Chapter 4

Star Formation Analysis: The

entire subsample

4.1 Methodology
o

After testing our method on two galaxies@ we have carefully extended its
use to our whole subsample. The gas surface density maps rely only on H1 obser-
vations, as molecular gas observations are very scarce once we move into the low
luminosity regime of dwarf galaxies. From the H1 gas kinematics we have derived
inclination estimates for most of the galaxies in our subsample. Galaxies such as
DDO 155, DDO 165, M81dwA, DDO 75, DDO 187 and DDO 210 show no circular
rotation, so the inclination could not be estimated in thjs way. For these galax-
ies we have used the inclination derived from ratio of the minor to major axis of
each galaxy in the V-band (Hunter & Elmegreen, 2006). We apply the inclination
correction to both the H1 and the SFR surface density mapsi)‘ﬁ’o create our star
formation rate maps we have used four different tracers based on FUV, Ha emis-
sions and their combinations with 24 m emission. We extend our discussion on
the efficiency of these tracers in the next section (see Section 4.1.1). We remind
the reader that our subsample contains two galaxies (DDO 155 and DDO 165) not
observed in FUV and two galaxies (M8ldwA and DDO 210) showing no emission
in Ha. .;-];B’ased on the findings presented in the previous chapter, we continue to
apply no internal extinction correction when using tracers such as FUV and Ha on
their own. We check however if the low level of internal extinction holds also for
the other galaxies in our subsample and discuss our findings in Section 4.1.2. Apart

from the just mentioned corrections, we do not apply any other corrections, leaving
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considerations regarding the shape of the galaxies, the H1 flaring and the H1 scale

height for further refinement in future projects.

4.1.1 SF tracers

TBD

4.1.2 Internal Extinction

Just as we have already mentioned in the previous chapter, Section 3.2.2, we
estimate the contribution of internal extinction to our SFR maps by comparing
different star formation tracers and assessing what colour index value E(B-V) cor-
responds to the observed 24 ym emission. We remind the reader that at 24 ym we
observe the obscured light, which éﬁﬁ re—processed through dust and re-radiates at
infrared wavelengths (Calzetti et al., 2007, 2010). Our method automatically im-
plies a series of assumptions sueh=as: the extinction law used in deri\‘/“igg the colour
index value E(B-V) from the estimated internal extinction @f)’rfectiofﬁ?is appropriate,
the factors defining the amount of obscured and unobscured light (see Equation 3.3
and Equation 3.4) hold true also in the low metallicity environment of dwarfs, and
finally the re-processed light radiates at the same infrared wavelength (24 pm) in
both dwarfs and spirals. -

In the previous chapter we suspend-our-study-once-we-can-confidently concluda‘ﬁ
that the weak 24 ym emission suggests low dust content and hence a more trans-
parent medium where internal extinction is at such low levels that no correction is
necessary. Here, however we would like to extend that study and take advantage
of the larger sample available to us at this stage. For the interested reader, in Ap-
pendix B, Figure B.1 we present for each individual galaxy the comparison between

/, V,-!E/‘-““l'x SFR rnaps usmg FUV+24 um as a tracer and FUV only as a tracer assummg both

[t}
0o © VY 1ng the 24 um emission with the approprlate internal extlnctlon correction ,we use

J
different colours for dlf‘fergnt colour index E(B-V) values, ranging between 0 and

0.05 mag and her—% t}ge value \c:foségt to the 1:1 black continuous line in the fig-
ure/In Append1x B, Figure B.2 we proceed similarly, involving Ha and Ha+-24 ym
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Figure 4.1: For all galaxies in our subsample with appropriate ancillary data available,
we present the colour index E(B-V) as a function of metallicity. The colour index E(B-V)
values have been inferred from comparing SFR from FUV only and FUV+24 um (left)
and SFR from Ha and Ha+24 pm (right) based on the Milky Way extinction law (top)
and SMC extinction law (bottom).

as SFR tracers.

L

The colour index E(B-V) values found in the above described manner are
shown as a function of metallicity in Figure 4.1. This figure has four panels, each
panel presenting colour index values derived from a unique combination of a SF
tracer choice and an extinction law assumption. In general, no matter which of the
four panels we examine we find that the colour index values are low, confirming our
preliminary conclusion based on DDO 168 and DDO 133 @éﬂtha’c no internal ex-
tinction correction is necessary. This is to be expected in the low metallicity regime,
where the dust abundance is low as reflected by the weak 24 um emission and hence
the medium is more transparent. For the immediate requirements of our project
this conclusion alone would be enough, however we cannot refrain from exploring
this subject a little bit further.

At the beginning of this section we mentioned a few assumptions we made (11}’
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what impact they in fact have on our results. In Flgure 4.1 we differentiate based
on the extinction law assumed (Milky way or SMC) and find that for FUV as a SF
tracer, when assuming the SMC extinction law instead of the Milky Way one, the
estimated colour index E(B-V) yalue doesn’t change for 38% of our subsample and
changes minimally, decreasing with-0.0025 mag for 56% of them. The exception is
DDO 53 with a decrease in estimated colour index E(B-V) value of 0.005mag. If
the SF tracer considered is Ha then we find no change in 31% of our subsample,
minimal changes of 0.0025 mag lower values in 44% of our galaxies and three excep-
“| tions. While IC 1613 shows an increase with 0.005 mag in the value of the estimated
colour index‘i@l‘g}fwith the change of the extinction law assumption, NGC 4214 and

DDO 53 present an increase of 0.02mag. Overall, we can say that for both tracers [
the change in the extinction law assumed has a minimal impact on the estimated Yoa,

.~ value of the internal extinction correction. /&/ha’c is surprising and difficult to ex- .

0 ) AdAsaid plain is why for the three exceptions, the change in the extinction law assumption
2 Fets y p

(o
; /b/ (-"QJ ’, A/
o v ﬁ, OV of the colour index value for Ha as a SF tracer. Such a behaviour, makes more

.J\,»U\;; produces a decrease of the colour index value for FUV as SF tracer and in increase
5 | ﬁ_'é_.vs% ‘ obvious the fact that the colour index values found for FUV and Ha as SF tracers
coincide only in four galaxies when assuming a Milky Way extinction law and in
two galaxies when assuming the SMC extinction law. The culprit here may well be
the choice of extinction law, in the sense that the case of SMC or the Milky Way g L
might not be fully applicable to allGother. galaxies. ed &

Another assumption mentioned above is that the amount of obscured and un-

obscured light does not change depending on environmént. Such an assumption is
not necessarily true. In @haow luminosity galaxies, the infrared luminosity also
decreases,,. é%}@b_/ﬁﬁé‘bt a larger portion of the light from recent star formation can
reach us directly, without being obstructed by dust (Relafio et al., 2007; Calzetti

et al., 2010). If not accounted f01;’the increasing medium transparency leads to

Wihan 4 2 underestimating the true star formation rate so the combining factors should be Yoo s 2 U
v} \,) v‘r\’vw s = ll)

amendedfaceordingly. In our internal extinction estimating method we have used

] non,am’e'gded factors, but only after conducting a separate study where we found ., | -
( PR L,/( ~ that if we amend the factors according to the Calzetti et al. (2010) recipe, by lower- »
(t s A'(, Cev~ ‘sy.n

) )_r__ . y '\’ i, the value of the colour index value shows literally no change for FUV as a SF tracer

ing the contribution of the 24 ym luminosity from 0.031 (see Equation 3. iﬂfto 0.020,

A ¥

/ r[ w-xﬁ d tV*and only a mild change on one out of sixteen galaxies when using Ha as a tracer.

l'\J M~
DR ft v~ k{‘iv In the low luminosity regime, dust properties change (Rosenberg et al., 2008
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and infrared tracers such as egum and 160 p,r}l become unreliable (Calzetti et al.,
2010), because the SF light is no longer fully traced by dust emission. In other
words, the lower dust content of an increased transparency medium)while it sim-
plifies matters by reducing the importance of internal extinction correctionsi)it also
addséﬁ?rgomplications due to the fact that the observed dust emission is more exten-
sively contaminated by other(than star formation) dust heating processes (Calzetti
et al., 2010). Such complications open up the subject of how reliably does 24 ym
trace the obscured light in low dust content systems. As long as the extension of
this particular tracer to the 1,02{_— _lu/minosity(rggimg,as suggested by Calzetti et al.
(2010), involves no gﬁ%‘%—:&@?ﬁhdﬁg’es&bﬁ%ﬁtﬂla the need of nonlinear calibrations
to account for both the increased medium transparency and the lower effective dust
temperature, we can still be confident that our method of estimating the internal
| } e IS wéfs(ﬁ%ia%ﬁer%sv”'(/‘

Finally, it is also important to notice in Fig. 4.1 that our estimated colour

index values show no dependance on metallicity when FUV is the chosen SF tracer,
\ but do show a mild dependance on metallicity when the SF tracer is Ho. Because
of the very nature of our method the colour index value is also a dust abundance

indicator. Therefore the relation between metallicity and the colour index values

y ., in our subsample could also be viewed as confirming that dust abundances are not

AN ﬂ
g

J b , proportional to metallicity as found by Galametz et al. (2011).
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4.2 Neutral Gas Mass‘,\,\Molecular.Gas Mass Pre-

dictions
Al
Fof_all the galaxies in our subsample, all observed in HI with the VLA tele-
scope, we calculated the HI mass (see Table 4.1). Also we collected from the liter-

T s IS—
ature(all the available single dish measurements of the H1 mass in our galaxies(of
@fé@é}énd compared these values to the ones caleulated ‘éy us. As shown in Table
J;’L}' ; )%{ 4.1, in general we find good agreement between the single dish and our measured

5 j@' 4/“\ values. - i
N3 e e pre i "‘.‘i)-‘ ] vy /
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VU R A WA
A o 7Y
o "J In the study of SF laws an important quantity is the gas surface density. In

normal conditions, the gas surface density would sum @p both the neutral and the

molecular gas and account for the presence of Helium. However in the low metal-
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Figure 4.2: For all galaxies we plot the}fmolecular mass(top left) and molecular:\ ractio top /{
right) against metallicity and also the molecular mass (bottom left) and the total gas mass -
(bottom right as a function of colour index E(B-V) value obtained using Ha as a SF tracey. \

licity environment of dwarfs several comphcatlons prevént us from being able to
measure the molecular gas @ﬁf’ﬁy Due to the low metallicity, the CO cores are

smaller and underluminous (Bolatto et al., 2007})50 we loose our only molecular gas  Ge—oe 7

tracer. Current lines of study use dust as a proxy for molecular gas measurements,
Rowever. since the discovery that the dust properties in dwarf galaxies are different
than in spirals @s_e%\berg et al., 2008), using dust as a tracer for molecular gas in
dwarfs @th/at still needs refinement. Although we do not expect a large| (/| ., L
quantity of molecular gas in dwa’rf %alames an estimate of this quantity is very use-

12 Oon. Al ¢
ful. Sifice. e,a,sure-ié S ese—@f—tms-pmge(}tﬂwe—werewconﬁent'to

by Leroy et al. (2008), knowing that molecular gas and SFR surface densities are ’“”v’}’ 'b‘—"

_ ék) 0~n 7 | connected through a 1:1 relation and hence that the corresponding SFE is constant
, 10 . -1 o= :
.//fr’” and equal to 5.25x107°yz;-1, one eeuld predict the molecular gas mass. For each
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of our galaxies we have computed such a value and we present it in Table 4.1.
Walch et al. (2011) argue that the metallicity plays an important role in the
molecular core formation, yet it does not seem to influence the molecular gas mass
as shown in Fig. 4.2. Neither does metallicity influence the molecular gas fraction
(see Fig. 4.2). No relationship should be expected between the dust abundance and
the molecular gas mass, because no matter how extreme the environment molecular
gas still forms even if exotic mechanisms have to be employed to compensate for
the metals dearth. Yet Bekki (2013) found a relationship between the dust abun-

B < ]

cnuld—ﬂasﬂy—ealc&lat-e the total gas mass. As for the dust abundance we wilk use

" A _as a proxy the colour index value calculated in the previous section. We remind

g the reader that our colour index values are derived from dust measurements at the:
F?{ 24 um wavelength, in other words the more dust is present in the 24 um map the

Klarger the colour index E(B-V) value will be especially when using as a SF tracer
Ha, which is more severely affected by extinction. In Fig. 4.2 we plot both the
total gas mass and the molecular gas mass vs the colour index based on Ha as a SF

tracer. We find that indeed, the galaxies in our subsample correlate with the total

0 | gas mass and do not correlate with the molecular mass.
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4. 3 Neutra Gas and Stars vs. Star Formation

Rate and relatlonsLerem in individual galax-

ies

One of the main results of the study on DDO 133 and DDO 168 presented in the pre-
vious chapter is the clear emergence of two relationships, one between SFR and H1
surface densities and the other between SFR and V-band surface densities. Here
we extend that study to a larger samplegﬂ_géﬁl;féﬁ 18 galaxies, DDO 133 and
DDO 168 included. In ‘ﬁgures 4.3 to 4.20,\Weﬁp—/resent for each galaxy in our sub-
sample a composite of six panels where we explore the relationship Iabfejcween SF

traced by both FUV only and Ha enly) and H1 surface densities/, between SFE
and neutral gas surface density, between SFE and stellar surface density as traced
by 3.6 ym emission and- beWe%SFl%{%raced—by—both—EUV—enl%andﬂwmy )-and

by V-band surface densities. In all panels of the plots, the error bars in both directions

are shown in red, and in the top panels in blue we identify the upper limits. Each

.
. '31 Li +
R o pon S8

we ‘have we-

‘ ook



-

g
.1

£

CHAPTER 4 115

point in these plots represents a resolution element of 400 pc.

In all of the galaxies in our subsample we confirm the existence of a tight rela-
tionship between SFR and@‘bénd surface densities a relation which will be_"fﬁf‘cﬁ/ghly
discussed in a-section of its own-{see-Section 4.7§)§,/If we further disSmhinate between
SFR based on FUV and based on Ha,we find that in general the two tracers agree,
li%owever} six out of 14 galaxies observeJd in both FUV and Ha show larger scatter in
the SFR vs. V-band surface densitibf relationship when SFR is traced by Ha rather
than FUV. The case of DDO 154 and DDO 69 also stand out as having a different
slope in their relationship depending on the SF tracer used igﬁcreating the SFR map.
Also exceptional is the case of DDQ 50, where the SFR vs./V-band surface densities
relationship Hé%:che high?gria' -ﬁ)éi-'iq?aistribution splifyini“two distinct and parallel
groups of points. While—-é;;amini;;g—t_b!@zylaﬁigpmbatween-the—st&r—fermabien-%&t—e—and
stars-if-we-change our vjewjng.ang-leﬂ%i-tﬂéfbﬁiﬁ%onsider the @@EIER per unit

gas, in other words the star formation efﬁciency(SFE)) in relation wﬁ%—h the stellar

surface density as traced by 3.6 um (see Leroy et al. (2008) and references therein
for explanations on how the stellar map is derived)) we find that the higher the
stellar density the more efficient the star formation process in most of the galaxies
in our sample,gcceptior? m(eﬁ(:;n% DDO 133 and DDO 154)\§G£5° ﬁave large error bars
inherited from a poorer quality 3.6 um map; and DDO 187, M81dwA and DDO 210
where the relationship is difficult to probe due to the low number statistics. Also in
the SFE vs. steuar surface density plot, DDO 50 stands out again with two distinct
groups of points one following an ascending trend and the other showing a constant
SFE.

F Another very important relationship present in all tlte galaxies of the subsam-
P

le is the relatipnshié) between SFR and HIsurface densities, the denser the H the
higher the SFR}LF\‘S? ggch individual galaxy we plot this relationship using both the
FUV and the ﬁa as SF tracers and find that in general the two tracers agree, yet
the relationship relying on Ha as a SF tracer exhibits more scatter and samples
only the high end of the relationship. In DDO 69 although we are dealing with a
low number statistics case, from close examination of Fig. 4.18 we notice that the
relationship as traced by Ha is following closely the 10 Gyr depletion line, Whereas)
when,’fi’(s tra,cec‘l,‘by FIJV it has a different ascending trend. With the exception of
DDO 187;@’3??&%5@“ ,,\IEYGVP\number statistics as-mentioned-abeve, all the galaxies in
the sulg;émple ghow .;ihcreasing SFE.with higher H}%urface density.
Abgaﬁ;ft@~@EaﬁgeA§éf§é%&ﬁ\;£ﬁNﬂ1§ SFR and HIsurface densities relationship

in Figures 4.21)we plot for each galaxy in our sample the density contours at 10%,
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‘i
25%, 50%, 75% and 90% of the pixel by pigficel distributiongf—thefelaﬁﬂﬂshi-p-as-st—adya
weﬂaid-{vij;ﬁ/black points with coloured éentres,«eae}r-pe'mt represent@ﬁhe average
‘ 1‘ in both the SFR and the HII"\urface dens;ities direction within two concentrica¥ cir-
\ﬂ; \\L*/“:jf\ cles at one beam size apart. The coloured centres are a visual aid for distinguishing
_ ;w‘l‘j‘"‘ - 4, "' between the different radii in the galaxy. This format allows us to conclude that

v )g/\Jv . )\
Ng< #* P o e the radial profiles of the galaxies follow very closely their pi())i,nt distribution. In

oy i _ Adhoilafas )
s , y other words, although we are talking about dw&pﬁlrregulars/\the difference between
: ﬂdg/) A1 neighbouring resolution elements within the region to be averaged is not big enough
9 7 o~ fw"}/(/{wa | to create a discrepancy between the trend of the points obtained in azimuthal aver-
et > oA 04V |aging and the distribution of all points. Therefore, these radial profiles might be a
oA ) ’f \\L 1 5% W o ) { . ; Gr( L v{,‘ibvt,&’_u ) —— {,{OL 2 /\J‘-\t}c.gw
\ AJ V/-N}, &/ better description of the peints- dlstrlbutlon’{ifl;n any linear or pé)lynomlal fit. We
MY o N D) . L i J , p
(,L/”‘/ﬂ g;;"i./’u“"?" »@ \‘/f“ /S/ will come back to this idea theugh in the following section.
/ i‘//"‘,;;a‘n,w,,"“ \/‘i* b o The choice of the working resolution has been fully explained in the previous
10, A K 1 . . .
AN g ©) chapter so we will not return to this subject here. We Wll].) however }mentlon that
Y. s
/\)”N Lo gt ‘E/ imposing a unique resolution element to a® entire subsample of irregular galaxies
j&/\j’:ﬂ U has ﬁ&é}?&l consequence the-faet that some galaxies sueh—&séDDO 216, DDO 187,
M DDO 155, DDO 165, DDO 69, M81dwA and DDO 210)\7@4—1 end up being represented
by less than 60 points. With such a/low number (_stati tics one cannot draw any
. : ; : ﬁ Lo Ao
final conclusions, in these galaxies. Just-like in-the cas 0} DDO 133 and DDO 169
//—mwe d&d—perforril: or each galaxy a linear regression using the ordinary least squares
//// (OLS) Bisector method (Isobe et al., 1990) and found for the galaxies not affected
/ by low number statistics, that the power law indexnnm)he; ranges from 1.4+0.09 in
!
|

DDO 187 to 2.4+0.03 in DDO 50. The large range'/é%fé%o accommodate mest-oithe
galaxies in-our-subsample suggests that the SFR and H1%urface densities relation-
ship is not a straight-forward one. Because stars form out of molecular gas, relating
star formation to neutral gas even conceptually is am indirect relation,which may
very well explain both the scatter of the relationship and the par %Qé%?gof this
relationship in each galaxy. We already know that not all the neutral gas available

is turned into molecular gas so to strive for a direct relationship between H;gas and

) ,u’}j( | star formation, one would have to be able to differentiate between the neutral gas
ek I

/

\ i%\ )6 o Gy that will turn molecular and the one that does not. For this reason Warren et al. | ‘\‘ J\;A)Y“‘“j\/ {
Pk TN ALY N K
A7 2 o .

e Ve j);;i(2012) isolate the cold component of the neutral medium and find that)contrary 60 |~ ,L 45;}
\ Lo}\ %WT? J*M/CVJ'Q all expectations, the cold Hiregions do not coincide with the HI overall distribu- TRA

] ";v v ) \ %‘e&/&f‘/‘

tion density peaks, which are-most frequently coincident with current SF sites. The .\ ®
o R e

fact that( this relationship exists in dwarfs and not in spiral galaxies, suggests that

in low metallicity environments HIg{apresents more than a reservoir for molecular
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gas formation; it might play an active role in enabling certain mechanisms designed
to compensat'e‘for the diminished quantity of metals available to participate in the
shielding process (Maloney & Wolfire, 1997; Pelupessy & Papadopoulos, 2009). One

could imagine, that a dwarf galaxy caught in the act of turning its molecular gas

\/b., PP Dk

Q- 4)\/“‘ ~v3
v/

A

into stars would shield its molecular cores in very dense envelopes of Hléas. These
neutral gas envelopes may very well be the drivers of the SFR and Hisurface den-

sities relationship.

4.4 Star Formation Law

The Star Formation law, relates the star formation rate and the gas density through
a power law (Schmidt, 1959; Kennicutt, 1998). In the previous section we have
shown that in each galaxy of our dwarf sample oxists a relationship between the
SFR and the H1 surface densmre/é If this relatlonshlp would have the same chagac—
teristics in all galaxies studied, it could be passed as a SF law in the neutrag\reg1me
Already in the literature there are results suggesting that-an SF law in the neutral
regime is-emerging for low metallicity galaxies and the outskirts of spirals (Bigiel
et al., 2010b, 2011).

Rather than comparing the relationship amongst galaxies like we have done
in the previous section, another way of looking at the relationship within the whole
sample is by allowing all independent points in all galaxies to participate in one
plot. To make sure that the galaxies with a smaller number of representative points
partlclpate o the plot with equal importance when constructlng the total distribu-

Y tion we use Welghtmg In this way we obtain Egures such-as-Fig. 4.22, where we
present colour dens1ty contours of the points distribution of SFR vs. H1 surface
densities, SFE vs. H Isurface nsity and SFE vs. SFR surface density for both Ha
and FUV as SF tracers ’];h‘ﬁ

sampled with different SF tracers. We also find evidence for increasing SFE with

ig. 4.22 shows agreement between the relationships

increasing H1 surface density as well as SFR surface density. From this perspective Py
it also becomes clear that the SFR vs H1 surface densities relationship holds for
all the galaxies in the subsample. This relationship is not without scatter, most

probably caused by the imperfect overlap between the point distributions of indi-

vidual galaxies and the scatter of the relationships within each galaxy. To quantify
the power law index number N which best describes the total distribution of points,

we use linear regression, more specifically the ordinary least squares (OLS) Bisector
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method (Isobe et al., 1990) and find for N a value of 1.87 & 0.02¢This value is very
close to the value of 1.8 found for DDO 168 and DDO 133 in the previous chapter
and also to the value of 1.7 found by Bigiel et al. (2010b) for a sample of five dwarf
galaxies and the outskirts of 17 spiral galaxies. For-this-tqfal-distribution of points—
\Wé also computejske Spearman rank correlation coefficient of 0.67, indicating a high
degree of correlation among the points of the distribution.

If we would like to do a more careful job of describing the point distribution
in each galaxy and comparing them to achieve a more general SF law, one should
be ready to admit that the relationship between the SFR and the H1 surface den-

\fja sities in the log-log parameter space is not necessarily linear, as illustrated in Fig.
4.21. If“wa%lﬂfrg"m-*bhe-é&feet-reé—ef finding the best functional form to describe the

relationship in individual galaxies and from there achieve a unique SF law, then-
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7, | the most useful tool at hand may very well be the radial profile we’ve shown in the

J / previous section. In the left panel of Fig. 4.23 we show in one plot all the radial

profiles of all the galaxies in our subsample with FUV observations. We find a fair

amount of overlap between the radial profile trends of different galaxies. However it

also becomes obvious that linear fits cannot fully describe these galaxies, a,»nd—-t-herf
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features”
Another way to measure the strength of the correlation between SFR and H1
\ B A q\‘;& surface densities is by calculatlng the Spearman rank correlatlon §oefﬁc1ent in in-
)(' ) Hx dividual galaxies, é&l@ng—SPR-ffem both the FUV and Ha emissro‘ns To better

- understand the relationship between two quantities is always useful to find parame-
he ;1

i | vl

9 ¥ W, ‘ ters that influence it, so learning what drives the relationship in the first place is yet

J( H /. | another step closer to a SF law. In the right panel of Fig. 4.23 we plot forg all galax-

. the ones derived from an SFR traced by Ho.. We found that for most galaxies a high

""|degree of correlation between SFR(FUV) and HIfQurface densities corresponds to a
/4~ high degree of correlation also between SFR(Ha) and Higurface densities, another
way of confirming that our SF tracers agree to each other. We-will_see in Section
4.7 that the correlation between SER-and-V/~band-surface densities-doesnot-follow
the-same-trend.

In Fig. 4.24, we find that the degree of correlation between SFR and HI sur-
face densities does not depend on either metallicity, HI mass or absolute V-band

magnitude. Neither does it depend on quantities such as the Integrated SFR/area
from FUV or Ha or the Integrated SFR/area over 13.7 Gyr (see Fig. 4.25). Al-
though not shown here, we should mention that the correlation is not driven by the

molecular or neutral gas fractions either.

4.5 The H1 to H; Transition .

In the previous chapter we looked at DDO 168 and DDO 133 and their H1
to Hj transition threshold and found thatjalthough they have similar metallicities
they exhibit contradictory behaviours. While DDO 168 has an ’g‘l{e Hi maxurn v of
2% 277Mg pc?, DDO 133 has iess “fhan 10 Mg pe? Emmtre-meT——prmded
“by-the-two-dwarfs-in. pur c?se _study_in the previous chapter Wk concluded that
metallicity alone-cainot explain the HI maxima.  We, come back to this idea here
and involve our whole subsample in tHe attemmy %egep iQIJ,I_W} ylﬁihsbﬁieadwaﬁs‘-\t-—l?eh 5'
10 Me-pe? limit-found by Bigiel-et-al:--(2008)-for-spirals-does not-continue-to hold {
From the, 18 galax1es in our subsample, the following 8 galaxies cress—-theJuv < fF
+ Qs %’bov&me?xﬁ@xga hnntﬁ/DDO 187, DDO 50 DDO 63, DDO 53, DDO 75, NGC 2366,

NGC. 4214 and DDOT68. We expected tbl-S feat&e to be correlated with the metal-
\hClty of the galaxies involved. Metallicity affects the transition from neutral to
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Figure 4.23: Left: For all galaxies that have both FUV and Ha observations we show the
spearman rank correlation between H1I surface density and SFR based on FUV (the x
axis) and on Ho (the y axis). Right: For all galaxies in our subsample we compute the
radial profiles in both the SFR (based on FUV only) and the H1 surface densities maps,
each point representing an azimuthal average inside two concentrical circles at a beam size
distance of each other.

molecular gas in two ways: first, due to the metals deficit, the CO emitting cores
<willdiminish and, second jselffshielding will beedominatigig over dust—shielding (Bo-
latto et al., 2008). In other words, in low metallicity systems, the molecular phase
can be described as small CO emitting cores (Madden et al., 1997) embedded in
molecular clumps of similar size to the ones found in spiral galaxies, sitting in a
dense H1 envelope. The neutral gas in the HI envelope will not turn molecular
because the interstellar radiation field (IRSF) will not allow it to cool, but it may
act as a cushioning region, complementing the Hj self-shielding necessary so that the
newly formed molecules are not broken up into atoms by f,"he/ﬁgklgi}gl(ftv Therefore,
the theoretical prediction is that, as metallicity goes down and \dust—shielding lopses
its dominating role, we will tend to see more dense H1 envelopes, where the gas has

the density necessary to turn molecular, but cannot cool due to the ISRF.
NI, G 288
Ll

And indeed, we see that almost half of our low metallicity subsample shows
indications @f ¢ &énse;LHI envelopes. However] if we plot in the left panel of Fig.
sl y : : / - G e

4.26 the H1 surface density maxima against metallicity, the expected trend 18 not
clez;}ly emerging- In galaxies with a metallicity 12+log(O/H) smaller than 8.0 and
larger than 7.4, we find that as metallicity goes down the HI maxima goes higher,
just as predicted by theory (Krumholz et al., 2009, 2011). Even so, the relationship
is not clear; on one hand we have NGC 2366 which has the highest HI\r\naXima in

the group but rather a high metallicity and on the other hand there dre galaxies
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Figure 4.25: For all galaxies in our subsample, we plot the Spearman correlation coefficient
between SFR surface density and Hisurface density vs. Log of the integrated SFR over
area from FUV (top) and He (middle) and Log of the integrated SFR, /area over 13.7 Gyr
(bottom), plotted separately for two different SF tracers FUV (left) and Ha (right).
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Figure 4.26: Top Left: For all galaxies we plot the HI maxima against metallicity. Top
Right: For all galaxies that have H1 maxima higher then 10 Mg pc? we plot both observed

values (coloured filled circles) and theoretical values based on Krumholz et al. (2011)
assuming a clumping factor equal to black “contoured coloured filled’ (nrcles) against
hetween the theoretically predicted value of the
H1 maxima and the observed one as a function of metallicity (bottom left) and linear
resolution per arcsecond (bottom right). Different colours rep'r'esent different galaxies.

metallicity. We also show the difference

like DDO 155, DD 165, DDO 154 and IC 1613 with similar metallicities as DDO 187,(

DDO 63, DDO 53 and DDO 75, yet not going beyond the 10 Mg pc? threshold. Also,
if we do not discriminate based on a metallicity range, the number of outliers in-
creases. The behaviour of galaxies like DDO 210, DDO 69 and M81dwA should not
be entirely attributed to large error bars in the metallicity measurement, but one

should note that all three galaxies seemed to have ceased their SF activity. They

are known to have gone through SF episodes in the past, hence the FUV emission

present in these galaxies, yet from the lack of Ha emission in DDO 210 and M81dwA

and the deficit of Ha emission in DDO69 they have not formed stars in the past
10 Myr. The galaxies with a metallicity 12+10g(O/H) larger than 8.0 are also in
a league of their own, where the galaxy with the highest metallicity, DDO 168 is

/
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/ﬂ,\/é«, M i T also the galaxy with the highest HI maxima, whereas DDO 133, the galaxy with
Wjﬁ/@fﬂﬁ;’(’ ’ﬂj a similarly high metallicity is also the galaxy with the lowest HI maxima of the
‘ ‘ group. Consequently, we conclude that metallicity alone cannot explain the HI to

H, transition, but there are other factors that come into play.

For low metallicity galaxies, Krumholz et al. (2011) predict that the H1 to |

H, transition takes place at 10 Mg pc?/cZ, where Z is the metallicity and c is what
they call a clumping factor ranging from 1 to 5 at resolutions of several hundred
parsecs. In an article which applies the theoretical predictions from Krumholz et al.
(2009) and Krumbholz et al. (2011) in the SMC, Leroy et al. (2011) explains that
the clumping factor ¢ can be defined as a ratio between the molecula;r complexes
and the gas surface densities.and The larger the spatial scale more the molecular
complexes become unresolved and hence the need for a Clumpmg factor larger than
one. However, Leroy et al. (2011) findg that changing the clumping parameter does

not match the effect of smoothing and explains it as due to a larger than expected

part of the H1 being locked "5:(8‘381 warm, diffuse component.

For all the galaxies 1rﬂ our sample we have calculated the H1 to H, turnover

assuming a Clurnplng factor of 1. At our linear resolution of 400 pc, a higher clurnp—
ing factor’ Wasrecommended but because the change in clumplng factor does not
match the effect of smoothing’ an;v:@y) /én(d/ because Gg;f tﬁe d;fffeul%l in- choosmg a
certain-value-over-another we left this value at 1, hoping that from our compar-
isons with the real data we could further refine this value. In the top right panel of
Fig. 4.26 in the same parameter space as a function of metallicity we plot both the
‘predlcted H1 maxima and the observed one and find a large discrepancy between
points, the only close match being DDO168. In the bottom panels of the same
Fig. 4.26 we plot the difference between the predicted and the observed maximums

against metallicity and linear resolution per arcsecond and find that the discrep-

ancy between the theoretically predlcted value and the observed one is metallicity
ok ,/ depen%' and/not concluswely dependent on resolutlon We would have expected
‘ a dependence on resolution that would have brought us back to our unorthodox

choice of clumping factor, yet we found that the lower the metallicity the higher the !

dlscrepancy between the predicted and the observed values of mammum Clearly |
o metalh(nty plays an important role in driving the H1 to H, tnﬁngver "However it
seems to act in complicity with some other hidden parameter which is neither the

clumping nor the resolution.

Using a sample of 23 dwarf galaxies, Roychowdhury et al. (2011) found that
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Figure 4.28: Left: For Cﬁhgge_ same galaxies we plot the HI maxima as a function of

the ratio of the integrated star formation rates based on Ha and on FUV. Right: For

those galaxies that have HI maxima higher then 10 M pc? we plot the HI maxima as

a function of the ratio of the integrated star formation rates based on Ha and on FUV. ’
Different colours represent different galaxies. [ g

/ NA /i

the H1 to Hy transition above the 10 Mg pc? threshold always happens in ga/laﬁfi‘és \ _,),/-,~"ﬂ"i”.\f\;\\f "
where the ratio between the SFR surface density based on Ha as a SF tracer ant_ AP
the SFR surface density based on FUV as a SF tracer is higher than 1. To test
their results in our own sample, in Fig. 4.27 we plot the SFR surface density based
on FUV vs the SFR surface density based on Ha and highlight in orange all the
points that have an HI surface density higher than 10 Mg pc?. Out of the eight
galaxies that have some orange points, in four of them(DDO 168, DDO 63, DDO 53
and DDO 75 ‘the orange points are associated with SFR(Ha) and SFR(FUV) surface
‘] densitieg ratio’of one, whereas in three of them NGC4214, DDO 50 and NGC 2366

the ratio of each orange point is above one as predicted by Roychowdhury et al.

(2011). Finally, in the case of DDO 187 the orange points have a ratio smaller than
one.

Instead of working with surface densities ratios we tested the relation with
more global vakéé/ such as integrated SFR. In the right panel of Fig. 4.28 we plot the
s - .4 ratio between the integrated SFR based on Ha and the one based on FUV against

/k M-{j the H1 maxima and find a good correlation between the two quantities. Although
/' the value of the ratio has a different value locally than globally, with the exception
of DDO 50, all other galaxies preserve their order in the plot, proving that both Ug,,ﬁ‘i, \

ratios from global values and from surface densities relate with the HI maxima.
This relationship could be explained if we view the ratio as an indicator of

_how close in time the SF episode really is and take into account that the dense H1

envelopes due-to which-the H1 ~m'axim'é['iS‘EbDVe-'-lG'M@--pc?z have short lifetimes and
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‘ . are only observable close to the time of the SF episode. Consequently, depending on
(‘ P I 5 FUV ave L“fjf “how much time has passed since the SF episode, or how close the next episode is the
-;\*\ 200N ”T” !{/%\MP HIr\naXHna will change and may not always represent the high density achieved in
M < Jv(,f’ UJCJ{ T.,M the envelope when the H1 to H, transition actually happens. This scenarlo may also
182 L, cl R explain why similar metallicity galaxies have very different H1 maximums. Adso-im-
a.CO the-right-panel of Fig.-4-28;-among-all-the galaxies plotted fhere Is a surprising out-
lier, DDO 168 the galaxy which matched so closely the theoretical predicted value
for the HI maxima does not follow the main trend, its ratio between the integrated
- EUV 1o k -r)l‘*” “:L\C( “ fSFR based on Ha and the one based on FUV is lower than what the trend would
Brom e FUN e oee 25220, 1 dict for such a high value of the HI maxima. Could it be that what sets DDO 168
Lo ik A - apart is that among all the galaxies in the sample it is the only one about to start

a new SF episode, rather than recently having gone through one?

4. 6 Multlple Components in the SF Law

e

TBD I3 *w\f R s, \f,(' s § q,u ) P79

4.7 The Correlation between SFR and the Stars

We have already established in Section 4.3 that for allethe galaxies in our sam-
ple the SFR and V-band surface densities are—iwnaa tlghtry relationship. This result
not only holds in dwarf galaxies at the higher end of our metallicity range such as
DDO 168 and DDO 133 (see previous chapter), but also holds for all galaxies in our
sample confirming the existence of the the SFR and V-band surface densities rela-
tionship at small scales (at least 400 pc resolution element). This very relationship
but at langer scale%per galaxy) has been previously established by Hunter et al.
(1998)@4ﬁunter & Elmegreen (2004). The fact that this relation holds locally as
well as globally, suggests that current stars play an active role in star formation.
Defining and understanding the exact role that stars play inte the star formation
process is a puzzle yet unsolved. As mentioned in the previous chapter, their role
might be to induce star formatlon (Doplta et al., 1985; Brinks et al., 1990; Dolphin
& Hunter 1998), ﬂowever 1t—mayo- aLl/sS e | to enable the molecular gas formation by
dr1v1ng/\t' e midplane pressure (Leroy et al., 2005).

Dlde i prsace iclia,
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To analyse this relationship better, in Fig.i- 4.29 we-change-our-perspeetive—
and- look at density contours at 10%, 25%, 50%, 75% and 90% of the pixel by pixel
: =
distribution .of :\SFR based-on FUV-only surface density vs. V-band surface density

overlaid with the radial profile of this distribution (black points with coloured cir- -

s/, cles). Each black point represents the average value from within two concentrical \\‘U h !
T g | circles at a distance of one beam size of each other and at a certain radius from "/ il
; ) ;\;\ o ‘ “the centre of the galaxy. The coloured cores of the black points are meant to help
\\\(x ;;f /4" ) the reader asses at any time the corresponding galactocentric radius each particular
/_L/,,;""v”“ point corres ondg*‘gg‘.yghe radial profiles follow the pixel by pixel distribution very

closely,"‘;{v;&;ﬁéh ‘;ﬁmﬁ'tf{aﬂccw&iﬁt%ﬁn the averaging region resulting in one black point
of the radial profile, the gontribufcipg pixels have similar values, nor to high nor to¢;
low from the average. Féi]gwiﬁgﬁééi:s%&»line--@f~t;he~ug-ht~~h—ke_inv’c~he SFR based-on
FUV-only-surface-density-vs: H £surface density relationship, the radial profiles are a
better fit to our data than any other linear or polynomial fit. Therefore in Fig. 4.30
we show é}f&le radial profiles of all the galaxies in our sample with FUV data, each |
galaxy plotted with a different colour. In this exercise we find there is reasonable

overlap between the different galaxies, but there are also galaxies such as DDO 216, I”

In the attempt to better understand the nature of this relationship between

SFR and V-band surface densities, we computed for each,;galg}gz in qur sample the
Spearman rank correlation coefficient, an indicator of vﬁeﬁé&éﬁ@t\ﬁé “dorrelation
between the two quantities readly—is- We computed these Spearman rank correlation
coefficients for SFR based on FUV and Ha and in Fig. 4.3 we compare the two sets
and find that a high degree of correlation between SFR(FUV) and V-band surface
densities does not necessarily imply a high degregiéorrelation between SFR(Ha) and
V-band surface densities. The fact that there are galaxies with high degree of corre-
. 1 lation between both SFR(FUV) and SFR(Ha) and V-band surface densities shows
il that the relationship SFR vs. V-band is not driven by similar star populations emit-
ting in both V-band and FUV. Further in Fig. 4.31 we plot separately the above

mentioned sets of correlation coefficients against quantities like metallicity, H imass

and absolute V-band magnitude and find that the degree of correlation between
SFR and V-band surface densities is independent of any of the latter mentioned
quantities. In Fig. 4.32 we plot the correlation coefficients against integrated SFR
from FUV over area, integrated SFR from Ha over area and integrated SFR/area

over 13.7\Gyr and find no depend,ﬁi‘nce on integrated SFR/area of the correlation co-
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efficients based on FUV as SF tracer and a very mild dependance with considerable
scatter of the correlation coefficients based on Ha.

Rather than looking at individual galaxies, we can also make a unique plot
where all the independent points of each galaxy contribute to a total distribution of
points. As we mentioned in Section 4.3 some of the galaxies in our subsample due to
their small size and distance from us, at 400 pc linear resolution are represented by a
small number of points‘(imder 60), therefore when plotting the total distribution of
points the small galaxies contribution would be lost in the sea of points coming from
larger galaXles To avoid this, in Fig. 4.33, we plot the density contours of a per

(‘\_}1_,b,,, ? galax@l:ced total distribution of points. Just as the misalignment of the radial
profiles was suggesting in Fig. 4.30, the bottom panels of Fig. 4.33, the shredded
density contours of the SFR vs. V-band surface densities point distribution is the
effect of the imperfect overlap of some contributing galaxies and the weighting which
forced all contributing points from all galaxies to have equal importance. We also
show in Fig. 4.33 that as a whole our subsample presents an increasing SFR surface
density and only a mildly increasing SFE with increasing stellar surface density.

We are not able to explain how are these two quantities, the SFR and V-band
surface densities exactly related and what parameter drives the higher degree of
correlation in some galaxies rather than in others. Yet we are able to confirm the
existence of this correlation at small scales and we suggest that although very close

to linear,this relationship,is best described with radial proﬁles.l
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