMCs, the CO@) luminosityL/ , integrated
over an area (i.e., an ensemble of GMCs in the area) can lzlirteanslated to the
molecular masMmol,

Mmol = alOL/10a (6)
whereag (or Xco; see below) is a mass-to-light ratio and is called the C®Ho-

conversion factor (Bolatto eflal 2013).

By convention we defing’,, instead ofL1o (Eq[A). With the CO(%- 0) bright-
ness temperaturBg (instead ofl,, or l1g), velocity widthdv (instead of frequency
width dv), and beam area in physical scdB= D?dQg, it is defined as

CZ
L= / / TiodveB = 5 { / slodv} D?, @)

where we used Eq.}(2) fano. The molecular mass is

CZ
Mmol = alOﬂ( {/ SlOdV] D2. 8)

Numerically, this can be expressed as
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<I\'<I"n: I) bl <4.3|v|@ pcrzai : km/s]1> (J{/Sll<(r):>/s) <M[;c>2' ©)

Note thatSyo [= [ 110dQg] is an integration over an area of interest (or summation
over all pixels within the area). The,o = 4.3M., pc 2 corresponds to the conver-
sion factor ofXco = 2.0 x 10?%cm~2[K - km/s|~* multiplied by the factor of 1.36
to account for the masses of helium and other elemengsncludes helium, while
Xco does not. The calibration @f1g (or Xcp) is discussed in Bolatto ef al (2013).

A typical GMC in the MW has a mass 0f410°M.., anddv = 8.9km/s (FWHM)

(Scoville and Sanders 1987), which f$S;0dv ~ 1.5Jykmy/s or S;g ~ 170mJy at
D =5Mpc.

3.22 CO(J=2-1)LineEmission

The CO(@ =2—1) emission (230.538 GHz) is also useful for a rough estiomabif
molecular mass though an excitation condition may play e (e below). We can
redefine Eq[(8) for CO(2 1) by replacing the subscripts from 10 to 21 and using a
new CO(2- 1)-to-H, conversion factooz1 = a10/Rp1/10, WhereRy1/10/= Ta1/Tag)
isthe COJ =2—1/1-Oline ratio in brightness temperature.

In practice,a10 andRyy/10 are carried over in use of COE 2 — 1) as these are
the parameters that have been measured. Equgtion (8) is now

2
aio C 2
Mmool = [ ——— | —— dv| D~ 10
mol <R21/10> 2V221k [/321 V} (10)

A numerical evaluation gives

Mh, | _ 010 Ro1/10 -1 | Spadv D \?
(M@ > =38x10° <4.3|v|@ pch[K-km/s]1> ( 0.7 > <Jy-km/8) (MPC) '
(11)

The typical GMC with 4x 10°M;, anddv = 8.9km/s has[ S;dv ~ 4.2 Jykny's
or $1 ~ 470mJy atD = 5Mpc. Note 1 > Sy for the same GMC because
S1/S10 = (V21/V10)?T21/T1o = (V21/V10)*Ro1/10 ~ 2.8 from Eq. [2), where the
(V21/Vv10)? term arises from two facts: at the higher frequency, (a) géctton car-
ries twice the energy, and (b) there are two times more plsatorach frequency
intervaldv, which is in the denominator of the definition of flux densgyEmpir-

ically, Rp1/10~ 0.7 on average in the MW (Sakamoto et al 1997; Hasegawa 1997),

which is consistent with a theoretical explanation underabnditions of the MW

disk (Scoville and Solomén 1974; Goldreich and Kivan 1974;Sect{314).
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3.3 Observations of the Molecular 1 SM using Dust Continuum
Emission

Continuum emission from dust provides an alternative méankSM mass mea-
surement. Dust is mixed in the gas phase ISM, and its emissiomillime-
tre/submillimetre waves correlates well with the fluxes afibatomic gas (H21 cm
emission) and molecular gas (CO emission). Scoville et@l§? discussed the us-
age and calibration of dust emission for ISM mass measureMénbriefly sum-
marize the basic equations, whose normalization will bastdf with an empirical
fitting in the end.

The radiative transfer equation gives the brightness of @méssion

Iy = (1—e ™)By(Tg) (12)

with the black body radiatioB, (Ty) at the dust temperatufig and the optical depth
Ty. The flux density of dust is an integration:

S, = /(1— e ™)By (Ty)dQs = (1— & ™)By(Ty) Qs (13)

whereB, andt, are assumed constant withig [= [ dQg]. When the integration
is over the beam are&, is the flux density within the beam, ari8, /Qg), from
Eq. (I3), is in Jy/beam.

An integration ofS, over the entire sky area at the distanceDofi.e., [ dA =
D? [,,,dQa = 41D?) gives the luminosity

Ly = /(1 —e ")By(Ty)QsdA = (1—e ™)By(Ty) Qs4nD? (14)
~ 47Ty By (Tg)D?Qp = 471Ky 2By (Ty)D*Qp = 47Ky MgBy (Ty).  (15)

The dust is optically thin at mm/sub-mm wavelengths, and sed(l — e ™) ~
Ty = Ky24, Wherek, and 2y are the absorption coefficient and surface density of
dust. The dust mass within the beanMg = >3D?Qg. Obviously, the dust contin-
uum luminosity depends on the dust properties (e.g., coitimas and size distri-
bution; viak,), amount {y), and temperature§).

Equation[[Ib) gives the mass-to-light ratio for dust

Mg 1
LV a 47TKva(Td) '

We convertVg into gas masslgas= dcprMd, With the gas-to-dust ratidspr. By
re-defining the dust absorption coefficiajt= k, / dcpr (the absorption coefficient
per unit total mass of gas), the gas mass-to-dust continuunrdtio y, at the fre-
quencyv becomes,

(16)

_ Mgas - 1
W= T 4By (T

17)



Molecular Gas in the Outskirts 9

Oncey, is obtained, the gas mass is estimated/igss= yL,. Here, we use the
charactery, instead ofa thatl Scoville et all(2016) used, to avoid a confusion with
the CO-to-H conversion factor. Dust continuum emission is associafddii and
Ho, andMgaSN Mmol in dense, molecule-dominated regio&s100 cnt ).

The k;, can be approximated as a power-l&ay = Kgsqm(A /850um)~ B with

the spectral inde@ ~ 1.8 (Planck Collaboration et/al 2011) and coefﬂcmgg()um
at A = 850um (352 GHz). In order to show the frequency dependence ettplic
we separat®, (Ty) into the Rayleigh-Jeans term and the correction tBy(fly) as
By (Ty) = (2v?kTy/c?) I, (Ty), where

X _ hv

Equation[(1V) has the dependengél v-F+2T 11, (Ty)~1, and the proportional-
ity coefficient, includingkgsg, ., anddepr, is evaluated empirically.

Scoville et al(2016) cautioned th# should not be derived from a spectral en-
ergy distribution fit (which gives a luminosity-weightedesmgeTy biased toward
hot dust with a peak in the infrared). Instead, they suggédstase a mass-weighted
Ty for the bulk dust component where the most mass residesil®aal (2016)
adoptedTy = 25K and calibratedsgsgum from an empirical comparison &y
(from CO measurements) ahg,

Vo B voy38/ Ty \ ! Iy (Ta) -1
(M@[chm?]1>_1l510'4X103(352GHZ) (25K) (rv850um(25K) .

(19)
The luminosity is calculated from the obsen&dn Jy and distancB in centimetre
asL, = 4nD?S, [Jycn?]. The gas mass is thévime = VL.

3.4 ThelSM in Extreme Environments Such as the Outskirts

The methods for molecular ISM mass measurement that wesdisduabove were
developed and calibrated mainly for the inner parts of gatx-However, it is not
guaranteed that these calibrations are valid in extremieeements such as galaxy
outskirts. In fact, metallicities appear to be lower in theskirts than in the inner
part (see Bresolin, this volume). On a 1 kpc scale averageagd stellar surface
densities, and hence stellar radiation fields, are alsor|although it is not clear
if these trends persist at smaller scales, e.g., cloudsscaleere the molecular ISM
typically exists. Empiricallyo;o could be larger when metallicities are lower, and
Ro1/10 could be smaller when gas density and/or temperature aes.low

In order to search for the molecular ISM and to understandfstanation in
the outskirts, it is important to take into account the prtips and conditions of
the ISM there. Here we explain some aspects that may biasumnesasnts if the
above equations are applied naively as they are. Theset@bteiases should not
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discourage future research, and instead, should be adigstéinuously as we learn
more about the ISM in the extreme environment.

3.4.1 Variationsof ayq (or Xco)

The CO-to-H conversion factoorig (or Xco) is a mass-to-light ratio between the
CO(1-0) luminosity and the molecular ISM mass (Bolatto 2t al 20ERpirically,

this factor increases with decreasing metallicity (Arimet all 1996 Leroy et al

|2!Tli) due to the decreasing abundance of CO overAt the low metallicity
of the small Mag eIIanic cloud~{ 1/10Z.), aip appears~ 10— 20 times larger
(Arimoto et a tial 2011).

This trend can be understood based on the self-shieldingenaf molecular
clouds. Molecules on cloud surfaces are constantly phissediated by stellar UV
radiation. At high densities within clouds, the formati@ter of molecules can be
as fast as the dissociation rate, and hence molecules argamad in molecular
clouds. The depth where molecules are maintained depentteatrength of the
ambient UV radiation field and its attenuation by line abiorns by the molecules
themselves as well as by continuum absorption by dust (vahd®ick and Black
1988).

H, is ~ 10* times more abundantthan CO. It can easily become optidadi bn
the skin of cloud surfaces and be self-shielded (Hig. 2).i@rother hand, UV pho-
tons for CO dissociation penetrate deeper into the cloudaliige lower abundance.
This process generates the CO-dark lelyer around molecular clouds (Figl. 2b;
\Wolfire et al 2010). Shielding by dust is more important for ©@n H. Therefore,
if the metallicity or dust abundance is low, the UV photons@® dissociation reach
deeper and deeper, and eventually destroy all CO molecuiis i, still remains
(Fig.[2c). As the CO-dark Hlayer becomes thickek,; o decreases whilkly, stays
high, resulting in a largegr1g in a low metallicity environment, such as galaxy out-
skirts. Since this process depends on the depth that phoéongenetrate (through
dust attenuation as well as line absorption), the visuahetion Ay is often used as
a parameter to characteriagy (or Xco).

3.4.2 Variationsof Ryy/10

The CO(2-1) line emission is useful to locate the molecular ISM anddave a
rough estimation of its mass. However, the higher transitioevitably suffer from
excitation conditions. Indee®,;/19 (= T21/T10) has been observed to vary by a
factor of 2— 3 in the MW and in other nearby galaxies, e.g., between stanifig
molecular clouds (typicallfR;1/10 ~ 0.7 — 1.0 and occasionally up to 1.2) and dor-
mant clouds £ 0.4 —0.7), and between spiral arms ©.7) and inter-arm regions
(< 0.7;/Sakamoto et'al 1907; Koda el al 2012). The variation mayelggigible for
finding molecular gas, but may cause a systematic bias, fonple, in comparing
galaxy outskirts with inner disks. It is noteworthy 4 10 changes systematically
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Fig. 2 Self-shielding nature of molecules in molecular cloudse Ebundance of molecules is
maintained in clouds, since the destruction (photo-dission by UV radiation) and formation
rates are in balance. The shielding from ambient UV radiasanainly due to line absorption by
molecules themselves. Therefore, the abundamhblecules become optically thick at the absorp-
tion line wavelengths on the skin of clouds, while UV photémsCO dissociation can get deeper
into clouds. This mechanism generates the CO-darkalfer on the surface of molecular clouds.
This layer can become thickepanels a, b, ¢) under several conditions: e.g., lower metallicity or
stronger local radiation field. The CO-topldonversion factonig (or Xco) increases with the in-
creasing thickness of the CO-dark kwyer, and therefore, with lower metallicity or strongecdb
radiation field

with star formation activity, and varies along the direntaf the Kennicutt-Schmidt
relation, which can introduce a bias.

Theoretically,Ry1/10 is controlled by three parameters: the volume density
and kinetic temperaturéx — which determine the CO excitation condition due

to collisions — and the column densiNeo, which controls radiative transfer and
photon trapping (Scoville and Sologll 74: Goldreich am@ 1974). FigurEl3
shows the variation oR1/10 With respect tony, and Ty under the large veloc-
ity gradient (LVG) approximation. In this approximatiohgt Doppler shift due to
a cloud’s internal velocity gradient is assumed to be langeugh such that any
two parcels along the line of sight do not overlap in velosipace. The front par-
cel does not block emission from the back parcel, and thealpdiepth is deter-
mined only locally within the parcel (or in small). Therefore, the column den-
sity is expressed per velocilNeo/dv. A typical velocity range in molecular clouds
is adopted for this figure. An average GMC in the MW mag ~ 300cn 2 and
Ti ~ 10K (Scoville and Sandelrs 1987), which result®}#, 10 of ~ 0.6 —0.7. If the
density and/or temperature is a factor of 3 higher due to a contraction before
star formation or feedback from young stars, the ratio iases toRy1/19 > 0.7.
On the contrary, if a cloud is dormant compared to the averthgeratio is lower
R21/10 < 0.7.

In the MW, cloud properties appear to change with the gatactoic radius
(Heyer and Danle 2015). If their densities or temperaturetoaver in the outskirts,
it would result in a loweRy1/10, and hence, a highernass at a given CO21)
luminosity. If theRy1/1¢ variation is not accounted for, it could result in a bias when
clouds within the inner disk and in the outskirts are comgare
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Fig. 3 The COJ =2-1/1-0 line ratios as function of the gas kinetic temperatlisg and

H, densityny, under the LVG approximation (frofn_Koda etlal 2012). Most GMEshe MW
have CO column density in the range of (bgo/dv) ~ 16.6 to 17.3, assuming the CO fractional
abundance to plof 8 x 1075, An average GMC in the MW hasy, ~ 300cm 3 and Tg ~ 10K,

and therefore showRy/19~0.6-0.7.Ry1/10 is < 0.7 if the density and/or temperature decrease by
a factor of 2- 3, andRyy/10 is > 0.7 if the density and/or temperature increase by a factor-082
Observationally, dormant clouds typically halg; /1o = 0.4 — 0.7, while actively star forming
clouds haveR,y/1 = 0.7 — 1.0 (and occasionally up te- 1.2;[Sakamoto et/dl 1957; Haseghwa
[1997). There is also a systematic variation between spinzs &1/10 > 0.7) and interarm regions
(R21/10 < 07;'@@2)

3.4.3 Variationsof Dust Propertiesand Temperature

The gas mass-to-dust luminosiyas/Ly depends on the dust properties/emissivity
(kv), dust temperaturelg), and gas-to-dust ratiddépr) — see Eqs[(16) and{117).
All of these parameters could change in galaxy outskirtsclwhave low average
metallicity, density, and stellar radiation field. Of coeywrshe assumption of a sin-
gle Tq casts a limitation to the measurement as the ISM is multsgha reality,
although the key idea of using EqE.X16) ahd] (17) is to targgions where the
cold, molecular ISM is dominant (Scoville el al 2016). T&gr may increase with

decreasing metallicity by about an order of magnitudighk ~ 40 — 400) for the
change of metallicity 12-log(O/H) from ~ 9.0 — 8.0 (their Fig. 6! [éﬁﬁﬁ etal
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). If this trend applies to the outskirts, Hq.l(17) watgldd to underestimate the
gas mass by up to an order of magnitude.

Excess dust emission at millimetre/submillimetre wavgtes has been reported
in the small and large Magellanic clouds (SMC and LMC) andeottwarfs
(Bot et dl 2010; Dale etlal 2012; although see Also Kirkpretal 201B). This ex-
cess emission appears significant when spectral energipdigin fits to infrared
data are extrapolated to millimetre/submillimetre wamgkhs. Among the possible
explanations are the presence of very cold dust, a change ofuist spectral index,
and spinning dust emission (elg.. Bot &t al 2010). Gordoh(8044) suggested that
variations in the dust emissivity are the most probable eaushe LMC and SMC
from their analysis of infrared data from thierschel Space Observatory. The en-
vironment of galaxy outskirts may be similar to those of ti@/SMC. The excess
emission (27% and 43% for the LMC and SMC, respectively; @Gorek gl 2014)
can be ignored if one only needs to locate dust in the vaskintgsbut could cause
a systematic bias when the ISM is compared between innes dist outskirts.

4 Molecular Gas Observationsin the Outskirts of Disk Galaxies

A primary motivation for molecular gas observations in thies&irts of disk galaxies
has been to study molecular clouds and star formation in &eree environment
with lower average density and metallicity. Many researshmgghlight that these
studies may teach us about the early Universe, where thesktioms were more
prevalent.

4.1 The Milky Way

The MW is the disk galaxy with the most molecular gas detestio the outskirts,

with pioneering studies of the outer disk molecular gas dadfermation proper-
ties beginning in the 1980s (e.qg., Fich and Blitz 1984; Brand Wouterloot 1988).
The MW can serve as a model for the types of studies that camie id nearby

galaxies with larger and more sensitive facilities. We wgk “outer” MW to refer

to galactocentric radii between the solar cirdRg4 > R, = 8.5kpc) and the edge
of the optical disk, which is estimated to beRata ~ 13— 19kpc [Ruffle et #1 2007;
0 and references therein). We will use “outskio refer to galacto-
centric radii beyond the edge of the optical disk.

Only about 2% of the molecular mass of the MW i&at, > 14.5kpc al
2005 estimated the molecular massRafy > 14.5kpc to be 2< 10’M,, while
Heyer and Damk 20015 estimated the total molecular mass @Gakaxy to be(1+
0.3) x 10°M.). N. Izumi (personal communication) collected the knownlgne
ular clouds withRg4 > 13.5kpc in the second and third quadrants (fElg. 4). The
molecular cloud with the largest known galactocentric uads probably Digel
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Cloud 1 with a kinematic galactocentric radiusRd, = 22kpc, dynamical mass
of ~ 6 x 10*M,,, and radius of 36 pc (Digel Cloud 2 has a larger kinematiadist
of Rga = 24kpc, but the photometric distanceRgy = 15— 19kpc based on op-
tical spectroscopy of an associated B star; Digel et al\1984ui et al 2006, 2008;
Izumi et all 2014). Digel Cloud 1 is beyond the edge of the @ptitisk but well
within the H disk, which extends t&Rgy ~ 30kpc (Digel et al 1994; Ruffle et al
2007 and references therein).

Fig. 4 Figure from N. Izumi (personal communication) showing tim@kn molecular clouds at
Rcal > 13.5kpc in the second and third quadrants overlaid on an artisthception of the MW
(R. Hurt: NASA/JPL-Caltech/SSC). The colours correspoodhie following surveys: orange:
Brunt et &l{(2003), magenta: Sun etlal (2015), red: Digel ¢1994), cyan. Brand and Wouterlbot
(1994), bluel May et al (1997), green: Nakagawalet al (2008)ow:|Vazgquez et al (2008). The
points represent molecular clouds and the fan-shapedn®gépresent the survey area. The dis-
tances were derived assumiRg = 8.5kpc and a solar orbital speed\6f = 220kms!

Extremely tenuous blgas is mixed with the Hgas in the Galactic halo with
a fraction of B over H of only 10~#~~> (Lehner 2002). Such tenuous kit ob-
served via UV absorption, e.g., toward the Magellanic str¢behner 2002) and
high velocity clouds (HVCs; Bluhm et'al 2001). This componsnimportant for
understanding the complex physics of the ISM, but is not anmaplecular compo-
nent in galaxy outskirts. We therefore do not discuss thismanent further in this
review.
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4.1.1 Propertiesof Molecular Cloudsin the Outer Milky Way

In this Section we highlight studies that have compared thgsysize, and mass sur-
face density of molecular clouds in the outer MW to cloud$iminner MW. Molec-
ular clouds are the site of star formation, and hence, coisgres of their properties
between the inner and outer MW is important. In general, mdér clouds in the
outer MW have lower mass and mass surface density than ciotlls inner disk.
We also describe how molecular clouds have been used togpared arms into the
outskirts and to study relatively high-mass star formation

Heyer and Dame (20115) combined published data on the COcsubfaghtness
out toRga ~ 20kpc. The clouds in the outer MW and outskirts aré times fainter
than clouds in the inner MW (and even fainter relative to tlaaGtic centre). As-
suming a constanXco, this corresponds to a factor ef 7 decrease in the mass
surface density of molecular clouds. Heyer and Dame (20tf)eal that there is a
real decrease in the mass surface density of the molecwlads| perhaps caused
by the lower mid-plane pressure or stronger local FUV raalefield in the outer
Galaxy. However, there is also evidence that the outer MWireg a largeiXco
to convert the CO surface brightness into the mass surfatsitddsee Se¢t.3.4).
Therefore the mass surface density likely decreases byvgbatdess than a factor
of ~ 7.

The mass function of molecular clouds in the outer MW5{cC < Rga <
13.5kpc in this study) has a steeper power law index than thatenriner MW,
such that the outer disk hosts more of its molecular massviertanass clouds
(Rosolowskly 2005, based on the 3308 catalogue and analysis
in Heyer et al 2001 and Brunt etlal 2003), although this cosiolumay at some
level be a result of variable angular resolution (Heyer anchd 2015). The mass
function of the outer MW shows no clear evidence for a truiocedt the high-mass
end, but under some assumptions Rosolowsky (2005) estirttaethe maximum
molecular cloud mass is' 2— 3 x 10°M,. In contrast| Rosolowsky (2005) con-
cluded that the inner MW shows a clear truncation with maximmolecular cloud
mass of~ 3 x 10°M.,. Because of the small number of known clouds, the apparent
lack of massive clouds in the outer MW might be due to a sargpdiffiect. This
possibility should be addressed in future studies, as aation, if it exists, would
be an important clue to understanding cloud physics in thekats.

Il) concluded that the size distribution ofanglar clouds in
the outer MW is similar to the distribution in the inner MW fdSolomon et &l
@), but note that surveys with fewer clouds and diffegatactocentric distance
ranges reached different conclusieE al (|1997) loded that outer MW
clouds have smaller sizes than the inner MW while Brand andteévmot (1995)
concluded that the outer MW clouds have larger sizes thaer iRV clouds at the
same mass. While there are conflicting results in the likeeatit seems natural to
conclude that an outer MW cloud must have a larger radiusahanner MW cloud
at the same mass because it appears that the mass surfatgaferisuds is lower

in the outer MW (see above and Heyer and Dame 2015).
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Molecular gas observations in the outskirts of the MW hawenhesed to identify
spiral arms. Dame and Thaddeus (2011) discovered a spinahahe first quadrant
atRga ~ 15kpc, based on Hand CO data. Their new arm is consistent with being
an extension of the Scutum-Centaurus arm. Sun @2035)@% Hand CO
data to discover an arm in the second quadraRgat= 15— 19 kpc. This arm could
be a further continuation of the Scutum-Centaurus arm agi@#me and Thaddeus
) arm. These kinds of studies are important not onlydp the spiral structure
of the MW, but also to help understand the observation tlatfstmation in the
outskirts of other galaxies often follows spiral arms.

Another important goal of molecular gas studies in the atslof the MW
has been to understand the connection with star formatiderudow density and
metallicity conditions. For example, Brand and Wouter{@807) studied an IRAS-
selected molecular cloud with a mass 4 6.6 x 10°M., atRga ~ 20.2kpc. They
discovered an embedded cluster of 60 stars and the lackiofcadtinuum emission
limits the most massive star to be later than BO.5. In aduftimbayashi et al (2008)
studied Digel Cloud 2, which is really two clouds each withassi0f~ 5 x 10°M..,.
They discovered embedded clusters in each of the cloudsclDster likely con-
tains a Herbig Ae/Be star and there are also several HerbigeAstar candidates,
a B0-B1 star, and an iHregion nearby. Therefore, high-mass star formation has
occurred near this low-mass molecular cloud. We encourage study on the re-
lationship between cloud mass and the most massive stamnires extragalactic
studies can trace O and B stars relatively easily, but haffieldty detecting the
parent molecular clouds (see Séct. 4.2.1).

In the outskirts of the MW and other galaxies, it is importéamtask what
triggers molecular cloud and star formation. In Digel Clo2dstar formation
may have been triggered by the expandlngslHeII of a nearby supernova rem-

) ) et al 2006; Koltagasll 2008) while
lzumi et al ) hypothe3|zed that the star formation igdbiCloud 1 may have
been triggered by interaction with a nearby HVC.

4.2 Extragalactic Disk Galaxies

We can study molecular gas in more varied environments byimgdvom the MW
to extragalactic disk galaxies. In this Section, we useskiuts” to refer to galacto-
centric radii greater than the optical radifg§ > r2s).

4.2.1 Molecular Gas Detections

Numerous attempts to detect CO beyond the optical radiubéndisks of spi-
ral galaxies have failed, although many of the non-detastiare unpublished

(Watson et &l 2016 Morokuma-Matsui €t al 2016; J. Brain€dfbes, J. Donovan

Meyer, and A. Gil de Paz, personal communications). To oomkedge, there are
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only four isolated spiral galaxies with published CO dedtett beyond the optical
radius (Braine and Herpin 2004; Braine €t al 2007, 2010,/2D&8sauges-Zavadsky €t al
). Tablg 1l summarizes the number of detected regionsthaidrange of
galactocentric radii and molecular gas masses. Extrag@aktadies have not yet
reached the molecular gas masses that are typical in th&insitef the MW
(2—20x 10°M, for the eleven Digel clouds &gq = 18— 22 kpc4;
Kobayashi et &l 2008; see a007).

Table 1 Extragalactic disk galaxies in relative isolation with C@tekttions beyond the optical
radius [(Braine and Herpln 2d04; Braine ét al 2007, 2010.|2DE&sauges-Zavadsky efal 2014).
For M33, the molecular gas mass is for one of the detecteddslobor M63, the molecu-
lar gas mass is based on a sum of the CO line intensities irvéwmbintings, two of which
are detections. The NGC 4414, NGC 6946, and M63 masses werputed assuminco =
2x 10P%cm?(Kkms 1)-1,

Galaxy Detected Galactocentric  Molecular Method used fas$/
Regions Radius Gas Mass
(#) (r2s) (1P M.)
NGC 4414 4 n-15 10-20 Within 21" IRAM 30m beam
NGC 6946 4 10-14 17-33 Within 21" IRAM 30m beam
M33 6 10-11 043 Virial mass using resolved PdBI data
M63 2 136 71 Sum of 12 IRAM 30m pointings

It would be useful to be able to predict where CO will be detddn the outskirts
of disk galaxies, both as a test of our understanding of tlysipk of CO formation
and destruction in extreme conditions (see Sect. 3.4) aneljpous efficiently collect
more detections. Most of the published CO studies seledtgoHh column density
regions or regions near young stars traced foy; AUV, or FIR emission. None of
these selection methods is completely reliable. Brainé €G10) concluded that
CO is often associated with large Bnd FIR structures, but it is not necessarily lo-
cated at H, FIR, or Ho peaks. Many factors might affect the association betwaen H
CO and star formation tracers. For example, the star formggpns may drift away
from their birthplaces over the 20100 Myr timescales traced bydd FUV, and FIR
emission. In addition, feedback from massive stars mightrdg molecular clouds
more easily in the low-density outskirt environment. Fipathigher-resolution H
maps may show better correlation with CO emission. Seesii@rge-scalex kpc)
maps of the outskirts of disk galaxies may allow for a moreantipl study of the
conditions that maximize the CO detection rate.

4.2.2 Star Formation in Extragalactic Disk Galaxies

Itis generally accepted that stars form from molecular gag (Fukui and Kawamura
[2010) and that an important stage before star formatioreisahversion of Hto Hp
(e.g.,Leroy et al 2008). A main tool to study the connectiemeen gas and star
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formation is the Kennicutt-Schmidt law_(Schmidt 1959; Kt [1998), which
is an empirical relationship between the star formatioa (8FR) surface density
(2ZskRr) and the gas surface density. Within the optical disk of#gjalaxies, there is
an approximately linear correlation betweEg:r and the molecular hydrogen sur-
face density X4,) but no correlation betweeXsrr and the atomic hydrogen surface
density C; e.g., Bigiel et al 2008; Schruba et al 2011).

The majority of the published work connecting the SFR anddgassity in the
outskirts of disk galaxies has focused on the atomic gasuseceolecular gas
is difficult to detect (Sec{_4.2.1) and because the ISM is idantly atomic in
the outskirts, at least ofr kpc scaIeSL_B_igT_e_damO) concluded that there is
a correlation between the FUV-basédrr and > in the outskirts of 17 disk
galaxies and 5 dwarf galaxies. They measured a longer d@pléthe in the out-
skirts, such that it will take on average tOyears to deplete the iHyas reser-
voir in the outskirts versus P0years to deplete the Hgas reservoir within the
optical disk.| Roychowdhury etlal (2015) reached a similanotwsion using
dominated regions in disks and dwarfs, including some regia the outskirts,
although they concluded that the depletion time is somewhatter than in the
outskirts of thé Bigiel et Al (2010) sample (see also Boissiel[2007| Dong et al
12008;| Barnes etlal 2012). The correlation betw&epg and Zy is surprising be-
cause there is no correlation within the optical d {E:Lb) suggested
that high H column density is important for determining where starg feiim in
the outskirts.

The study of the connection between molecular gas and staratmn in the
outskirts has been limited by the few molecular gas detestibigures 5 and 6 show
the relationship betweeXsgr and2y, for the molecular gas detections from Teble 1
plus a number of deep CO upper limits. In both panels the SERamputed based
on FUV and 24um data to account for the star formation that is unobscured an
obscured by dust.

Dessauges-Zavadsky et al (2014) studied a UV-bright region= 1.36r,5 in
the XUV disk of M63 (Fig. 5). They detected CO in two out of twelpointings
and concluded that the molecular gas has a low star formetiimency (or, equiv-
alently, the molecular gas has a long depletion time) coetbtr regions within the
optical disk. They suggested that the low star formatiociefficy may be caused by
a warp or by high turbulence. Watson etlal (2016) measure@p @® upper limit
in a region atr = 3.4ry5 in the XUV disk of NGC 4625 and compiled published
CO measurements and upper limits for 15 regions in the XUW disoutskirts of
NGC 4414, NGC 6946, and M33 from Braine and Herpin (2004) arairi et al
,) (see Tabld 1 and Fig. 6). They concluded thafataing regions
in the outskirts are in general consistent with the saiggr 2, relationship that
exists in the optical disk. However, some points are offeetigh star formation
efficiency (short depletion time), which may be because thbas selected &i-
or FUV-bright regions that could have already exhaustedesofithe molecular gas
supply (as in_Schruba eflal 2010; Kruijssen and Longmore/R014

We should ask what stimulates the formation of molecularagabstars in the
outskirts of disk galaxies. Thilker ef al (2007) suggestet interactions may trig-
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ger the extended star formation in XUV disks while Holwertale(2012) sug-
gested that cold accretion may be more important, Bush 2081/ 2010) carried
out hydrodynamic simulations and concluded that spirasitgmaves can raise the
density in an extended gas disk to induce star formation #ts®e Sect. 4.1.1. of
Debattista et al., this volume).

The state-of-the-art data from SINGS (Kennicutt &t al 2008GALEX Nearby
Galaxy Survey! (Gil de Paz etlal 2007a), THINGS (Walter| pand HERA-
CLES (Leroy et al 2009) brought new insight into the Kenrticthmidt law within
the optical disk of spirals. Deeper CO surveys over widesisine the outskirts could
bring a similar increase in our understanding of star foromaat the onset of the
Hi-to-H, transition. In such wide-area studies, one should keep mdrthat the
“standard” physical condition of gas in inner disks couldiebe in the outskirts,
which could affect the measurements (Seci. 3.4).
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Fig. 5 Figure 7 from [Dessauges-Zavadsky bt Al (2014) showing théeaular-hydrogen

Kennicutt-Schmidt relation for the star forming regionghe UV-complex at = 1.36r,5 in M63
(red points) compared to regions within the optical diskiégpoints). The blue line shows the fit for
the optical disk. The black lines represent constant standton efficiency, assuming a timescale

of 1¢° years. Credil: Dessauges-Zavadsky lef al (2014), reprdduita permission© ESO
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4.2.3 Theory

This Chapter focuses on observations, but here we briefliligiy theoretical
works that are related to molecular gas in the outskirts. Mlagority of the rel-
evant theoretical studies have concentrated on the origoes in the outskirts
e.g.,/ Dekel and Birnboirh 2006; Sancisi et al 2008; Sandtierida et dl 2014;
h) and star formation in the outskirts (Bushl@®008, 2010; Ostriker et al
2010;/ KrumholZ 2013t Sanchez Almeida éf al 2014; see lalstk&at al 2010;
IKhoperskov and Bertin 2015). Krumhblz (2013) is particlylaelevant because he
extended earlier work to develop an analytic model for thenat and molecular
ISM and star formation in outer disks. Krumholz assumed tiydrostatic equilib-
rium sets the density of cold neutral gas in the outskirts\aasl able to match the
| @b) observations that show a correlatiomieen>srg and >y, (see
also Sect. 7 of EImegreen and Hunter, this volume).

€ NGC 4625 (CO from Watson et al. 20186)
NGC 4625 (shallow CO from HERACLES)
NGC 8946 (CO from Braine et al. 2007) L ]
M33 (CO from Braine et al. 2010) '—:[_'

NGC 4414 (CO from Braine & Herpin 2004) —

*

log(Zgr [Mg yr—! kpe~2])

-1 -05 0 05
log(Zy, [My pc72])

Fig. 6 The molecular hydrogen Kennicutt-Schmidt relation fortdi@aining star forming regions
that are beyond the optical radius in isolated extragalatitk galaxies and have published CO
detections or deep upper limits. The solid line shows theofitie optical disk of normal spiral
galaxies at-kpc resolution, with the & scatter shown by the dotted linés (Leroy &t al 2013). This
figure was originally presented in Fig. 4[in Watson &f al (2016
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5 Molecular Gas Observationsin the Outskirtsof Early-Type
Galaxies

Early-type galaxies were historically viewed as “red anddfewith little gas to
form new stars. However, more recent surveys have foundvase of cold gas
both at galaxy centres and in the outskirts. Molecular gakéncentres of early-
type galaxies can have an internal and/or external origiifevthe molecular gas in
the outskirts often originated in a gas-rich companion tizetinteracted or merged
with the early-type. As in all of the environments we havelergd, stimuli can also
trigger new molecule formation in the outskirts of earlypésg.

We start with a review of Hin the inner and outer regions of early-type galaxies
to put the molecular gas observations in context. The AT#ASurvey detected
Hi in 32% of 166 early-type galaxies in a volume-limited samplewn to a &
upper limit of My = 5 x 10° — 5 x 10’ M.,. Atomic gas in the outskirts of early-
type galaxies is even relatively common, as 14% of the ATEASample have H
that extends out to more than 3.5 times the optical eﬁecﬂdms@ 2)

Most surveys of molecular gas in early-type galaxies haeegsed on the in-
ner regions. 22% of 260 early-type galaxies in the ATERSample were de-
tected in CO, down to a®upper limit of My, ~ 10’ — 10°M.,, mml,
see alsd_Sage and Wrdbel 1089; Knapp and Rlpen 1996; Welcagz12003;
ICombes et Al 2007; Welch ellal 2010). Within the areas sedytie molecular gas
is generally confined to the central few kpc and is distridutedisks, bars plus
rings, spiral arms, or with a disrupted morpholo v (Youn@20Welch and Sage
20031 Young et &l 2008; Davis etlal 20 013).

One important motivation for studies of molecular gas ilyetype galaxies has
been to determine whether the gas is of internal or exterrigino Some of the
molecular gas has likely either been present since the igaléransitioned to being
early-type or has accumulated from stellar mass loss (FafeGallagher 1976;
Young 2002| Young et/al 2008; Mathews and BrigHenti 20031tCéd all2010). In
contrast, some molecular gas has likely been accreted reoemtly through mi-
nor mergers and/or cold accretion. This external origin astclearly exhibited
by galaxies that display a misalignment between the kinenaaes of the molecu-
lar/ionized gas and the stars (Young ét al 2008; Crocke!i20@8; Davis et al 2011;
/Alatalo et & ). In particular, Alatalo ef al (2013) chrued that 15 galaxies out
of a sample of 40 show a kinematic misalignment of at least&freks, which is
consistent with gas accretion via minor mergers.

The majority of accreting gas is perhaps in the atomic forat,the outskirts
of early-type galaxies also offer the opportunity to studgantly accreted molec-
ular gas, which has mainly been detected in polar rings gdtelal and SO galax-
ies (see Figl]7 for an example). These polar rings are présetiout 05% of
nearby SO galaxies (Whitmore etlal 1990). CO has been detéttpolar rings
at galactocentric radii of 12kpc in NGC 660 (Combeslet al 98&® 2kpc in
NGC 2685(Schinnerer and Scoville 2002; see also Watso/@gel] Galletta et al
11997; Combes etlal 20113). Published values for the mass afaulalr hydrogen in
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the golar rings range from-811x 10°M., in NGC 2685 (Schinnerer and Scopille

) to 1M, in NGC 660 (Combes etlal 1992), although the handful of polar
rings with CO detections are likely biased towards hidl,.

NGC 4650A

2600 3000 3400
T,* =20 mK

Heliocentric velocity (km s™)

Fig. 7 Figure 2 fronl Watson etld[ (1994) showing the Caltech Sulmmélier Observatory CO@

1) spectralgft) at three pointings, which are indicated by circles in thedd image of the polar-
ring galaxy NGC 4650A[ (Whitmore efl Al 1987) on thight. Watson et al[(1994) estimated the
mass of molecular hydrogen in the polar ring of NGC 4650A tdvpg = 8 — 16 x 18Ms. ©
AAS. Reproduced with permission

Polar rings are likely caused by tidal accretion from, or argee with, a
gas-rich companion and are stable on timescales of a few &y eesult of
self gravity (Bournaud and Combes 2003). The molecular geemwations gen-
erally support this hypothesis because the molecular gasesaare consistent
with those of a dwarf or spiral galaxy (Watson éfal 1994; &tletal 1997;
Schinnerer and Scoville 2002).

Mergers between an early-type galaxy and a gas-rich corapa@n manifest
in non-polar ring systems as wéE__B_gul?At 995) studiedspheroid-dominated
spiral galaxy NGC 7217 and concluded that most of the moteauiass is in an
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outer star-forming ring aRggy ~ 0.6r25 that could have an Hmass that is equal to
or greater than the Hnass. More recent work by Sil'’chenko etlal (2011) indicates
that minor mergers may be responsible for the outer ringtiras.

Molecular gas has also been detected in shells at a galatteceadius of
15kpc (116r55) in the elliptical galaxy Centaurus A_(Charmandaris et a0
Charmandaris etlal (2000) calculated the mass of molecytinolgen in the CenA
shells to beMy, = 4.3 10’ M.... Like polar rings, shells are likely caused by galaxy
interactions and Charmandaris etlal (2000) concluded teafAGnteracted with a
massive spiral galaxy rather than a low-mass dwarf galaggsuliee of the large total
gas mass and large ratio of molecular to atomic gas in CenAlitiddal molecular
cloud formation may have been triggered by the interactetmwben the shells and
the CenA radio jet (see also Salomeé &t al 2016).

6 Molecular Gas Observationsin Galaxy Groupsand Clusters

Extended H gas disks beyond optical edges are common around spiraigsland
as already discussed, some stimulus seems necessary leratecamolecule forma-
tion there. In the group/cluster environment, galaxy ia¢épns and interactions
with the intergalactic medium (IGM) are triggers for the tid H, phase transition.
In the nearby M81 triplet (M82, M81, and NGC 3077), tidal iratetions stretch the
atomic gas in the outskirts into tidal spiral arms, leadimgravitational collapse to
form molecular gas and stars (Brouillet et al 1992; Waltex| €006). Even an inter-
action with a minor partner can be a trigger, e.g., in the Mfstean, CO emission
is detected along the tidal arm/bridge between the mairkga&&sC 5194 and its
companion NGC 519MH_&_L2¢09).

Interaction with the IGM in clusters is also important foetipas phase transition.
Most Hi gas in galaxy outskirts is stripped away by the ram pressam the IGM
(van Gorkoril 2004), while the molecular gas, which residestiypin inner disks,
remains less affected (Kenney and Young 1989; Boselli é9@T). Some compres-
sion acts on the molecular gas near the transition from thecgutar-dominant in-
ner disks to the atomic-dominant outer disks, as the extédntelecular disks are
smaller when the Hin the outskirts is stripped aw14).

The stripped gas in the outskirts is seen as multiphase amden detected in
Hi (e.g.| Chuung of 41 2009) d(e.. | Yag et 4 2010). and X rays (clg.. Wanght l
2004 0). Stripped molecular gas is found in N&&B34nd NGC 4435,
which are interacting galaxies in the Virgo cluster (Voline¢all 2005). CO emis-
sion has also been discovered in the trailing tails of thpmdd gas from the disk
galaxies ESO137-001 and NGC 4388 in the Norma and Virgoalsistespectively
(Jachym et &1 2014; Verdugo et al 2015).

The ram pressure from the IGM can also heat up and excitmélecules, and
H> rotational emission lines are detected in the mid-inframexpiral galaxies in the
Virgo cluster 4). The emission from warmisialso detected over
large scales in the intergalactic space of Stephan’s Quiaiexy group with the
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Spitzer Space Telescope (Appleton et al 2006). An analysis of the rotational transi-
tion ladder of its ground vibrational state suggests theecdbr gas has tempera-
tures of 185+ 30K and 675 80 K. This H, emission coincides with and extends
along the X-ray-emitting shock front that is generated g glalaxy NGC 7318b
passing through the IGM at a high velocity.

A final example of the cluster environment affecting molecgas formation is
that CO has been detected in cooling flows in the outskirtsatdxges in cluster
cores (e.gl, Salomé eflal 2006). Clearly, the group anderlesvironments produce
some triggers for the formation of molecular gas in galaxisbkints and therefore
represent another extreme environment where we can tesnderstanding of the
physics of the ISM and star formation.

7 Conclusions and Future Directions

Throughout the Chapter, we have highlighted that some #itseem necessary to
accelerate the formation of molecular gas in galaxy outskin the outskirts of the
MW, stimuli include spiral arm compression, expanding sfebm supernova rem-
nants, and interactions with HVCs (Yasui ef al 2006; Izunalé2014; Koda et Al
M). These same processes are likely at play in the otstefiextragalactic disk
galaxies. In particular, spiral density waves, interawtiand/or cold accretion may
stimulate molecule formation and the subsequent star filemactivity in XUV
disks (Thilker et al 2007; Bush et al 2008; Holwerda &t al A01reractions and
mergers likely cause the polar rings in the outskirts of S&xges, although it may
be more likely that the molecules form in the gas-rich conipabefore the merger
(Bournaud and Combes 2003). Finally, in groups and clusieesactions and ram
pressure stripping may accelerate molecular gas formatisome localized areas
of galaxies even as the overall effect is to remove the stamihg fuel from the
galaxies|(Vollmer et al 2005; Jachym et al 2014). Galaxkits offer opportuni-
ties to study the formation of molecular gas over a varietgasfditions and will be
the key to understanding if there are different modes offetanation.

Fundamental questions remain about the physical conditbithe ISM in the
outskirts. Where is the molecular gas? What are the baspepties of the molecu-
lar clouds, e.qg., the Hvolume density, K column density, temperature, mass, and
size? How do these properties differ from the properties afegular clouds in the
inner regions of galaxies? Is the transition fromtbiH, and the transition from
to stars more or less efficient in the outskirts? Are thess@h@ansitions affected
by different large-scale processes, stimuli, or enviromtaleconditions compared to
inner regions? Measurements of molecular gas properties dépend on assump-
tions about the gas properties themselves. Right now, thesemptions are based
on our knowledge of molecular gas in inner disks. Those apsons need to be
revisited and adjusted continuously as we learn more abolgaular gas in the
outskirts. This iterative improvement of our knowledge @swstarting in the field
of galaxy outskirts.
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Building on the research that has already been done, we terntéfied a number
of specific studies that would begin to address the fundaahgoestions above. In
the outskirts of the MW, we can study whether the relatiopsletween the mass of
the molecular cloud and the most massive associated stifieieedt than in the in-
ner MW. In the outskirts of extragalactic disk galaxies, veedto measure the mass
and size functions of molecular clouds and compare to the MSults. In addition,
theoretical studies can work towards predicting where awvd tmolecular gas will
formin the outskirts. To test these predictions, we enogeisznsitive and wide-area
mapping of CO and/or dust continuum emission. Higher rasmiucloud-scale)
maps of H may also be required to accurately locate potential sitesaécular
gas formation. After each discovery of molecular gas, sgbset multi-wavelength
studies including excitation ladders of molecular line €sion are necessary to re-
fine our knowledge of the physical conditions of moleculss tigere. In early-type
galaxies, we should search for molecular gas in XUV diskXdg emission could
be even more common in early-type galaxies than late-ty [sxigs I
@). We hope those researchers will take note and leamtfre high failure rate
of previous (published and unpublished) searches for mtdegas in the outskirts
of disk galaxies.
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