Cume 399, September 12, 2015, by R. Walterbos

This cume is based on the paper “ALMA Observations of 99GHz free-free and
Hod0 line emission from star formation in the centre of NGC 253", published in
MNRAS, 450, L80, 2015, by Bendo et al.

Attached is a sheet with physical constants. You may use your calculator but
not any stored formulas it may have,

Each (sub)question is worth 5 points for a total of 65 points. Expected passing
grade is around 70%.

1. Section 2 of the paper describes the data.

a. Show how the channel width of 1.5 km/s follows from the information
stated on page 2.

This follows from the frequency width of one channel compared to the central
frequency, using the Doppler formula.

b. The data includes cbservations of a flux calibrator, a band-pass
calibrator, and a phase calibrator. Describe in a few lines for each of
these what their purpose is.

A flux calibrator is necessary to calibrate the flux scale of the measurements,
the band-pass calibrator is required because they use a wide band-pass with
many channels and to remove any instrumental effects, the shape of that
band-pass needs to be calibrated to avoid spurious peaks or ripples in the
spectrum. The phase calibrator is required to ccrrect for phase errors in the
observations. Phase errors would léad to positional inaccuracies and a “dirty
beam shape” for the data that would not match the synthesized beam. If that
is the case, cleaning the data would fail and the observations would not reach
the theoretical noise levels possible.

c. What is the field of view of the ALMA array for a single pointing at a
frequency of 98 GHz? What sets the field of view? Show how to calculate
it.

The primary beam of a single dish in the array, at the frequency of
observation, sets the field of view for the array. It is equal to 1.2A/D, where D
is the diameter of a single dish.

d. The text quotes a distance of 3.44 Mpc. What does larcsec correspond
to in pc at this distance? Show the calculation.

Straightforward small angle calculation.




e. What is meant with the “reconstructed beam”? Why is it necessary?
(Hint: it is also cailed the “clean beam” and is hence related to the
CLEAN process on interferometer data.)

The data need to be cleaned to remove the effects of all the missing spacings
or baselines in the interferometer data. These produce grating rings and
missing flux. Cleaning allows for recovery of missing flux and and a cleaner
view of the actual intensity distribution. The reconstructed beam is usually the
central part of the synthesized beam. The clean beam is convolved with the
delta function “clean peaks” found in the CLEAN process, to arrive at the final

map.

f. The authors state on page 2, right column: “...we lack the uv coverage
to recover >20 arcsec structures”. What is meant with “uv coverage”?
Why are they not sensitive to structures larger than 20 arcsec? How
would we calculate the largest structure an interferometer can see?

Due to missing spacings at short baselines an interferometer cannot see
structures larger than a certain angular size. The dimension of that size is set
by the shortest baselines observed. The angular size of the largest structure is
approximately equal to A/D radians where D is the shortest baseline observed.

2. This problem deals with some of the basics of one observational tracer used
in the paper.

a. What is a recombination line? In which astrophysical situations does it
occur?

A recombination occurs when a proton or ion recombines with an electron.
This will happen continuously in ionized plasmas. The line is a bound-bound
transition following an initial free-bound capture of the electron. The electron
will cascade down to ground level in the ISM emitting various recombination
lines in the process.

b. The paper gives the frequency of the H40a line. Verify this frequency,
using the Bohr model for the Hydrogen atom. You may recall that for the
optical Ha line the wavelength is 6562.8 A. This line would be written as
“H2a"” if we were to use the equivalent notation as used for H40a. You
can use this information to figure out what the electron fevels are that
are involved in the H40q transition and the Bohr model energy level
dependence on principal quantum number n to get to the frequency of
the H40a line. ,




This Ha line is the 3 to 2 transition. The H40a line is the 41 to 40 transition.
The Bohr model states that levels are separated by 1/n? - 1/(n+1)%. This can be
used to calculate the frequency from the known Ha wavelength.

3. In section 3, the authors analyze the continuum emission. A question they
address is if the origin of the 99GHz is “thermal emission” or a combination of

emission processes.

a. Which three continuum emission processes can contribute and what do
they conclude about the origin of the 99 GHz emission? Describe the
physical process for each of the three radiation mechanisms.

This is discussed in Figure 3, so the students mostly have to read the paper
carefully. The processes are synchrotron, free-free, and dust continuum
emission.

b. If the continuum emission in the ALMA observations is mostly thermal
emission, why is it related to the H40a recombination line? | don't need
an explanation of the formula, but | would like you to explain in words
why the two emission processes are physically related.

In an HIl region the free-free emission is directly related to the recombination
line emission because both processes are controlled by electron-ion
encounters. There is some dependence on temperature but at a particular
temperature the ratio of the two emissivities is a constant.

¢. Why can the H40a line emission and the thermal continuum be used as
measurements of star formation? What is the physical connection
between star formation and this emission?

Massive stars ionize the gas, and by observing the emission from the ionized
gas we are essentially counting ionizing photons, since there is an equilibrium
between ionization and recombination. Since massive stars have short lives,
the presence of HIl regions is a measure of the current rate of massive star
formation. By extrapolating using an initial mass function over the entire range
of stellar masses we can derive a total SFR.

d. The caption for Figure 3 discusses a “modified Rayleigh-Jeans function”
for the blue line in Figure 3. If the Rayleigh Jeans function were not
modified, what would the slope have been? (Hint: “modified” refers here
to a modified Planck intensity spectrum. So if we don’t modify the Planck
spectrum, what is the slope?)

The slope would be 2, as immediately follows from the RJ approximation for a
black body (i.e. Planck) function. .
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ARSTRACT

We present Atacama Large Millimeter/submillimeter Array observations of 99.02 GHz free—
free and H40x emission from the centre of the neurby starburst galaxy NGC 253, We caleulate
electron temperatures of 37004300 K for the photoionized gus. which agrees with previous
measurements, We measure & photoionizing photon production rate of (3.2 % 0.2) x (0 &=/
and 4 star formation rate of 1.73 2 0,12 Mg yr~' within the eentral 20 x 10 arcsec. which
Full within the broad range of measurements from previous millimetre and radio observations
but which are better constrained. We also demonstrate that the dust opacities gre ~3 dox
higher than inferred from previous near-infraved data, which illustrates the benefits of using
millimetre star formation tracees in very dusty sources,

Key words: galaxies: individual: NGC 253 - galaxies: starbusst - radio continuum: galaxies =

radio lines: galaxies.

1 INTRODUCTION

The millimetre waveband contains two star formation tracers that
directly trace photoionizing light from star-forming regions while
not suffering from dust obscuration effects, making it a superior -
ternative to star formation tracers in other wavebands (see Calzetti
et al. 2009 and Murphy et al. 2011 for reviews). The continuum
emission includes free—~free emission, and while thermal dust emis-
ston is dominant at = [OOGHz and syachrotran emission is more
prominent al <30GHe, free-free emission is the domingnt emis-
sion source al 30--100 GHe (2., Peel etat, 201 1), Multiple hydrogen
recombination lines are seen at millimetre wavelengths as well, Qp-
tical and near-infrared lines are affected by dust extinetion effects,
and centimetre and metre recombination fines are affected by poten-
tial masing and collisional broadening effects, but millimetre lines
are not affected by any of these prablems (e.g, Gordon & Walmsley
1990) and are therefore more accurate tracers of star formation,
The Awcama Large Millimeterfsubmillinwter Arcay (ALMA) is
a groundbreaking millimetre und submillimetre telescope with the
capability of reaching sensitivity levels in the 30-950 GHz range
at least an order of magnitude better than other telescopes (see
Lundgren 2013 for a technical overview). ALMA is capable of
detecting free-free and recombination line emission from many
nearby infrared-luminous galaxies (Scoville & Murchikova 2013),

* E-qmuil: george bendo@manchester.se.uk

It s therefore of interest 1o use eurly ALMA observitions 1o explore
the telescope's capabilities to deteet these star formation tracers,

In this paper, we present ALMA obseevations of free-free contin-
ukm emission and H40e emission at 99.02 GHz from the centre of
NGC 253 that we use to derive star formation rates (SFRs) as well
ax the electron tempersture (7)) of the gus. In additlon, we use the
Hdller datus together with near-infrared data from Engethrachy ot al,
{1998) 10 examine the dust stenuation. Balatto et ul, (2013), Leroy
el al, (2005, and Meler et al. (2015) previpusly published anaiyses
baxed on these data, but except fora brief mention of recombination
tines in the latter paper, they focused on the meleculur gos, whereas
we will concentrate on the photoicnized gas,

Rudio and millimetre recombination lines have previously heen
detected from NGC 253 (e.g. Seaquist & Bell 1977: Mebold et at,
1980: Anantharumaiah & Coss 1996; Puxley et al, 1997; Mehan,
Anantharamaiah & Goss 2002; Mohan, Gess & Anantharamaiah
2005; Rodriguea-Rico gt al, 2006; Kepley et al, 201 1), This in-
cludes the detection of Ha0e emission by Puxley et al, (1997),
However, our analysis will focus on millimetre lines that are lexs
susceptible to masing effects than mest previous recombination line
observations, which have been at lower frequencies. Additinnatly,
maost of the continuum at the location of the H4O Line is free-free
emission, allowing us (0 use the Lne and continuum data logether
to measure 7., whereas the lower frequency duta include more N¥e
chrotrou emission. The ALMA data abse have superior spatial reso-
lutions. spectral resolutions, and sensitivities than most previously
published NGC 233 dat, This witimately serves as an exnmple of
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the future work on extragalactic star formation in aearhy galaxies
that can be done with ALMA.

2 DATA

The data were originally acquired as part of programme
2011.0.00172.8 and published by Bolatio et al. (2013). The ob-
servations covering the H40a line are from three execution hlocks
(EBs) performed on 2012 May 07, July 01, and July 02, Three lo-
cations along the major axis spaced by 25 aresec were observed,
and the total integration time per location was 29 min, Quly 14-20
antennas were operational. The spectral window covering the H40a
line was centred ut a sky frequency of 98,54 GHe, contained 3840
channels each with a width of 488 kHz (1.5 km 571, and included
both polarizations. Uranus was the flux calibrator, 12333237 was
the bandpass calibrator, and JO137—-245 was the phase calibrator,
We reprocessed the data using the Common Astronomy Soft-
ware Applications version 4.2.2, which includes » version of the
flux calibration {Butler-JPL~Horizons 2012) that is more up to date
than the one used to create the data in the ALMA wrchive. The
visibility data were provessed through steps to flug bad data and to
calibrate the phase and amplitude as a function of frequency and
time. Next, we rescaled the wplitudes of the visibility dats so that
the signal measured for 10137245 in the individual ERs matehed
the weighted average of these values, nnd thea we concatenated the
data. We produced two versions of the image cube (with and without
continuum) using 4 clean algorithm with natural weightings in an
interactive mode. Although the primary heam is 63 arcsec, we ere-
ated image cubes covering & 32 x 32 arcsec region (with 0.1 aresec
pixels) because no detectable emission is found outside this cegion,
The cubes used in the anatysis cover 4 sky frequency range be-
tween 98.80 and 99.09 GHz, and each channel in each cube covers
eight channels in the visibility data, which corresponds to 3,9 MHz
(~11.8kms"*). For display purposes, we also produced a cube thit
covered 97.64-99.44 GHz, which was the full usable range of the
spectral window containing the H40x line, with the same spatial
and spectral resolution. The full width at half-maximum (FWHM)
of the reconstructed beam is 1.9 x 1.6 arcsec; assuming a distance
of 3.44 :£ (.26 Mpc (based on the average of distances measured
by Dalcunton et al. 2009), this corresponds 1o spatial scales of
~30 pc. The flux calibration uncertainty reported in the ALMA
Technical Handbook is 5 percent (Lundgren 2013), The 98.54 Gz
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flux densities for the bandpass cabibrator (1,13 & 0.04 Jy) and the
fphuse catibrator (1.09 & (0,06 Ty} huve relative uneertainties (based
on the variations in measurements from individual EBx) that are
consistent with the Technical Handbook, although unidentified sys-
temutic amplitude calibration effeets could affect the fux densities,
Cleaned image cubes of the bandpass and phase colibraters show
= | percent variations in the flux density from chunael o channel,
snd no spectral features are seen w the position of the Ha0e line
in the vigibility date for the ealibruion sources, whieh indicates
that any line emission = | percent of the continuum emission is nat
cansed by calibration issues,

We had access 1o duta from programme 201 10000618 (BE:
Tukana) that wlso covers the Héte tine, Beeause the speetral settings
were different from programie 201 1,0.00172.8, we did not use the
data inour analysis, but we did examine the processed urebival data
fur progranyme 2011000061, 1 confirm thut the H40e emission
is detected in those data,

Hale fluxes, mean velocities (relative 1o the Solur sysiem
barycentre, and veloeity FWHM were measured in the continuum-
subtracted image eubs, and the contionum st 99.02 GHz way mes-
sured in the other imuge cube by fitting und semoving the line
emission. bnages of the continuum emission thased on all contin-
uust duta within the speciral window), the H40e Aux., and the Hd0o
mean veloeity are shown in Fig, 1, Spectra integrated over the cen-
trud 20 x [0 aresce as well uy integraied within regions eovering
the thiee brightest regions are shown in Fig, 2. Details of the mea-
surements in these regions are listed in Table 1, The uncertaintios
in the measurements incorporate the noise per channel vilues listed
in Tuble 1, but except fur the east (E) region. the sceuraey in the
continuum and Hate Buxes is primarily Hmited by the calibration
uncertinties, Most of the signal owside the 20 % 10 aresee ellipse
is detected at 3o, and we also luck the wye coverage to recover
= 20 upcsee structures.

The central suu-forming region cun be divided into three knots
that He adong the major axis of the galaxy. The central {C) and west
{W) sources are deteeted at = 10 1n both the centinuum and Hdlg
emission, The eastern source §s detected at » 10¢ 1o eontinuum
emission as well, but the peak is only detected wt the ~8e level
in HdOe emission, Although all three sources bad previously been
detected in radio continuum emission (Mohan et al, 2008; Kepley
et ul. 2011), only Ananthurumaish & Goss (1996) had previously
shown radio weombinution line emission from adl thiee sources,
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Figure 1. Images of the continuum surliee brightness, e BdOo intensity, and the Hae mewn selucity 1n the contrnl 32 < 32 arovee of NEWC 233, The
velocity, which is relative to the Solur system basycentre, is only shown for dita where the Hdlhy intensity is detected ot the 3¢ Lovel. The white eval al the
botlom right of each punel shows the FWHM of the bean. The groen regiony in the continsum i show the tatul 01 east (), centrad (€3, and west (W)
regions within which fluxes and spectr were measured. The speatraere shown in Fig. 2, wnd measused quantities pee listed in Tshle 1.
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v orthogonully 1o the pline of the galuxy. which iy eonsistent with
previeus radio recombination line ebservations (Anuntharamaiah
& Goss 1996; Redripuez-Rico et ul, 2006; Kepley et al. 201 1), This
may indicate thut material has reeently fallen into the eentral region,
that the central source comprises twe superimposed phatoionized
regions, or that the fonjzed gus Is in a superwind that i Rowing
i a direction aligned with the miner axis. It is unlikely that an
agtive galactic nucleus is present, ax the H40e line would appear
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tion. Peal et al. (2011) Indicate that mest of the globully integnled
99.02 GHz emission would be contingum. However, Redriguge-
Rico ol al. 2006) found a much smuller eontribution of fee-Jree
emission to the central 3) aresee, but they assumed that the slops of
the synchrotron emission is fixed by the 5 and 15 GHz data points.
] I we instead repent this fit but allew the slope of the synebration
- companent k& vary, as shown in Fig, 3, we lind lhaﬂ?ﬂ & {0 pereent
of the 99,02 GlHe emission is from free={ree pmissian Ve applied
this correction o the measured continuum @missi(m in the rest af
our analysis.

= ; + i~ T 1000 kms Y in width, We do not deteet any asymmetey in the line
24 : East Region : emission from the central souree ax had been reporied in some prior
 |: recombination line observations (Mohan et al, 2002; Kepley et al,
LI llU 2011} but not others, The reason for this diserepaney is unelear,
20K ' although one possihility is that the line shapes differ because the
- i lower frequency Hnes are probing less dense gus thanthe Ha(a line,
> 16kt : 3 ANALYSIS
3 4 : t + + it
s st Central Region Fordetennining the relative contribution of free~free emission o the
- 90,02 GHz continuwm, the freguency coverage of the ALMA data
a0 1 'lo by itself ix insufficient for modelling the spsatral energy distribu-

i " s " i i
y T y T T y

West Region
1ic
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Figure 2, Plots of the spectra measured in the 20 % H) aresee oltipiical M=
region (labelled oy “Toral’) and in the cust, central, and west subregions -
identified in Fig. 1. The frequencies wre rest Freguencies bused on the velog- 0.1 =
ities in Table 1. The red Hnes show mujor speeiral featres identiied using T 10 100 i
SeraraLout (htpdfwww.evnraoedw/phplsplat). The blue bar shows the g - g
noise per chunne as listed in Tuble 1, v (GHE) g
0
. . . ) Figure A 'The spovtral energy distribution of te centml M} user of 5
The same structure is also secn in the Bry imuge from Engeibricht NGe "H hased o the data from Ridpiguez-Rica et al (20063, The durk
et al. (1998}, but the source is only marginally resolved und does wray Hiney shows the function fit te Ge das, whivh comprises o syachriinm g’
not appear to show the sume peak in recombination line emission. funetion with 4 puwer-taw index thit wis allowed W vary Gshown i ved), =
The H40x emission from the central source is relatively hroad o free=free function that sales as v 1 (shown o gieend, and 2 medilied .;_.
ﬁ (with an FWHM of 191 & 4 km s~') und appears 0 be rotating Riryloigh-Jeans Tusetion fur dust that vades ax 1% thown in blue), §
Table 1. Measurements of the continuum and H-40e emission.
Region Noise 99.02 GHz Hithe Hefther Hdler Hdlke Electron SER
per Free—free flux Flux Meun FWHM  /Free-free  twemperstum®  Broe-{ree? Ml
chamnel“ density” velocity ratio®
{mdy} (mly) Gykms 1 (ks ' ks B (hms D (X2 Mgy 1 Mgy b
Total 5.2 1465+ 172 &91 080 23242 16k 10 472424 0004 3K L2006 BT L0108
East 1.3 134 & 1§ G604 2008 6 %4 R 11 480433 WHEAM 5002 0472042
Central 1.0 5R.6 2 7.0 2494028 22442 Wl E8 428420 A3004% W0 0.5 £008 0632006
West 0.9 8L AT PAAE IS Mot TEd R 42344 M0 0232003 02ez002
aThe roof mean sqware naise levels were measured on either side of the Het line at wst fregquencies thaved on ¢ = 234 ks ') of 98.880-
98.920 and 99.135-99.175 GHa (exchuding the wnidentified spectral foutire a5 95,915 GHe in (he et region). *These pumbers are based on
multiplying the measurad continuum by 0.70 3 030 1o secoum for emissian fiom sources other than {ree-{ree emizsien.
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The ratio of the H40q flux density £.{line) integrated over velocity
¥ to the free—free flux density f,.(cont) can be written as

Fo(line) dv Iy

fo{cont)

Jykms"'

.. y om0
= 5.06 x 10% : -= 1
% ergs'em? GHz K )

based on equations from Scoville & Murchikova (2013). The emis-
sivity €, varies slowly as a function of electron density n. but
varies strongly with T,. As shown in Tuble 1, we measure line-
to-continuum ratios of 42.5 in the centrul region and ~3(0 in the
east and west regions, We used these ratios and interpolated be-
tween the €, values from Storey & Huwmmer (1995) for case B
recombination and a, = 10° cm | t© caleulate T, for each of the
regions in our inalysis. The 7, values of 3700-4300 K we meu-
sure are slightly lower than the previously reported values from
Puxley et al. (1997) and Rodriguez-Rico et al. (2006), but only
by la. The T, values are also comparable with values measured
by Shaver et al. (1983) and Paladini, Davies & DeZouti (2004)
within the central ® kpe of the Milky Way, If we did not apply
the correction of £.70 to the continuum emission, the measured ¥,
would increase 10 values of 3800-7100 K, which are still consistent
with Mitky Way values. If 50 per cent of the continuum emission is
free-free, then the resulting T, fall within the implausible rnge of
2500-3000 K.

The SFR that we caleulate depends upon both 7, and the str
formation history. The presence of both photoionized gas and su-
pernovae (e.g. Lenc & Tingay 2006; Rampadarath et al. 2014) im-
ply that the star formation s continuous and has been ongoing
for =5 Myr. We used version 7.1 of the starnursr99 models
(Leitherer et al. 1999) to determine how 1o convert the number of
jonizing photons produced as a function of time () to SFR, This
version of starmmst99 incorporates wersions of the Geneva stellar
evolution tracks that include rotation, with the rotation velecities of
zero rotation and 40 per cent of the break-up velogity representing
two potential extremes (Leitherer el al, 2014). Using the average
of the results from these two versions of the Geneva tracks for
Z = 0,040 metallicity (the highest metallivity for which tracks we
available) and & Kroupa (2002) initiol mass function for a muss
range of 0.1-100Mg, we find that SFR = | Mg yr ' corre-
sponds to @ = 1.85 x 10% s ¥ after ~5 Myr of continuous star
formation.’

Given this, SFR can be calculated from either the free~free or
recombination line emission using

. N
SFR(line) =216 x 10°0 2850
Mg yr! €, erg
v D - Fo(ling) du
X ] ()
GHz  Mpe Jy kmy

The @ from the two rofation scenurios differ by a factor of ~1L8. Using
Z=0.014 metallicity (the next lower metallivity for which Geaeva tracks
are available) had o <5 percent effect on the results. Using older steflat
population models that did not inchude stellar rotation. Keanloutt {19981
reported & conversion factor that would ineregse SFR by a factor of ~2, aid
Murphy et ab. (201 |} guve 8 conversion factor that would increwse SER by
35percent.
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and
SPREoM) 109 x 10 e
Mg yr ' em s ‘
* 2 .li._i’;‘ T 03 ) : "
® Wq}mm o .g_—_« \-{‘ . £3}

GHz K Mpe )
which are adapted from Scoville & Murchikova (2013), The a4
term, which is the effective recombination coetficient Hsted by
Storey & Hummer (1995), varies by a fagtor of ~3 hetween 5000
and 15 000 K but neghgibly with electran density within the range
1P-10% cm Y The SFRs Hsted in Tuble | ure based on oy caleu-
Jated using . = 107 em . The lwo SFRs, which are mathematieally
linked through equation (1), ure limited by both the photometrie ae-
cursey and the assumptons behind the eonversion between @ and
SFR, Because we am adjusting T, bused on the ling-te-continuum
ralio, the calculated SER firom the cootinug vary by <l [ we da
not adjust the continuum emission W account for emission sources
other thun freeiree emission.

A comparison of these results to SFRs feom ultraviolet, optical,
or near-infrared duts weuld not be worthwhile, os the nuelear region
is heavily obscural a those wavelengths (ax discussed below), The
mid- aad far-infrared continuum emission lends Lo be sither poorly
resolved or saturated in most existing data, making b impossible to
calculute SFRs from dust emission on spatiad seales comparable to
the ALMA data. However, we ean compare our towl SFR {and Q.
whichis (3.2 0.2) x 10% 5" withia the central 20 x 10 areses) 1o
equivatent measurements that have been made using mlllimetre and
radio data (after rexcaling all SER and 2 10 vorrespond (& distances
of 3,44 Mpo).

Puxley et ul. (1997) obtained a distance-adjusted @ of

(704 18 x 109y from HdOw dats thar is signifieantly higher
than our ¢ of other mewsurements of @, but the line is detectad
at the ~8e level, which may indloate issueys with the reliability of
their data. Rodrfgues-Rice et al, (2006) and Kepley et al. (2011)
report @ based on lower frequeney recambination line duta that are
~3 x lower than our measurement, This could be related te sensi-
tivity issues sinee they had difficulty detecting line emisslon from
all three souress that we detected. However, these proups may be
probing primarily lower density gas in the ower frequency dats,
which would lead 1o lower estimates of @ than what we abtain with
H40e, Rampudarath ot al, (2014), in the latest 2,3 GHz anulysis of
supernova remnants in NGC 253, measure an 8FR upper limit of
49 Mg yr' 't our 8FR fulls below this limit. On et ul. (2005) meq-
sured 4 distance-adjusted SFR of 4.9 £ 0.5 Mg yr-* from 28 GHe
contintum data whieh is ~3 x higher than our vlue, but they rely
upen & formula eriginating from Condon (1992) that uses 4 conver-
sion of synchrotron emission o SFR may need to be recalibrated,
Rodriguez-Rico et al. (2006 alsa preduced an estimate of Q bused
on the contimuwm emigsion that is ~3 x lower than our value, bul
as we indicated above, they may have biased the free=free emission
eatimates to low values.

The optical recombination line emission from the eentre of
NGC 253 is heavily obscured, but Engelbracht et al. (1998) meq-
sured multiple nesrinfrared recombination lines, including Paf and
Bry, that can be compared to H40w emission 1o infer the dust at-
tepuation to the nucleus. 1f we misume that the dust funetions like
an atienunting sheet, then the dust atienuation 4; sta given infrared
wavelength A is relaied 1o the mtio of the infrared line flux {a) w

the Hdhe line fluy AH40a) by ‘. s
~ Py, 3027pm f)
A, = =10861n . 1\ FHie 4)
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The Engelbracht et al, (1998) spectroscopy data were acquired
within a 12 x 2.4 arcsec aperiure that also contains ~70 percent
of the H40x emission in our data, so we compare the Pag and
Bry fluxes from the Engelbracht et uh. (1998) spectroscopy duta
(which were the lines detected at the highest signal-to-noise levels)
to 0.7 x ourtotat H40x flux. Assuming that r, = 10° em * and using
7. = 3900 =+ 300 K from Table 1, we obtain Ay = 5.0 £ 0.2 and
Agn, = 4.2 £0.2, Thisis higher than the values of 4, = 2.00 £ 0.36
and Ay = 0.87 & 0.16 for an attenuating sheet as reported by
Engelbracht et al, (1998). The results are affected by the assumed
ne, aithough the effects are of the order of (.2 dex for a range of
10°-10% em™,

Itis likely that the attenuation was underestimated by Engelbracht
et al. (1998). In their Bry image, they do not deteet the sume centrat
peak that we detect in H40 (although this may be attributable to
a coarser spatial resolution in the Bry data). and they measure a
lower velocity dispersion than we do, implying that the emission
from the central region is beavily obscured in the infrared date,
Engelbracht et al. (1998) indicate that the dust atlenuation may
be better described by a clumpy medium, which could aftect the
attenuation results. While it is beyond the scope of this paper to
explore a more complex treatment of the attenuating medium, the
comparison of A; values based on the attenunting sheet seenario
still suggests that the attenuation measured by Engelbracht et al.
(1998) is too low by ~3 dex.

The broader implication of these result is that near-infrared re-
combination line emission is more heavily abscured in very dusty
galaxies, including starbursts tike NGC 253 us well as luminous znd
ultraluminous infrared gataxies {gulaxies with infrared luminosities
> 10" L ), than previously thought. SFRs based on near-infrared
data may be underestimated in such objects. Near-infrared recom-
bination line emission has been used to calibrate some SFR caleula-
tions based on combining ultravioletfoptical star formation tucers
with mid-infrared star formation tracers (e.g. Caleetti et ul. 2007),
While these formulae are probubly still accurste for many galaxies,
these equations may need to be recalibrated for application to more
dusty objects.

4 SUMMARY AND CONCLUSIONS

Using ALMA observations of free-free and H4lo emission
99.02 GHz from the centre of NGC 253, we obtain the following
key results,

(i) We measure T, of 3700-45300 K withia the detected regions
in the centre of the galaxy, which matches previous measurements
within NGC 253 as is consistent with the range of values seen in
the inner 8§ kpe of the Mitky Way.

(ii) Using both the continuum and line emission, we measure u @
of (3.2 0.2) x 10 s L and an SFR of 1.73 £ 0.12 Mg yr- forthe
central 20 x 10 aresee. This measurement falls within the range of
previously published millimetre and radie results, which ane incon-
sistent with each other, although our recombination line ewmission is
detected at superior sensitivity levels, and our constraints on the nl-
ative contribution of free-free emission at millimetre waveleagths
are more reliable.

(iii) The ratic of M40 emission to the nearinfrared line emission
reported by Engelbracht et al. (1998} implies that the central regicn
is ohscured by ~3dex more than originutly inferred. Given this,
near-infrared line emission should be used with cuntion to mewsure
SFR in very dusty regions ot to calibrate other SFR metrics,

This analysis represents a sample of what can potentiatly be
achieved using ALMA to measure 7, and SFR. While this analysis

MNRASIL. 450, L80-L84 (2015)

i hused on a target where millimetre and radio recombination line
cntission has been detevted before, it iv alse hased on du trom
ALMA Cycle 0 in which approximately one-third of the ALMA
antennas were operational, Data from dedicated observations using
ALMA when it is fully aperationat cun potentially uncover mil-
Hmetre recombination line emission in mote galaxies, allowing us
to probe st formation in sources where other duts are net wsable
or 1 calibrate other SFR metrics,
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