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The first galaxies contain stars born out of gas with little or no
metals. The lack of metals is expected to inhibit efficient gas cool-
ing and star formation1,2 but this effect has yet to be observed in
galaxies with oxygen abundance relative to hydrogen below atenth
of that of the Sun2–4. Extremely metal poor nearby galaxies may
be our best local laboratories for studying in detail the conditions
that prevailed in low metallicity galaxies at early epochs. Car-
bon Monoxide (CO) emission is unreliable as tracers of gas atlow
metallicities5–7, and while dust has been used to trace gas in low-
metallicity galaxies5,8–10, low-spatial resolution in the far-infrared
has typically led to large uncertainties9,10. Here we report spatially-
resolved infrared observations of two galaxies with oxygenabun-
dances below 10 per cent solar, and show that stars form very in-
efficiently in seven star-forming clumps of these galaxies.The star
formation efficiencies are more than ten times lower than found in
normal, metal rich galaxies today, suggesting that star formation
may have been very inefficient in the early Universe.

The two galaxies that are the focus of this study are Sextans A, a
dwarf irregular at 1.4 Mpc with oxygen abundance of 7% Solar11,12,
and ESO 146-G14, a low-surface-brightness galaxy at 22.5 Mpc with
9% solar oxygen abundance11,13. Their metallicities may be similar to
that of gas out of which Population II stars form in the early Universe
around redshift from 7 to 1214. An effective way to estimate the to-
tal gas content in extremely metal poor galaxies is to employspatially
resolved maps of the far-infrared (IR) emitting dust as tracers of the
atomic and molecular gas by multiplying with an appropriategas-to-
dust ratio (GDR) that is inferred from regions with little orno active
star formation, a methodology that has been extensively demonstrated
in relatively metal rich galaxies7,15.

The infrared observations described in this paper were carried out
at 70, 160, 250, 350 and 500µm with the Photodetector Array Camera
and Spectrometer (PACS)16 and Spectral and Photometric Imaging RE-
ceiver (SPIRE)17 onboard theHerschel Space Observatory. We com-
plement our far-IR data with mid-IR images from theSpitzer Space
Telescope to construct the full IR spectral energy distributions (SED).
Far-ultraviolet (UV) images from theGALEX Space Telescope archive
are used to trace un-obscured star formation. Maps of atomicgas are
available in the literature for Sextans A18 and ESO 146-G1419.

Figure 1 shows the multi-wavelength images of our sample galax-
ies. Based on the far-UV image we defined the star-forming disk as an
ellipse to closely follow the 10-σ (∼ 26 AB-mag/arcsec2) contour of
the far-UV emission as shown in the Fig. 1 and listed in Table 1. Indi-
vidual star-forming clumps within the disk are identified ascircled re-
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gions with elevated (> 3σ) emission relative to local disk backgrounds
in both far-UV and 160µm bands after smoothing images to 28 arcsec
resolutions. The diffuse emission is measured by subtracting the total
emission of all star-forming clumps in the disk from the integrated disk
emission. For Sextans A, we also identified several individual diffuse
regions that show extended emission in 70 and 160µm bands but with
surface brightness below 3σ of local disk backgrounds. In order to de-
rive the dust mass, including both diffuse and clumped components,
we fit the IR SED with a standard dust model20. The best-fit SEDs are
shown in Fig. 2, and derived dust masses are listed in Table 1.

With spatially resolved dust and HI maps, the total gas masses of
individual star-forming clumps can be derived by multiplying their dust
masses with the appropriate GDR based on regions with littleor no star
formation. As is usually done for nearby galaxies7,15 the GDR in the
star-forming clumps is taken as the ratio of atomic gas to dust in the
diffuse region of the disk. This works because (1) the atomicgas dom-
inates the total gas mass in the diffuse regions, and (2) the GDR is
roughly constant in star-forming disks after removing the metallicity
gradients15,21. Dwarf galaxies in general show little or no metallicity
gradients across their disks22, including Sextans A, which has a vari-
ation of less than 0.1 dex12. Table 1 lists the derived gas masses of
individual star-forming clumps corrected for inclinationbased on the
GDR of the integrated diffuse emission (GDR=1.4×104 for Sextans A
and 4,400 for ESO 146-G14). For Sextans A, three individual diffuse
regions have similar GDR’s that are only a factor of 1.5-2 lower than the
one derived from the integrated diffuse emission. Adoptingthe GDR
of 140 at the solar metallicity20, our derived GDR of diffuse regions
of two galaxies scales roughly with the metallicity as1/Z1.5−1.7. For
each star-forming clump, the star formation rate (SFR) is estimated by
combining the FUV-based (unobscured) and 24µm-based (obscured)
SFRs23. The uncertainties in the derived gas masses and SFRs are esti-
mated to be around 0.3 dex and 0.2 dex, respectively.

Figure 3 shows the distribution of seven dusty star-formingclumps
in the plane of SFR surface densities vs. total gas mass surface densi-
ties, compared to spirals and merging galaxies3,24. In sharp contrast to
deriving the gas surface density from the HI gas alone (open symbols in
the figure), when using the dust to estimate the total gas, themetal-poor
star-forming clumps appear to have significantly lower starformation
efficiencies (SFEs) compared to those found in metal-rich galaxies, or
those derived for the clumps using the HI gas alone. Four extremely
metal poor clumps in Sextans A show almost two orders of magni-
tude lower SFEs compared to spirals when measured over the similar
physical scales. This result still holds if we adopt a GDR of individ-
ual diffuse regions, which causes the gas densities only drop by 0.2-0.3
dex. For ESO 146-G14, one star-forming clump shows significantly
(100) lower SFEs and the remaining two have SFEs about a factor of
10 lower than spirals at sub-kpc scales and similar gas densities. If any
dark molecular gas is present in the diffuse region, the derived SFEs
would be even lower. For our seven metal poor clumps as a group,
the K-S test indicates a probability of only 10−4 that their SFRs have
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Figure 1 | False-color, multi-wavelength images of our sample galaxies. a, Images of Sextans A: red, the sum ofHerschel 160 and 250µm data; green, GALEX
far-UV; blue, radio 21 cm data. The star-forming disk is defined as the large circle. The small circles indicate individual dusty star-forming clumps, while small dotted
ellipses indicate individual diffuse regions.b, Images of ESO 146-G14: red, the sum of Herschel 160 and 250µm data; green, GALEX far-UV; blue, radio 21 cm data.
The disk is indicated as the large ellipse while individual star-forming clumps are shown as small circles.
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Figure 2 | Infrared SEDs of individual regions were fitted to derive dust masses:Red symbols are theSpitzer andHerschel photometric points with 1-σ error bars.
The blue solid line indicates the best-fit by the dust model20.

Table 1: The Properties Of The Sample

Region Right ascension Declination ma
∗,mb

∗ Dust mass MHI/Mdust† logΣgas
‡ logΣSFR

¶

(J2000) (J2000) (arcsec; kpc) (M⊙) (logM⊙/pc2) (logM⊙/yr/kpc2)

SextansA/disk 10:11:01.4 -04:41:25 152x152; 1.06x1.06 (9.5+1.1
−1.0

)x103 (5.7+0.6
−0.7

)x103

SextansA/sf-1 10:10:56.9 -04:40:27 22x22; 0.16x0.16 (9.9+2.5
−1.5

)x102 (1.3+0.6
−0.7

)x103 2.26+0.23
−0.22

-2.66±0.2

SextansA/sf-2 10:11:10.0 -04:41:44 22x22; 0.16x0.16 (2.+0.2
−0.2

)x103 (1.3+0.6
−0.7

)x103 2.57+0.21
−0.21

-2.77±0.2

SextansA/sf-3 10:11:06.2 -04:42:23 32x32; 0.22x0.22 (1.8+0.4
−0.3

)x103 (3.2+0.6
−0.7

)x103 2.21+0.23
−0.21

-2.32±0.2

SextansA/sf-4 10:10:55.5 -04:42:59 22x22; 0.16x0.16 (1.6+0.1
−0.1

)x103 (4.1+5.8
−6.6

)x102 2.46+0.21
−0.21

-3.19±0.2

SextansA/diff-1 10:10:53.2 -04:41:43 38x20; 0.26x0.14 (5.1+0.8
−0.5

)x102 (6.9+0.6
−0.7

)x103

SextansA/diff-2 10:11:09.2 -04:41:02 21x14; 0.15x0.10 (1.8+0.3
−0.3

)x102 (8.6+0.6
−0.7

)x103

SextansA/diff-3 10:10:54.0 -04:40:44 27x18; 0.19x0.13 (3.2+0.6
−0.3

)x102 (6.6+0.6
−0.7

)x103

SextansA/diffuse (3.1+0.3
−0.4

)x103 (1.4+0.1
−0.1

)x104

ESO146-G14/disk 22:13:01.3 -62:04:00 90x15; 9.34x1.56 (5.9+0.9
−0.5

)x105 (2.5+0.2
−0.5

)x103

ESO146-G14/sf-1 22:13:06.0 -62:03:33 10x10; 1.04x1.04 (7.5+2.1
−1.0

)x104 (1.6+0.2
−0.5

)x103 1.21+0.24
−0.22

-3.46±0.2

ESO146-G14/sf-2 22:13:02.5 -62:03:52 10x10; 1.04x1.04 (6.2+0.9
−0.8

)x104 (2.7+0.2
−0.5

)x103 1.12+0.22
−0.22

-3.26±0.2

ESO146-G14/sf-3 22:12:59.0 -62:04:14 10x10; 1.04x1.04 (2.7+0.2
−0.2

)x105 (5.+2.2
−4.7

)x102 1.77+0.21
−0.21

-3.65±0.2

ESO146-G14/diffuse (2.5+0.3
−0.3

)x105 (4.4+0.2
−0.5

)x103

∗Major and minor axis lengths are given in arcsec and kpc.
†The atomic gas to dust mass ratio. The atomic gas includes Helium by multiplying HI gas by a factor of 1.36.
‡ Surface densities of total gas masses for star-forming clumps are derived from their dust masses multiplied with gas-to-dust ratio of the integrated diffuse emission, with the inclination correction based on the defined
disk ellipse.
¶ Surface densities of SFRs are derived from the combination of IR and far-UV tracers23, with the inclination corrected based on the defined disk ellipse.
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the same distribution as the SFRs of spiral galaxies at comparable gas
densities.

As illustrated in Fig. 3, the derived dust-based gas masses of
individual clumps are much higher than the atomic gas masses, in-
dicating high molecular gas fractions. By subtracting the observed
atomic gas from the derived dust-based gas mass for our sevenstar-
forming clumps, we find that the derived molecular gas mass ison av-
erage∼ 6 times larger than the atomic gas mass. For the star-forming
clumps, the median and standard deviation of the molecular SFE is
log(SFEH2 [yr−1]))=-10.8±0.6. The corresponding molecular gas de-
pletion time in logarithm is log(τH2

dep[Gyr])=1.8±0.6. This is much
larger than the typical depletion time at sub-kpc scales of local spi-
rals or dwarfs with oxygen abundance above 20% solar which isabout
log(τH2

dep[Gyr])=0.33,4. Therefore star formation is strongly suppressed
in the clumps, whether the star formation is scaled by total gas mass or
by molecular gas mass alone.

Although models1,2,4 of metallicity regulated star formation predict
significantly reduced SFEs at our metallicities as illustrated in Fig. 3,
the gas in the models is nevertheless mainly atomic, in contrast with
our findings. The low SFE in the model is caused by a greatly reduced
formation of molecular gas on the surface of dust grains2 or possibly
tied to enhanced heating of the atomic gas4. On the other hand, if we
increase the depletion time of molecular gas in the models byan order
of magnitude to∼ 20 Gyr, the gas in the model is still mostly atomic
at our observed gas densities. Studies25 of HI dominated (by assuming
low molecular gas fractions) dwarf galaxies suggest that their SFEs are
not significantly lower than spiral galaxies. Our results extend these
previous findings to lower metallicity, and suggest high molecular gas
fractions do exist in star-forming clumps of extremely low metallicity.

The nature of this excess dust-based gas mass is still unclear. This
gas is most likely in the molecular phase as the cold HI shouldbe de-
tected by 21 cm observations. If it is cold molecular gas, there should
be associated CO emission. Extended Data Table 6 lists the predicted
CO flux for these metal poor star-forming clumps by assuming the CO-
to-H2 factor,αCO=500M⊙ pc−2 (K km s−1)−1, which is appropriate
for regions of such low metallicity. It should be noted however, that
there is large uncertainty in this value6. Region ”sf-3” in Sextans A
does indeed have mm-wave observations26. Accounting for a filling
factor of one third of dust emission in the CO beam, we estimate a
3-σ upper limit to the CO flux that is about a factor of three above
our predicted value. Therefore much deeper mm observationswould
be needed to detect the CO emission from the excess cold molecular
gas in Sextans A. It is unclear what mechanisms prevents thisabundant
molecular gas from forming new stars. It is possible that themolecular
gas does not effectively cool due to intense radiation fields, slowing the
SFRs in these environments. Warm H2 gas with surface densities as
high as 50 M⊙/pc2 is seen in some blue compact dwarfs27. Although
our two galaxies are not blue compact dwarfs, the SFR surfacedensi-
ties of the star-forming regions in our galaxies are comparable to those
found in blue compact dwarfs. This similarity suggests the possible
presence of abundant warm H2 in our two extremely metal poor galax-
ies. The Extended Data Table 6 also lists the predicted H2 S(1) 17.03
µm line flux based on the example of Mrk 99627. There is archived
Spitzer spectroscopic observations of the region “sf-3” of SextansA.
Based on the archived reduced data, after accounting for thedifference
between theSpitzer aperture and the size of our “sf-3”, the observed
H2 17.03µm flux is about 4x10−16 W/m2, a factor of two lower than
our predicted value.

The extremely metal poor galaxies may provide a close-up view of
the highly inefficient star formation occurring in galaxiesin the early
Universe where Population II stars form out of gas whose metallicity is
1/10 Solar or less14. The suppressed SFEs in extremely low metallic-
ity galaxies at early epochs may be able to reconcile some tensions be-
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Figure 3 | Seven metal poor star-forming clumps show extremely low star
formation efficiencies: Our data with 1-σ errors (filled symbols for dust-based
total gas mass while open symbols for atomic gas only), were compared to spiral
disks at sub-kpc scales3 (color contour), and integrated spiral and mergers24 (black
lines) in the plane of the SFR vs. gas surface densities. The green solid and dashed
lines represent predictions of the model2 at 8% solar metallicity and a clumping
factor of 1, and model4 at 8% solar metallicity. Dotted lines indicate constant
SFEs of, from the top to the bottom, 10−9,−10,−11,−12 yr−1.

tween observations and theoretical models for early galaxyevolution28.
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METHODS

1 Observations and data reduction
Herschel infrared images were generated through scan map modes

at 70 and 160µm with PACS, and small map modes at 250, 350, and
500 µm with SPIRE (PI: Y. Shi, PID: OT2yshi 3). The half power
beam widths at these wavelengths are about 5′′, 12′′, 20′′, 28′′ and
39′′, respectively. The mapping field size at each band is set to beat
least 1.5 times the optical sizeD25 of the galaxy whereD25 is theB-
band isophote at 25 mag arcsec−2, which is large enough to provide
blank sky for sky removal. Excluding overheads, the effective integra-
tion times per sky position in two PACS bands are 1.9 hr and 1.6hr for
Sextans A and ESO 146-G14, respectively, and in three SPIRE bands
is 6 min for the two targets. For Sextans A at 160µm, additionalHer-
schel archived data (PI: D. Hunter) with similar exposure time to ours
were further combined with our own observations. The data reduction
was performed with unimap version 5.529,30 with procedures basically
following the standard one. To better recover the extended emission,
the GLS map maker starts with the zero map and the length of median
filter for the PGLS algorithm is set to be twice the default value (=60).
Unimap is a Matlab-basedHerschel data processing software. Unimap
takes as input the level 1 pipeline data as produced byHerschel Stan-
dard Product Generator (Version 11.1.0 for this work) and identifies
signals in time ordered pixels. After removing glitch and drift, the final
maps were made with pixel scales of 1′′, 2′′, 4′′, 6′′ and 8′′ at 70, 160,
250, 350 and 500µm, respectively.

The reduced far-UV images were obtained from the GALEX data
archive hosted by the Multi-Mission archive at the Space Telescope
Science Institute. GALEX has a spatial resolution about 5′′ in the far-
UV31. The exposure times for Sextans A and ESO146-G14 are 1698
sec and 111 sec, respectively. Sextans A has reducedSpitzer images at
3.6, 4.5, 5.8, 8.0, 24, 70 and 160µm obtained by the LVL program32

available in the NASA infrared science archive. The corresponding
spatial resolutions are about 5′′×λ/24µm. For ESO146-G14, the data
at 3.6, 4.5, 5.8, 8.0 and 24µm were available in theSpitzer Heritage
Archive at theSpitzer Science Center and the archived enhanced imag-
ing products were used. TheSpitzer 70 and 160µm integrated fluxes33

of ESO 146-G14 were used to compared to our PACS measurements.

2 Infrared flux measurements
OurHerschel flux measurements start with aperture definitions fol-

lowed by sky subtractions. As shown in Extended Data Fig. 1, the aper-
ture of the star-forming disk of each galaxy is defined as an ellipse to
closely follow the 10σ contour above the sky of the far-UV image, cor-
responding to surface brightness levels of 25.9 and 26.2 magarcsec−2

(AB magnitude) for Sextans A and ESO 146-G14, respectively.The
results of this study change little if 5-σ or 20-σ contours were used to
define the disk aperture. Within each star-forming disk, star-forming
clumps are defined as circle regions showing both elevated (> 3-σ)
far-UV and IR emission at 160µm after convolving two images to
resolutions at PACS 350µm (28 arcsec). Here theσ is the standard de-
viation of pixel values within the star-forming disk. The clump radius
is listed in Extended Data Table 1. For Sextans A, we also identified
three individual diffuse regions that are below 3-σ local backgrounds
but show extended emission at 70 and 160µm resolutions. Within the
disk, IR point sources that do not have corresponding far-UVcoun-
terparts are identified as background sources rather than star-forming
regions in the disk, since none of the identified clumps has IR/far-UV
flux ratios smaller than about 0.2.

The sky annuli were defined to be between 1.1 times and 1.5
times the disk aperture. The mode of the sky pixel brightnessdistri-
bution is subtracted from the image in each case. However, since faint,
undetected background sources can make the noise distribution non-

Gaussian, we also test the validity of our results by subtracting off the
mean value of the sky after masking out bright sources in the sky an-
nuli.

In total, we derive three types of flux measurements for each re-
gion as listed in Extended Data Table 1. For the first, referred to as m1,
we use the mode of the sky brightness after masking off all potential
background sources in the disk. For the second, referred to at m2, we
again subtract off the mode of the sky distribution, but treat the sus-
pected background sources as embedded star-formation regions in the
disk. For the third, referred to as m3, we first mask out all potential
background sources, then subtract the mean of the sky pixels. All po-
tential background sources and bright sources within the sky annuli are
identified through sextractor34 with further visual checks. We use the
first flux estimates, m1, as the fiducial for the analysis presented here.

For images at each wavelength, aperture photometry was per-
formed after subtracting the sky background. The aperture corrections
were further applied at each wavelength based on the corresponding
point spread function at that wavelength. Diffuse emissionwithin the
disk is measured as the residual after subtracting the flux from all iden-
tified star-forming clumps. The result is presented in Extended Data
Table 1 where each region has three measurements detailed above, re-
ferred as m1, m2 and m3 measurements.

The flux measurements in theSpitzer band were carried out in a
similar way to theHerschel m-1 method and the result is listed in Ex-
tended Data Table 2.

3 Infrared flux uncertainty estimates
TheHerschel flux uncertainties are given by the following formula

σ = (σ2
photon,confusion×Aregion+

σ2
photon,confusion

Asky

A2
region+σ2

PSF−offset)+σ2
abs−calibration

(1)
, whereAregion andAsky are the area of target regions and sky an-
nuli, respectively. σphoton,confusion is the scatter of the sky pixel
brightness distribution. Extended Data Table 3 compares our mea-
suredσphoton,confusion to the predicted photon and confusion noises
estimated using theHerschel Observing Tool (HSPOT) for our targets.
The noise in our images is consistent with the quadratic sum of the
HSPOT photon and confusion noise to within a factor of two. The
second term in the above equation gives the scatter of the derived sky
brightness.σPSF−offset is the flux uncertainty caused by the accuracy
in positioning an aperture onto a given star-forming clump.For each
star-forming region, we estimated this by randomly offsetting the peak
of a modelled PSF to 1/2 the Nyquist sampled beam and measuring
the flux variation within the given source aperture. The finalterm is
the absolute flux calibration error taken to be 20% across allwave-
lengths based on the PACS and SPIRE instrument handbooks as well as
systematic comparisonss35–38 between PACS and MIPS measurement.
Extended Data Table 1 listed the quadratic sum of the first three errors.
The final error term is added in quadrature when doing the SED fitting
but not used in Extended Data Table 1 as it is a systematic error of the
Herschel Space Telescope. Our estimated errors are quite reasonable
compared to the expected point source flux errors from HSPOT (also
listed in Extended Table 3). Note that although in the SPIRE bands the
confusion noise is 2-3 times higher than the photon noise, this can be
mitigated by using a PACS 160-micron prior on the position39. We can
further compare our noise estimates to those from otherHerschel ob-
servations of similar depth. For example, theHerschel lensing survey40

reported a 1-σ point-source depth of 2.4 mJy at 250µm and 3.4 mJy
at 350µm for on-source exposure per sky position of 36 mins with po-
sition priors from short wavelengths, compared to our 2-4 mJy at 250
µm and 3-5 mJy at 250µm for our 6-10 mins on source exposures.

We further carried out additional checks on the measured fluxby
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comparingSpitzer andHerschel photometry. For Sextans A, we found
that individual star-forming clumps as well as the diffuse region have
70 µm Herschel fluxes consistent withSpitzer measurements within
30%. And the integrated light of Sextans A and ESO146-G14 at both
70 and 160µm are also consistent within 30% between theSpitzer and
Herschel data-sets.

To check the possibility that the diffuse emission is due to the back-
ground fluctuations or not. We randomly position the source aperture
over the observed field of view, and then compared the measured fluxes
to the quoted error of the target diffuse emission. For ESO 146-G14,
we can randomly position about 30 apertures and found that none of
them have S/N larger than 3 at bands where the diffuse emission is de-
tected. For Sextans A, the observed field of view is not large enough
for us to perform similar exercises.

4 IR SED fitting and dust mass measurements
We fit the infrared data with the dust models20 in order to estimate

the dust mass of each region. As shown above, we have three types of
flux measurements, and fit all three with the dust model. We choose
a Milky Way grain size distribution20 and fix the PAH fraction to the
minimum (the total dust mass that is in PAHsqPAH=0.47%) given the
low metallicity (the result does not change if this parameter is set free).
To further check the effect of different dust grains, for thefirst type of
flux measurements (m1), SMC and LMC dust grains that have different
grain compositions and size distributions are also explored. Overall we
thus have five dust mass measurements for each region, three of them
are for different types of flux measurements with Milky Way grains (re-
ferred as m1-MW, m2-MW, m3-MW), two are for two different grain
size distributions fitted to the first type of flux measurements (m1-SMC
and m1-LMC).

In the following we take the m1-MW as an example to illustrate
the fitting procedure. The results are plotted in Fig. 2 and listed in Ex-
tended Data Table 4. To do the fit, a 4000 K black-body spectrumwas
first added to represent the emission from stellar photospheres which
dominates at< 10 µm. The model was then left with four free pa-
rameters, including the dust mass, the minimum (Umin) and maximum
intensity (Umax) of the stellar radiation field that is responsible for heat-
ing the dust and the fraction (1-γ) of dust exposed to the minimum
starlight intensity (i.e.Umin). Similar to studies of dust emission in
spirals15, Umax was further fixed to the maximum of 106. We then
performed SED fitting with three free parameters for SextansA and
ESO 146-G14.

As listed in Extended Data Table 4, the reducedχ2 for the major-
ity of the fits have values of around unity, while sf-1, sf-2 and diff-3
of Sextans-A have reducedχ2 around 10. As shown in Fig. 2, the
160µm photometry of sf-1 and diff-3 shows large deviations from the
best fit, while 24 and 70µm photometry of sf-b deviates largely from
the best fit. Uncertainties in the derived dust mass were estimated by
performing 100 fits to each source after adding in Gaussian noise.

We also carried out simple modified black-body fitting to IR SEDs
of Sextans A and ESO 146-G14 that have enough far-IR photometric
data points. As listed in Extended Data Table 4, the dust temperature
of star-forming clumps is between 30 and 50 K while the dust inthe
diffuse region is about 30-40 K.

5 Measurements of SFR and gas mass surface den-
sities
The SFRs of star-forming clumps were measured by combining

the FUV and 24-micron data, which represent the unobscured and ob-
scured star-formation, respectively23. The derived SFRs are uniformly
assigned a 0.2 dex error to account for the systematic errorsin deriving
SFRs from UV and IR photometry (the photon noise is comparatively

small). The SFR surface density is further corrected for theinclination
based on the defined disk ellipsity. The final result is listedin Table 1.

With derived dust masses, we estimated the GDR of the diffusere-
gion as the ratio of atomic to dust mass. The GDR of the integrated
diffuse region is then applied to individual star-forming clumps to de-
rive the total gas mass and thus the gas mass surface density (Σgas).
Extended Data Table 5 lists the result for five fits that are m1-MW, m2-
MW, m3-MW, m1-SMC and m1-LMC. The associated uncertainties
of Σgas are the quadratic sum of errors of dust mass measurements,
errors of GDRs of diffuse regions contributed by uncertainties on HI
and dust mass estimates of diffuse regions, 0.2 dex for the GDR varia-
tion across the disk based on studies of spiral galaxies15. The result of
the m1-MW fit is used as a fiducial, as listed in Table 1 and shownin
Fig. 3. Our conclusions of significantly reduced SFEs in seven metal
poor star-forming clumps change little if adopting other fitting results
in Extended Data Table 5. In addition, there are some concerns that
the PACS may miss some extended emission, although this is not seen
by our comparisons toSpitzer and in investigations by others35–38. To
test this effect, we artifically increased the PACS fluxes of the diffuse
emission by 30% while keeping the SPIRE fluxes as they were, the
resulting surface densities of gas masses of star-forming clumps drop
by no more than 0.1 dex. In additiona, three individual diffuse regions
of Sextans A has similar GDR, only a factor of 1.5-2 lower thanthat
of the integrated diffuse emission, indicating that our GDRestimate is
reasonable.

We investigate if the derivedΣgas can be significantly lowered by
forcing changes in dust model parameters, specifically raising Umin

which can result in lower dust masses and hence lower gas surface
densities and higher star formation efficiencies. In the following dis-
cussion, we take the m1-MW fit as the case study. For both targets,
the best-fitUmin of all regions are relatively small. We thus keep the
best-fitUmin for the diffuse region but gradually increaseUmin of star-
forming clumps to decrease theirΣgas. We find that the star-forming
clumps in Sextans A can move into the spiral galaxy regime of Fig. 3 if
the Umin rises above 20. However, in this case the corresponding chi-
squared rises to 40-60. For star-forming clumps in ESO 146-G14, the
Umin needs to be larger than 15 to move into the spiral regime however
these fits are again poor, with chi-squared values of 10-30. Therefore
the significantly reduced SFEs of star-forming clumps in Sextans A and
ESO 146-G14 should be robust to the change in theirUmin.
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region Right ascension Declination sizes(ma,mb) f(70µm) f(160µm) f(250µm) f(350µm) f(500µm)
(J2000) (J2000) (arcsec) (mJy) (mJy) (mJy) (mJy) (mJy)

SextansA/disk 10 11 01.4 -04 41 25 152.0x152.0 636± 16 1024± 18 644± 30 308± 23 124± 18
658± 16 1098± 18 722± 30 356± 23 155± 18
605± 16 979± 18 557± 30 236± 23 78± 18

SextansA/sf-1 10 10 56.9 -04 40 27 22.5x22.5 40± 2 56± 7 55± 3 32± 3 16± 3
40± 2 56± 7 55± 3 32± 3 16± 3
39± 2 55± 7 53± 3 30± 3 14± 3

SextansA/sf-2 10 11 10.0 -04 41 44 22.5x22.5 72± 3 147± 18 111± 4 52± 4 24± 3
72± 3 147± 18 111± 4 52± 4 24± 3
71± 3 146± 18 109± 4 50± 4 22± 3

SextansA/sf-3 10 11 06.2 -04 42 23 32.3x32.0 265± 4 296± 24 164± 5 89± 4 33± 3
265± 4 296± 24 164± 5 89± 4 33± 3
264± 4 294± 24 160± 5 85± 4 30± 3

SextansA/sf-4 10 10 55.5 -04 42 59 22.5x22.5 20± 2 69± 8 62± 3 34± 3 18± 3
20± 2 69± 8 62± 3 34± 3 18± 3
20± 2 68± 8 60± 3 31± 3 16± 3

SextansA/diff-1 10 10 53.2 -04 41 43 38.0x20.0 75± 3 85± 5 47± 4 27± 3 <13
75± 3 85± 5 47± 4 27± 3 <13
74± 3 83± 5 43± 4 23± 3 <13

SextansA/diff-2 10 11 09.2 -04 41 02 21.4x14.6 30± 2 45± 6 18± 3 <10 <12
30± 2 45± 6 18± 3 <10 <12
30± 2 44± 5 16± 3 <10 <12

SextansA/diff-3 10 10 54.0 -04 40 44 27.5x18.5 44± 2 52± 5 36± 4 14± 3 <13
44± 2 52± 5 36± 4 14± 3 <13
44± 2 51± 5 33± 4 11± 3 <13

SextansA/diffuse 237± 18 453± 39 248± 33 99± 26 <69
258± 18 527± 39 326± 33 147± 26 <69
210± 18 414± 39 173± 33 <78 <69

ESO146-G14/disk 22 13 01.3 -62 04 00 90.0x15.0 110± 3 241± 5 148± 7 81± 7
110± 3 241± 5 148± 7 81± 7
110± 3 238± 5 142± 7 81± 7

ESO146-G14/sf-1 22 13 06.0 -62 03 33 10.0x10.0 28± 4 38± 6 29± 4 17± 3
28± 4 38± 6 29± 4 17± 3
28± 4 37± 6 28± 3 16± 3

ESO146-G14/sf-2 22 13 02.5 -62 03 52 10.0x10.0 36± 5 52± 8 28± 3 12± 3
36± 5 52± 8 28± 3 12± 3
36± 5 51± 8 27± 3 12± 3

ESO146-G14/sf-3 22 12 59.0 -62 04 14 10.0x10.0 15± 2 57± 9 49± 6 31± 5
15± 2 57± 9 49± 6 31± 5
15± 2 57± 8 49± 6 31± 5

ESO146-G14/diffuse 30± 8 93± 14 41± 11 <31
30± 8 93± 14 41± 11 <31
30± 8 91± 14 37± 11 <31

Extended Data Table 1| PACS and SPIRE photometry for the selected regions:For each region, we give three types of flux measurements (referred as m1, m2 and m3 in the text).
The 1-σ flux errors include photon and confusion noise, scatter of the sky brightness, and uncertainties in the flux due to mis-centering of extraction apertures. The 3-σ upper limits are
given where appropriate. The uncertainties in the absoluteflux calibration are not included here, but are added in quadrature before performing the SED fitting as described in the text.

region f(3.6µm) f(4.5µm) f(5.8µm) f(8.0µm) f(24µm)
(mJy) (mJy) (mJy) (mJy) (mJy)

SextansA/disk 255.33±0.06 157.29±0.05 108.28±0.26 59.46±0.23 28.98±3.00
SextansA/sf-1 1.67±0.01 1.05±0.01 <0.12 0.62±0.04 1.09±0.14
SextansA/sf-2 1.68±0.01 1.36±0.01 0.70±0.04 0.48±0.04 3.25±0.34
SextansA/sf-3 2.85±0.01 2.20±0.01 1.14±0.06 0.60±0.05 6.36±0.65
SextansA/sf-4 1.17±0.01 0.69±0.01 0.34±0.04 0.28±0.04 0.97±0.13
SextansA/diff-1 1.60±0.01 1.01±0.01 <0.15 0.81±0.04 2.27±0.25
SextansA/diff-2 11.96±0.01 7.43±0.01 5.83±0.03 2.81±0.03 1.11±0.13
SextansA/diff-3 0.98±0.01 0.78±0.01 <0.12 0.93±0.04 1.33±0.16
SextansA/diffuse 247.96±0.06 151.99±0.05 106.00±0.29 57.47±0.26 17.31±3.11
ESO146-G14/disk 4.67±0.01 3.05±0.02 3.00±0.08 3.00±0.08 3.87±0.66
ESO146-G14/sf-1 0.33±0.00 0.24±0.00 0.25±0.02 0.29±0.02 1.03±0.16
ESO146-G14/sf-2 0.38±0.00 0.28±0.00 0.35±0.02 0.29±0.02 1.23±0.18
ESO146-G14/sf-3 0.74±0.00 0.50±0.00 0.44±0.02 0.49±0.02 0.92±0.16
ESO146-G14/diffuse 3.22±0.01 2.03±0.02 1.96±0.08 1.92±0.08 <2.17

Extended Data Table 2| Spitzer photometry: TheSpitzer photometric measurements were performed in a similar way totheHerschel m1 method.

galaxy/band Extended Source Point Sources

σmeasured−sky σHSPOT,photon σHSPOT,confusion σHSPOT,photon σHSPOT,confusion

(MJy/sr) (MJy/sr) (MJy/sr) (mJy) (mJy)
SextansA/70µm 2.86 2.03 0.22 0.52 0.08
SextansA/160µm 1.20 0.92 0.74 0.83 1.34
SextansA/250µm 0.93 0.24 1.19 2.86 7.0
SextansA/350µm 0.49 0.11 0.67 2.38 8.2
ESO146-G14/70µm 1.82 1.53 0.20 0.60 0.08
ESO146-G14/160µm 1.10 0.99 0.74 1.33 1.33
ESO146-G14/250µm 0.75 0.24 1.18 2.86 7.0
ESO146-G14/350µm 0.46 0.11 0.67 2.38 8.1

Extended Data Table 3| Measured sky noises of our observations compared to predictions by HSPOT:HSPOT stands for theHerschel Observation planning tool.
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region Umin Umax(fixed) γ χ2/dof Mdust MHI/Mdust Tdust

(M⊙) (K)
SextansA/disk 2.0 106 0.01 1.31 (9.5+1.1

−1.0
)x103 (5.7+0.6

−0.7
)x103 33± 1

SextansA/sf-1 1.2 106 0.00 9.00 (9.9+2.5
−1.5

)x102 (1.3+0.6
−0.7

)x103 45± 7
SextansA/sf-2 1.2 106 0.00 14.41 (2.+0.2

−0.2
)x103 (1.3+0.6

−0.7
)x103 28± 2

SextansA/sf-3 4.0 106 0.00 2.87 (1.8+0.4
−0.3

)x103 (3.2+0.6
−0.7

)x103 38± 3
SextansA/sf-4 0.7 106 0.00 2.21 (1.6+0.1

−0.1
)x103 (4.1+5.8

−6.6
)x102 27± 2

SextansA/diff-1 4.0 106 0.01 2.07 (5.1+0.8
−0.5

)x102 (6.9+0.6
−0.7

)x103 40± 4
SextansA/diff-2 5.0 106 0.00 0.14 (1.8+0.3

−0.3
)x102 (8.6+0.6

−0.7
)x103 30± 8

SextansA/diff-3 4.0 106 0.01 7.20 (3.2+0.6
−0.3

)x102 (6.6+0.6
−0.7

)x103 37± 6
SextansA/diffuse 2.5 106 0.01 0.05 (3.1+0.3

−0.4
)x103 (1.4+0.1

−0.1
)x104 29± 3

ESO146-G14/disk 1.5 106 0.01 4.13 (5.9+0.9
−0.5

)x105 (2.5+0.2
−0.5

)x103 30± 1
ESO146-G14/sf-1 2.5 106 0.01 3.45 (7.5+2.1

−1.0
)x104 (1.6+0.2

−0.5
)x103 44± 12

ESO146-G14/sf-2 4.0 106 0.01 0.19 (6.2+0.9
−0.8

)x104 (2.7+0.2
−0.5

)x103 31± 5
ESO146-G14/sf-3 0.7 106 0.01 3.65 (2.7+0.2

−0.2)x105 (5.+2.2
−4.7)x102 28± 4

ESO146-G14/diffuse 0.7 106 0.12 1.77 (2.5+0.3
−0.3

)x105 (4.4+0.2
−0.5

)x103 25± 7

Extended Data Table 4| The fitting results: Key derived parameters from fitting the dust model to the m1 flux measurements of Extended Data Table 1 and 2. In addition to the
flux errors reported in Extended Data Table 1, the uncertainties in the aboslute flux calibration are added before performing the fits, as described in the text. The last column is the dust
temperature as given by modified black-body fitting.

region logΣm1−MW
gas logΣm2−MW

gas logΣm3−MW
gas logΣm1−SMC

gas logΣm1−LMC2
gas

(logM⊙/pc2) (logM⊙/pc2) (logM⊙/pc2) (logM⊙/pc2) (logM⊙/pc2)
SextansA/sf-1 2.26+0.23

−0.22 2.10+0.23
−0.22 2.39+0.24

−0.22 2.24+0.44
−0.22 2.19+0.57

−0.22

SextansA/sf-2 2.57+0.21
−0.21 2.40+0.22

−0.21 2.71+0.22
−0.22 2.62+0.22

−0.22 2.65+0.21
−0.21

SextansA/sf-3 2.21+0.23
−0.21 2.05+0.23

−0.21 2.35+0.22
−0.22 2.25+0.22

−0.21 2.31+0.22
−0.22

SextansA/sf-4 2.46+0.21
−0.21 2.30+0.21

−0.21 2.59+0.21
−0.22 2.52+0.23

−0.22 2.55+0.22
−0.22

ESO146-G14/sf-1 1.21+0.24
−0.22 1.21+0.23

−0.22 1.25+0.24
−0.22 1.14+0.23

−0.22 1.15+0.23
−0.24

ESO146-G14/sf-2 1.12+0.22
−0.22 1.12+0.23

−0.21 1.16+0.23
−0.21 1.09+0.22

−0.22 1.16+0.22
−0.24

ESO146-G14/sf-3 1.77+0.21
−0.21 1.77+0.22

−0.21 1.80+0.22
−0.21 1.82+0.22

−0.22 1.80+0.22
−0.24

Extended Data Table 5| Gas mass surface densities by models of different dust types: Gas surface densities were derived from the dust
masses that are based on IR SED fitting by dust models of Milky-Way (MW), Small Magellanic cloud (SMC) and Large Magellaniccloud
(LMC) grains.

region ICO fH2 (S(1)-17.035µm)
(K km/s) (W m−2)

SextansA/sf-1 0.33 2.0E-17
SextansA/sf-2 0.67 1.5E-16
SextansA/sf-3 0.25 6.1E-16
SextansA/sf-4 0.56 1.1E-16
ESO146-G14/sf-1 0.02 4.2E-18
ESO146-G14/sf-2 0.01 1.1E-17
ESO146-G14/sf-3 0.10 5.4E-18

Extended Data Table 6| Predicted CO and warm H2 line fluxes.
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Extended Data Figure 1| Mutli-wavelength images of two galaxies: a, Images of Sextans A in the far-UV, HI gas, 70µm, 160µm and 250µm dust emission,
respectively. The large circle is the star-forming disk, small circles are star-forming clumps while ellipses are diffuse regions.b, Images of ESO 146-G14 in the far-UV,
HI gas, 70µm, 160µm and 250µm dust emission, respectively. The large ellipse is the star-forming disk and small circles are individual star-forming clumps.
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