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ABSTRACT

We usePlanck HFI data combined with ancillary radio data to study the eivity index of the interstellar dust emission in the freqeyerange
100-353 GHz, or 3—-0.8 mm, in the Galactic plane. We analyseeionl = 20°—44 and|b| < 4° where the free-free emission can be estimated
from radio recombination line data. We fit the spectra at eskgtpixel with a modified blackbody model and two spectralded,Bmnm andgBer,
below and above 353 GHz respectively. We find iaf is smaller tharBrr and we detect a correlation between this low frequency pdaver
index and the dust optical depth at 353 GHzas. Bnm increases from about 1.53 in the mordfulie regions of the Galactic disk] = 3°—4°
andtsss ~ 5x 1075, to about 1.65 in the densest regions with an optical deptnart than one order of magnitude higher. We associate this
correlation with an evolution of the dust emissivity rethte the fraction of molecular gas along the line of sight.sTihanslates int@y, ~ 1.53

for a medium which is mostly atomic ad,,, ~ 1.65 when the medium is dominated by molecular gas. We find ththtthe Two-Level System
model and the emission by ferromagnetic particles can expie results if spatial variations of the component or pdalgprocesses responsible
for the flattening of the dust emission are allowed. The tesmprove our understanding of the physics of interstellzst, and lead towards a
complete model of the dust spectrum from far-infrared tdimétre wavelengths.

Key words. ISM: general — Galaxy: general — radiation mechanisms: géreadio continuum: ISM — submillimeter: ISM

1. Introduction view of the Rayleigh-Jeans regime of the thermal dust spectr

. . . . The emission at th&lanck high frequency bands (35@m—
The frequency coverage Elancl{!] Is opening new windows in 3mm) is dominated by the contribution of big grains, which
our understan_dlng of Galactic emission. This IS gspectﬂldy heated by stellar photons are in thermal equilibrium withiti
case for the high frequency data which are providing anl@“'sterstellar radiation field (ISRF). The spectral energyritistion

(SED) of big dust grains is usually approximated by a modified

* Corresponding author: M. I. R. Alvesparta.alves@ias. L
u—psud.frp ’ i e blackbody emission law of the form:

1 Planck (http://www.esa.int/Planck) is a project of the B
European Space Agency (ESA) with instruments provided loyser- | _ Al B,(v, Tq) (1)
entific consortia funded by ESA member states (in particidarlead ~ ™ VAT

countries France and Italy), with contributions from NAS4A3A) and ) )
telescope reflectors provided by a collaboration betweehd®l a sci- Wherer,, is the dust optical depth at a reference frequengy
entific consortium led and funded by Denmark. B is the spectral index of the opacity, aBdis the Planck func-
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tion, which depends on both the frequency and the dust tesapendex by more than 0.02. The free-free emission domi-
ture Ty. However, early observations by tBesmic Background nates at frequencies between 60 and 100 GHz, but there the
Explorer (COBE) indicated that the modified blackbody specether Galactic components, namely synchrotron, dust and
trum does not provide a good description of the dust SED froAME, also contribute to the total intensity. The AME is an
far-infrared (FIR) to millimetre wavelengths (Reach etl®195). additional Galactic component observed in the frequency
Later works have confirmed th@t appears to vary with fre- range 10-60GHz (e.g., Kogut et al. 1996; Leitch etal. 1997;
quency, the SED flattening in the millimetre relative to thest [de Oliveira-Costa et al.. 1997| Planck Collaboration 2011e,
single modified blackbody fit, and also varying with envirori2013a; | Planck Collaboration Int. XII._2013) which cannot
ment (Finkbeiner et al. 1999; Galliano etlal. 2005; PaladirEl. be explained by free-free, synchrotron or vibrational dust
2007; Planck Collaboration 2011c,b). Studies of dust anss emission and is thought to arise from small spinning dust
(e.g.,lAgladze et al. 1996; Boudet et lal. 2005; Coupeaud et@lains |(Draine & Lazarian__1998; Ali-Haimoud ef al._2009;
2011) have characterized the FIR and millimetre emissidalifof |Ysard & Verstraetel 2010). In a spectral decomposition of
ferent types of amorphous silicates. These showed a freguerthe four Galactic emission components along the plane,
as well as temperature, dependengg bt unlike the astronom- [Planck Collaboration (2013b) find that the AME contribution
ical results. The astrophysical interpretation of thigdliaing is is comparable to that of the free-free in the frequency range
under study, as new observations become available, and s@@e40GHz. On the other hand, and due to its steeper spectral
possible explanations have been suggested. One pogstbiit index,—1.2 < @ < —-1.7 (Davies et al. 1996; Ghosh et lal. 2012),
description of the opacity of the big grains in terms of a Twahe synchrotron emission is mostly dominant at frequeriees
Level System (TLS, Paradis et al. 2012). Alternatively, ight than a few gigahertz.
be attributed to magnetic dipole emission from a distinatne  This paper aims to characterize for the first time the dust
grain component, magnetic nano-particles (Draine & Hahslemissivity in the frequency range 100-353 GHz of thiudie
2012a). emission in the Galactic plane. For this purpose, we remuwe t
In order to study the low-frequency flattening of the dudtee-free emission contribution using the RRL data (Sedi). 3
SED in the Galactic plane, we need to take into account free-f We start by describing thielanck and ancillary data used in this
emission from the ionized gas. Free-free emission is a ipahc work in Sects[2 anl3. In Sel. 4 we present the data analysis
foreground contaminant of the Cosmic Microwave Backgrourieichniqgues, followed by the main results of the paper in.&ct
(CMB), not only at radio frequencies, where it is comparable These are further discussed and interpreted in Sect. 6yfet
other Galactic components such as synchrotron, but alsd-at rhy the conclusions in Se¢il 7.
limetre wavelengths where the thermal dust emission daesna
It becomes a major component in the Galactic plane where it is
produced by the gas ionized by recently formed massive.sta¢s Planck HFI data

All-sky maps of the freeffree emission, deriv_ed in Fhe CBOC ) 5nck (Tauber et al. | 2010;[_Planck Collaboration 2011a;
of CMB foreground studies, have been obtained directly OBy, h o llaboration I 2013) is the third-generation space
Ha measurements_(Dickinson ef al. 2003;_Finkbeiner 2003kiccion to measure the anisotropy of the CMB. It ob-
However this optical line dters from large dust absorption erved the sky in nine frequency bands coveriﬁg 28.5—

along the Galactic plane, and thus fails to provide a fe*‘abz 7GHz with high sensitivity and angular resolution
measure of the thermal emission at low Galactic latitudes. m 3224 to 433. The Low Frequency Instrument (LFI:

free-free map that includes the Galactic plane is essemi| Mandolesi et al.l 2010;_Bersanelli et al. 2010; Mennella =t al
only to correctly evaluate the CMB power spectrum at low a%011; [Planck Collaboratior Il 2013) covered the 28.4, 44.1
gular frequency, but also for Galactic star formation stsdirhe and ’704GHz bands with amplifiers cooled to 20K’ The,
WMAP satellite has provided all-sky maps at five mlcrowavE|igh Frequency Instrument (HFI{ Lamarre etal. 2010;

frequencies that have been combined to estimate the contrig;Z - 1 "HE[ Core Team 2011: Planck Collaboratioh Vi 2013)

tion of free-free, synchrotron, thermal dust and anomaiuits covered the 100 143. 217 353 545 and 857 GHz bands with

cl\rﬂolévl\z;v% emlst?lotn I(AZI\{I)IJE)Z using a maximum entropy meth lometers cooled to 0.1 K. Polarization is measured inwll b

( rr———! )- . .. the highest two bands (Leahy etlal. 2010; Rosset|et all 2010).
Another approach using hydrogen radio recombination lines |, “ihe present work we use data from tRéanck 2013

(RRLs) has been presentgd r_ecently by Alves et al. QOlQ)ZO]data release which can be obtained from Bianck Legacy

In contrast to ki these radio lines at a frequency of 1.4GHz arg civdd. We use the HFI data acquired between 13

thically thin and are not absorbed by_dust or t.he fb?dio emJ&'ugust 2009 and 27 November 2010. These are converted
ting plasma. The RRL method has_ provided the flrstdlr_ectmq%m units of thermodynamic temperature to intensity units
sure of the_dfuse free-free emission along the Galactic planw\]ysrl, Planck Collaboration IX_2013). Thelanck CMB
in the longitude rangé = 20°-44" and for latitudesb| < 4° 35 gerived with theSMICA component separation method
(Alves etal 201,2)' , , Planck Collaboration Xl 2013), has been inpainted in thia t
Free-_free emission from thermal electrons has a flat 'mﬁnssjisk of the Galaxy to reproduce the CMB signal which cannot
spectral index given by e v, where be correctly separated from the much brighter Galactic emis
sion. For this reason we derive our results using the non-CMB
- 1 (2) subtracted data, which we compare with those obtained when
10.48+ 1.5In(T¢/8000 K) - In(v/GHz) the SMICA CMB map is removed from the data. The lowest HFI

) frequency band also has the lowest angular resolution;&%.9.
with Te the electron temperaturel (Bennettetal. 1992;

Dickinson et al. | 2003). For the high-frequency range o0f2 nitp://www.sciops.esa.int/index.php?

Planck and the typical values of electron temperature, 7000 roject=planck&page=Planck_Legacy_Archive

a varies between-0.18 and-0.23. Variations in the electron 3 This region is masked out and filled with a constrained ratitin
temperature of 2000K do not change the free-free spectodlCMB anisotropies.

a =
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However we smooth thElanck data to a common resolution of 80
15, assuming Gaussian beams, to match the lower resolution of
the RRL data (Sedf._3.1). 7 2
The 100GHz data are significantly contaminated by tige
CO J=1-0 line at 115GHz and the 217GHz data by the
CO J=2-1 line at 230GHz. At 353GHz the contribution -2
of the CO J=3—-2 line is small, but not negligible com-
pared to dust emission. The CO line emission is subtracted us 40 35 30 o5
ing the Planck type 1 CO maps from the MILCA (Modified I [degree]
Independent Linear Combination Algorithm, Hurier et al1@p ] ]
bolometer solutior (Planck Collaboration Xl 2013). Teese Fig. 1. HFI 353 GHz map of the Galactic plane regios 20°—
converted from line integrated units to intensity units @ d44°, [bl < 4°, in units of MJy sr* and at 15resolution.
scribed in Planck Collaboration Xl (2013). The calibaatiun-
certainties on these maps are of 10, 2, and 5% at 100, 217, . _ S
and 353 GHz, respectively. The 100 GHz MILCA map has be&fain the peak of the thgrmal dust emission. The calitmatie
compared with ground-based data, in particularf the Dame etGErtainty for these data is 13.5 %.
(2001)*?C0O J=1-0 survey along the Galactic plane, for which
there is an overall agreement of 16/% (Planck Collaboratish X 4
2013). However, in the Galactic plane region of the present
study, both datasets agree within 25%. This discrepancy CHme aim here is to determine the power-law index of the inter-
be explained by the shifting of the CO line frequency due t&tellar dust opacity at the lowest HFI frequencies, whichdee
Doppler dfects, that is to say, the rotation of the Galactic dishy fitting the dust SED.
(Planck Collaboration X1l 2013). As mentioned in Secf] 13 appears to be frequency de-
The overall calibration uncertainties for tHélanck HFI ~pendent with a break observed at frequencies around 600 GHz,
maps are 10 % at 857 and 545 GHz, 1.2 % at 353 GHz, and 0.®% 4~ 500um (Paradis et al. 2009; Gordon et al. 2010;
at lower frequencies. These values are increased at the |éwalliano etal! 2011). Planck Collaboration (2011g) alsonitd
est frequencies due to the subtraction of the CO and free-ftbat a single modified blackbody curve accurately fits the FIR
emission. We did not subtract the zodiacal light emissiomfr spectrum of Galactic molecular clouds, but leaves largielues
the maps, because it is a negligible contribution in the Gala als at frequencies below 353 GHz. For this reason we decaled t
plane (Planck Collaboration X]\VV 20113). Moreover, the casmifit the dust SED using a modified blackbody model, but allowing
infrared background (CIB) monople was removed from all th@to vary with frequency, having = grr for v > 353 GHz and
HFI maps as described|in Planck Collaboration (2013c). B = Bmm for v < 353 GHz. Using thé’lanck HFI bands along
with the IRAS 100um data, we also solve for the other parame-
ters in Eq.[(1), namel¥4 andrsss, where we take the reference
frequency as 353 GHz for the dust optical depth.
The Planck maps at frequencies above 353 GHz contain

Along with Planck HFI we need to use ancillary data, namelynainly dust emission and also CIB emission. The CIB fluc-
RRL observations for the removal of the free-free emissiuh atuations have a power spectrum flatter than that of the inter-
IRAS data to constrain the dust temperature. All data sets &t€llar dusti(Miville-Deschénes etal. 2002; Lagache <2@07;

in HEALPix format (Gorski et al. 2005) and are smoothed to Blanck Collaboration 2011d), thus contributing mostly rag8
common resolution of 15 angular scales and producing a statistically homogenedgus s

nal. This signal only represents a significant fraction eftibtal
brightness in the most fluse high-latitude regions of the sky,
3.1. Radio Recombination Line data and thus can be neglected in the Galactic plane.
At frequencies below 353 GHz, even though most of the
ission comes from interstellar dust, both the CMB and-free
ree components also contribute to the total brightness filic-
dFations of the CMB are faint, rms of about 8R at scales of

: - A, compared to the brightest emission in the Galactic plane.
Avoidance Survey (Staveley-Smith etlal. 1996, 1998) at H& G 1 erefore, we can neglect the contribution from the CMBgain

and 15 resolution, and have an overall calibration uncertainty rms temperature is about 5% of the total emission in the th
10%. There are possible systematic biases in the free-free @) ot the Galaxy. However, at latitudiiss > 2° the CMB emis-
timate due to the assumed electron temperature: incretsng ion at 100 GHz is about 10 times that of the free-free. The ef-

adopted mean value of 6000K by 1000K would increase t cts of neglecting the CMB component at these higher tisu

brightness temperature by 19 %. There is also a 10-20 % COITEA| he investigated via simulations in SeCt.5.1, as welliaig

tion due to the conversion of antenna to brightness temperaty, . icA CMB mab i
' T p in Sec{_5]2.
(Alves etal. 2012). This correction is scale-dependents tit At |b| < 1°, the contribution of the free-free emission can be

varies vv_lth_the fraction of point source emission relativelif- as high as 20-40% to the total emission at 100 GHz, from both
fuse emission. the difuse and the individual H regions. Therefore, we need
to remove the free-free emission if we are to fit the dust spec-
3.2. IRAS data trum only with a modified blackbody model. For this purpose,
we use the free-free map estimated from the RRLs (§edt. 3.1),
We use the IRIS (Improved Reprocessing of IRAS survey) as this is currently the only direct measure of this emisgion
data at 10@m (Miville-Deschénes & L agache 2005) to conthe Galactic plane, in particular in the 2% 8° region cen-

0

Analysis

3. Ancillary data

A fully-sampled map of the free-free emission in the Gatacti,
plane regionl = 20°—44 and |b| < 4° has been de- ¢
rived by|Alves etal.|[(2012) using RRL data. These data
from the Hi Parkes All-Sky Survey and associated Zone
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for the difuse regiongrr = 1.9 + 0.2 andBmm = 1.6 + 0.2.
' These values suggest that théfase region has a flatter mil-

] limetre spectrum than the iHregion. The uncertainties on the
parameters reflect the likely mixture of dust componentaglo
the line of sight, which have a range of temperatures afidrdi
ent properties. Thg? values of the fits are 2.7 and 1.2, for the
Hu region and the diuse region respectively, witNgo; =
Similarly to the examples in Figl 2, the reduggdvalues across
the map are systematically lower than one, meaning thattthe fi
are within the uncertainties of each point. The uncertaitin
the data at frequencies of 217 GHz and above are dominated
by the calibration uncertainties, which are correlatedsethe
] channels. At these frequencies, the median value of ousfd+e

01l .., . | uals across the map is close to zero and within the overadiinc
100 1000 tainties of the data, thus indicating that the fits are a gepd r
Frequency [GHz] resentation of the data. This is not the case at 100 and 143 GHz
where the histograms of the percentage residual emiss®on ar
Fig. 2. Spectra towards the iHregion complex W42 (red) and acentred at 3% ane3 %, respectively. These values are higher
diffuse region in the Galactic plane centredlds)(= (40°5,020) than the 0.5% overall calibration uncertainty at theseufezg
(blue). The circles show the total intensity (corrected @D cies but lower than the final uncertainties once the noisérieon
emission) and the squares show the same data after sulmraddution from CMB and the uncertainties associated with free-
of the free-free contribution. All the data points are shawth and CO templates are included.
their corresponding uncertainties. The distributions of temperature and spectral indicesdfitte
for the 24 x 8° region under study are shown in Fig. 3. The
) o o ) dust temperature ranges from 16 to 24 K, with a median value of
tred on (,b) = (32°,0°). This region is shown in Fid.I1, in the 19 K. Even though we are describing the SED with only a single
Planck 353 GHz channel. The RRL map is scaled from 1.4 GHamperature whilst a range of temperatures are expected alo
to the HFI frequencies using an average intensity spectt@ the line of sight especially in the Galactic plane, the higbm-
of —0.2 (Sect[1) and then subtracted from eRtdmck map. The perature regions found here are associated withrétjions, as
RRL data are similarly used in the workiof Planck Collab@ati expected from local heating by their OB stars. Similarlyideo
(2013b) to separate theftéirent emission components in thgegions are associated with molecular clouds.
Galactic plane, and to determine the contribution of the AME The histograms ofrr andBmm are compared in Fid 3(b)
that work the radio data are scaled up by 10 % after comparisgp the whole 24 x 8° region. Thesgr distribution has a me-
with two other free-free solutions given by tRéanck fastMEM  gjan value of 1.76 and a standard deviation ¢orresponding
(Planck Collaboration 2013b) andtMAP MEM (Bennett et al. 1o the 68.3 % confidence interval) of 0.08 and thaggaf, has a
2012) component separation methods, as well as for thensasg,edian value of 1.55 withr = 0.12. This indicates that heinm
discussed in Sedf. 3.1. THastMEM and WMAP results agree gistribution is centred at a lower value and is also brodéiee
within 2% but they are about 20 % higher than the RRL solgg|ect the pixels withitb| < 1°, which represents regions with
tion. In this paper we adopt the same scaling for the RRL daig optical depthrass > 4x 1074, the correspondingeir andBmm
next section, this does not significantly change the maialt®s - - 0,08, and 1.60, = 0.06 respectively. ThBmnm values fit-
0N Bmm. ) ) . , ted outside the narrow Galactic plane afieeted by the CMB
~ We used th@DL MPFIT routine to fit the final SEDs pixel-by- which becomes brighter than the free-free and is not takien in
pixelin the 24x8° region. This routine performs weighted leastaccount in the fit. The impact of the CMB in tfigm results will
squares fitting of the data (Markwardt 2009), taking intocat®t  pe fyrther analysed in Secis.b.1 5.2.
the noise (both statistical nois_e and systematic unceigajrfor The histogram 0B in Fig.[3 does not include theffects
each spectral band. We also include a noise term from the CMBihe calibration uncertainties, namely its width onlyeaknto
fluctuations, typically 8K, which will be dominant outside the gccount the variations across the map. This is an importint p
Galactic plan_e and at the lowest frequenc!es. These UNTBEER \yhen assessing theftirence betweefipr andBmm, as given
are used to give weights to the spectral points. Colour coa®s py Fig [3. At frequencies of 353 GHz and above, where the con-
based on the local spectral index across each band weredpRyipytion of CO, free-free and CMB are negligible compared t
to bothPlanck andIRAS data during the model-fitting proceduregyst emission, the data uncertainties are dominated byraali
(Planck Collaboration X 2013). tion uncertainties. We performed Monte Carlo simulatianes-
timate this &ect ongrr and found that, in 1000 simulations,
the dispersion around an input value of 1.75 is 0.17. Thigeval
is about twice that measured from {Bigr histograms of Fid.]3.
Fig.[2 shows the spectra at the position of a complex afre+  Nevertheless, in the thin Galactic disk, this does rf#a the
gions, G24.50.0 (W42), and towards a filise region in the difference measured betwegsir andBmm. A further check on
Galactic plane centred aklf) = (40°5,0°0). The fitted mod- the quality of the SED fits and the importance of including a
els are also shown. Thdfect of subtracting the free-free emis-second spectral indegmm, is given by comparing the residuals
sion is clearly visible at 100 GHz in the spectrum of the t¢-  with those resulting from a model with a singde When only
gion (compare the circles with the squares); at frequeradiese one spectral index is fit for from 100 to 3000 GHz, the median
143 GHz this subtraction is negligible. The spectral ingioé
the Hu region areBrr = 1.9 + 0.2 andBmm = 1.7 + 0.2, while 4 Degrees of freedom (dof Npoints— Nparameter

10000.0F— )
F HIl region
Diffuse region

1000.0
100.0

10.0

Intensity [MJy sr?]

1.0}

5. Results from spectral fits
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Fig. 3. Histograms of the dust temperature (a) and dust opacitgésdb) for the 24x 8° region. The dashed lines in panel (b)
correspond to the pixels whergsz > 4 x 1074,

value of the residuals across the map is larger at all frecjgsn The uncertainty oBmm is statistical; including the system-
relative to the twg3 model. In particular, the median value of theatic uncertainties introduced by the CMB, CO and free-fara-c
residuals at 857 GHz, 11 %, is higher than the calibratioretinc ponents, which are presented in SEci] 5.1, the correlation i
tainty. We also note that, if we choose the reference freqyeh _

545 GHz, instead of 353 GHz for the break in the spectral indedm = (1.52+0.02) + (120+ 23)x 7353 ®)
the fits also result in larger residuals at all frequencies.

We tested the robustness of the fitiggh, against calibra- 5 1. Simulations

tion uncertainties in both the CO and the free-free template -, .
varying the correction of the CO and RRL contributions, &t ain order to test the robustness of our fitting procedure again
frequencies, by 10% (Seclg. 2 4nd 3.1). An under-corredﬁonpos_s't?le biases ofnm associated with the separation of_dust
either the CO or the free-free emission could in principkute €mission from CMB, free-free and CO, we apply our routine to
in a lowerBmm. However, as Figl4(a) illustratemm is essen- Simulated maps. _ .

tially insensitive to these variations. This is due to thet that The first simulated maps include dust emission and CMB.
dust is the dominant emission component at these frequencl¥/e fix Ta t0 19K, Brr to 1.75 angBmm to 1.52 across the region.

combined with the higher uncertainties of the data at 143 afg€ distribution ofrs3 is that obtained from the fit to the data.
100 GHz. We reproduce the dust maps at each frequency with a modified

) ) ) blackbody law and add them to the CMB map, reproduced from
In order to investigate the impact of the dust temperature g best-fi\ CDM model. We then apply the SED fitting routine
Bmm, We compare the results wh@g is fixed to 19K with those and recovefnn as a function of the input optical depth as shown
whenTy is allowed to vary in the SED fit. These are shown ifh Fig.[§(a). A linear fit to the points withsss > 4 x 107 gives
Fig.[4(b), where it is seen that the distributionm is unaf- g = 1,53 8x 7353 As discussed in Se€il 5, the scatter on the
fected when using a constant or varying valueTgfacross the g values forrsss < 4 x 10 is created by the CMB when this
region. component is not taken into account in the fit. Moreover, even

We find a correlation betweefinm and the optical depth though it is a minor contributor in the Galactic disk, the CMB

S P ; - also dfects the results for higher valuesgs, broadening the
7353, Which is shown in FiglJ5. We note that this relates an if¥'SO a€cts U . g .
trinsic property of the dusinm, with an extrinsic onersss. Bmm distribution arpund the mp_utv_all,!e 0f1.52 by 0.01. Thus thi
In Sect[® we will describe this empirical correlation innte result shows that if there is no intrinsic correlation betwéhese

of the type of matter rather than the quantity of matter alorf§© Parameters only a limited correlation will be detectddre
the line of sight, given byrsss. The scatter imBmm at low op- #portantly, Fig[6(a) shows that the CMB is not responsibte

tical depth values, oftb] 2 1°, is due to the CMB, as dis- the Bmm—T353 correlation derived in the previous section.

cussed above. Fakss > 4 x 104, Bmm increases in the high- We also tested our results for a possible bias introduced by
est optical depth regions, as foreshadowed by the resultsiforrect subtraction of CO and free-free emission fromusim
Fig.[2, which showed an increaseff- from the difuse to the lated dust maps produced as described above. For that we use
Hu region. A linear fit to the data, forsss > 4 x 1074, gives the MILCA CO maps (Seckl]2) aqd §ubtract 10 % of their emis-
Beom = (1.52:+ 0.01)+ (121+ 2) x 353, where we have used thesion at 100, 217, and 353 GHz. Similarly we remove 10 % of the
IDL routineregress to perform the linear regression fit, includ-RRL free-free emission from the simulated dust maps atel fr

ina onlv the errors o “We note that the errors are duencies. Such a correction steepens th_e dust.spectruma asw
m%ch Igwer than thoswem(;}nm. Moreover, the correlat%%rﬁ:ﬁi} can see from the results of Fig. 6(b). A linear fit to the points

cienfl between these two parametersfes; > 4x1074, as given givesBmm = 1.53+ 22X t3s53. This is not, however, capable of

by theMPFIT routine, varies between 0.0 and 0.1. This indicaté§Producing the much steeper slopggh, with the dust optical
that it is unlikely that the correlation observed is due ®@fitted deepth. For that to be.the case, both.the CO and RRL maps would
model. have to be systematically underestimated by 30 %.

We thus conclude that neither the uncertainty in the CO and
free-free correction of the maps nor omitting the CMB in the
spectral fits is responsible for the correlationBaf, with 7353.

5 The correlation matrix is computed from the covariance ixaitr ~ Finally, Fig.[7 shows the map ¢m, estimated using Eq.1(3),
measures the intrinsic correlation between the fit paramete which presents the same structure as the map£f On the
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Fig. 4. Comparison of the results ¢giym. (a) When the CO and free-free corrections vary by 10 %. (bghMhy is allowed to vary
in the fit and also wheiiy is fixed to a single value of 19K.

6. Towards a physical interpretation of the
millimetre dust emissivity

In this section we compare our results with predictions foum
rent dust models and interpret the empirical relation fobad
tweenBmm andrsss.

An anti-correlation betweer and T4 has been de-
] tected in previous observations in a variety of Galactic re-
] gions (Dupac et al. 2008; Désert el al. 2008; Paradis/e0al;2
1 Planck Collaboration 2011g). This seems to indicate that th
] dust opacity index decreases with temperature, even ifqfart
8 this dfect can be attributed to data noise, to the intrinsic cor-

11,31 and 61 % | relation introduced in the analysis methods, and to tentpera
1 0 ] mixing along the line of sight (Sajina et/al. 2006; Shettylet a
T T T T L T 2009b,a] Juvela & Ysard 2012b,a). Fig. 9(a) sh@ug as a

function of Ty, for all the points in the 24x 8° region. The
correlation cofficient between these two parameters, from the
Fig. 5. Bmm as a function ofrsss, for the whole region. The red MPFIT routine, is aroune-0.95 across the map. This implies that
line gives the best linear fit forsss > 4 x 1074 (see text). The the fitted model is creating an anti-correlation betwggr and
colour scale is logarithmic and it represents the densipodits. Tg. However, such a strong anti-correlation is not observed in

The three contours show the densities for a cumulated éracti19- [3(a), nor in FigLB(b), whergrr — Ty is plotted for the
of 11, 31, and 61 % of the data points, from red to yellow. thin Galactic disk|b| < 1°. Therefore, there is a real variation of

Brr across this region which decreases the anti-correlatomltr
generated by the model.

Fig.[Q(c) showsnm as a function offy, for the thin Galactic
disk, whererssz > 4 x 1074, For this region, the correlation co-
efficient betweeB,n and T4 varies between-0.05 and-0.02,
meaning that there is no significant correlation betweesehe
two parameters. The expected intrinsic anti-correlatietwieen
mm and T4 is detected outside the Galactic disk, where the

Tas5 X 107

other hand, there is no apparent correlation between the mcap(sgignal-to-noise ratio decreases due to the CMB noise term in

Bmm andTg, as it will be discussed in Sefi. 6. cluded in the data uncertainties. Thus, Fi. 9(c) indicthes
there is no evident trend gf,» with Ty, asitis also seen by com-
paring the corresponding maps in Fig. 9. We note the reader th

5.2. Using the Planck SVICA CMB map the range of temperatures that we are probing is limitedytibo
6 K, which may be due to temperature mixing along the line of

In this section we compare our results with those obtaineshwhsight and local temperature increases around the heatimgeso

the SMICA CMB map is subtracted from each channel map bgresent in the Galactic plane.

fore fitting the dust spectra with a modified blackbody. The re

sultingBmm as a function of3s3is shown in FiglB. As expected,

the scgeﬁter 0fmm at low values ofr3s3 decreasges, dueto I?he sub9-1- Dust models

traction of the CMB from the total emission, showing a tightez 1 1. Sjlicate-carbon models

correlation betweepinm, andrsss at all values of optical depth.

A linear fit to the data givemm = (1.52+0.01)+(114+1)x 1353 We start by comparing our results with the predictions of two

This result confirms that the CMB is indeed a small contritruti commonly used dust models, DLOZ (Draine &[Li 2007) and

in the Galactic disk, here measured with #BdICA solution, DustEM {Compiegne et al. 2011). In particular, we want to in

and that it does notftect the main results of the work. vestigate whether such models, with two populations ofrgrai
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Fig. 7.Maps ofmm (top), which results from the best linear fit to
the correlation with optical depth given by EQl (83ss (middle) 14 those in the Galactic plane, we generate the SEDSosal-
andTq (bottom). ues of 1, 2 and 4, whef®y is the scaling applied to the standard
ISRF ofl Mathis et al.[(1983). We then fit the spectra in the same
way as the data, namely with a modified blackbody law and two
dominating the emission at long wavelengths, can explan thpectral indicesdrir andBmm. The results are shown in Talglk 1.
flattening of the dust spectrum detected in the presentvBmth  First we note that when the radiation field is higher, the pefak
models use the same optical properties for silicates, fachvh the SED is moved to higher frequencies, where the opacityspe
the opacity scales a8, for 1 2 250um orv < 1200 GHz. For tral index of silicate grains is larger than 1.6. This canlaixpthe
the carbon grains DLO7 uses the optical properties of gtaphislight increase iBgr with Go. The results also show thétm is
with a spectral index of 2, whereas DustEM uses the labotawer thangBgr, for both models. Moreovegmm does not seem
tory measurements of amorphous carbon, for which the spézvary withGg or with Tq. We find that such models, including
tral index is 1.6. We use both models to predict the emissitwo dust components with fiierent opacities can in principle
in the photometric bands considered in this work, nanhBAS explain the flattening of the dust emission, even if fhealues
100um and HFI, taking the standard size distribution for the difecovered from their spectra are lower than those meastoed f
fuse Galactic emission. In order to reproduce conditionsenl the data.
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Fig. 9. Dust spectral indices as a function of temperatureBfg) versusTy for the whole 24 x 8° region. (b)Bgr versusTy for
points whererzss > 4 x 107*. (C) Bmm VersusTy for points wherersss > 4 x 1074, The triangle and square in panels (b) and (c)
indicate the values obtained by fitting the emissivitiedfted by the TLS model (Paradis etlal. 2011) Tgr= 17 and 25K (see
text). The colour scale is logarithmic and it representsdémsity of points. The contours show the densities for thrawtated
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Table 1.Results from a modified blackbody fit to the DLO7 andblackbody fit assumegyr = 2. We conclude that the TLS model
DustEM spectra for dierent scalings of the ISRF, given Bg¢.  predicts variations oBnm which are not apparent in the data.
We note, however, that the range of temperatures samplédueby t

DLO7 DustEM data is limited and that, if spatial variations of the TLS dimp
tude related to the degree of dust amorphization were atlpwe
Go TolK] Ber Bom  TalKI frr fom they could easily hide the temperature dependengg,@in the
1o, 21.8 1.65 1.43 20.1 158 1.48  data.
2. 241 170 143 224 162 1.47
4. ... 26.7 173 1.43 250 1.64 1.46

6.1.3. Magnetic Dipole Emission

Draine & Hensley [(2012b) have proposed a dust model in
which metallic nanoparticles can explain the excess emis-
The Two-level System (TLS, Meny etlal. 2007) model has besion at millimetre wavelengths, such as that observed in the
proposed to explain the flattening of the dust emission and 8mall Magellanic Cloud (SMC)_(Planck Collaboration 2011c;
evolution with temperature. This model consists of threetme [Draine & Hensley 2012c). According to their model the iron
anisms which describe the interaction of electromagnedices missing from the gas phase can be locked up in solid grains,
with an amorphous solid. These are temperature-dependént either as inclusions in larger grains, in which case theyaare
important in the sub-millimetre, for the range of temperasu the same temperature as théuse interstellar medium (ISM),
relevant to this work. Paradis et al. (2011) use the TLS modE| ~ 18K, or as free-flying nanoparticles, which then have a
to fit the spectrum of the ffuse Galactic emission as well ashigher temperaturely ~ 40K. The emission by these parti-
the spectra of the Archeops sourdes (Désertlet all2008)irwi cles above their resonance frequency; 15 GHz, and below
this model, the opacity spectral index decreases with &sing 353 GHz, is that of a blackbody. In order to test this model, we
temperature. We compare the emissivities predicted by TIdS &it the dust SEDs in the region under study with a modified black
given in[Paradis et all (2011) with our results for the refevabody of a single opacity indesg . Its value is determined using
photometric bands. In particular, we select two spectrth W the IRASand HFI 857, 545, and 353 GHz points and then used
of 17 and 25K, within the range of temperatures probed in the extrapolate the emission to lower frequencies. We irelad
present work. We apply our fitting routine to the TLS SEDs to rdlackbody spectrum, at the same temperatyréo represent the
coverger andBmm, which are shown in Figg] 9(b) and (c). Themetallic particles as inclusions in larger grains, whichi ac-
resultingBrr values are within the range found in this workcount for the excess emission. We find that, at 100 GHz, tiee rat
showing a small variation with temperature. However, thatgt  between the emission from the iron dust particles and tloat fr
the case foBmm. The values predicted by the TLS model are nahe modified blackbody has a median of 27 % across the 82
within the range of values found in the Galactic disk, andssho region. Fig[ID shows the results for the samead difuse re-
steep dependence with temperature. We note that the TLS emisns as in Fig. 2, for which this ratio is 35 % and 47 %, respec-
sivities used here were computed for a given set of parameteively. The contribution by the metallic particles is higtier the
derived from the best fit to the fllise Galactic emission spec-diffuse region since its SED is flatter at lower frequencies than
trum. Moreover, they are derived for a single grain, rathant that of the Hi region (Sec{J5). Draine & Hensley (2012b) show
for a grain size distribution. We could argue that the dust-te that 100 % of the iron is allowed to be in the form of nanopar-
perature estimated from the modified blackbody fit used teereticles without exceeding the observedtdse Galactic emission;
not comparable with that derived from the TLS model. Howevéheir contribution relative to that of the DLO7 model, at 1Bdz,
Paradis et al.| (2012) show that both temperatures agree upstof the same order as the value found here. Therefore, we con
about 25K. Still, we note thaky obtained from their modified clude that our results are within the range of plausible n&de

6.1.2. Two-Level System
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Fig. 10.Spectra towards the idregion complex W42 (red) and aFig. 11.The MILCA CO line intensity as a function of the dust
diffuse region in the Galactic plane centredldf)(= (40°5,0°0) Optical depthrsss, alongb = 0° in thel = 20°—44 region. The
(blue). The circles show the total intensity, with their reor lin€ represents the linear f'gto thze points, flrogn_whlchthe\m-
sponding uncertainties. The dotted lines represent thefimad Sion factorXco = 1.7 x 10°°cm? (K kms™) ™ is derived (see
blackbody model, where one single opacity spectral indéixis text).

ted toIRAS 100um and HFI 857, 545, and 353 GHz data. The

solid lines represent the emission from the metallic dusti-pa

cles (Draine & Hensley 2012b), at the same temperdigr&he the opacity in the molecular medium is twice that in the atomi
contribution by iron particles to the total emission at 10823s  gas. Hence, the conversion factor can be written as

35% and 47 % for the H and difuse regions, respectively.

co= 2N @
lco 4 7353
although suggesting a fraction of cosmic iron in magnetitipa \here 7355/Nu; = 8 x 1027cmH! (Planck Collaboration
cles lower than 100 %. 2013¢).

Fig.[11 shows the correlation between CO intensity and dust
6.2. Correlation between Bmm and T3ss optical depth. The points correspond to the data alorg0° in
thel = 20°—44 region, where we assume that the variations in
In this section we attempt to provide a phenomenologicalint the opacity along the line of sight are dominated by molecula
pretation of the empirical correlation detected betwgghand gas. A linear fit to the data, combined with Eq. (4), gives =
7353 As mentioned in Sedil 5, the dust optical depth provideslad x 10°°cm~2 (K kms™)~1. The uncertainty on this value is
measure of the quantity of matter along the line of sight,olvhi of 16 %, estimated from the scatter of the points. The fit has an
may be atomic or molecular and which has the contribution offset ofrssz ~ 2.3 x 1074 for lco = 0K kms™1, which could
both dense clumps andftlise media. We suggest that this varibe attributed to the mean contribution by the atomic medium.
ation of mm With the dust optical depth can be translated intd/e note that the MILCA CO data in this region of the Galactic
an evolution with the fraction of molecular gas along thelaf plane are about 25 % higher than the CO data from Dame et al.
sight. (2001) (Secti2). Since théco values in the literature refer to
The fraction of molecular gas is given Hy, = 2Ny,/N*.  thelDame et al. data, we scale our result by 25% which gives
The column density of molecular hydrogen can be estimat¥do = 1.7 x 10?°cm2 (K kms™1)~L. Therefore, the value found
by using the conversion factofco = Nu,/lco, Wherelco is  here using our conversion fromssz to Ny,, is consistent with
the °CO J=1-0 integrated line intensity. The Galactio the recommended value for the Galaxy given_ by Bolatto et al.
conversion factor has been estimated in a variety of ways, {2013).
cluding the use of optically thin tracers of column densitgts With an estimate oXco for the region under study, along
as dust emission, molecular and atomic lines, as well as wsth the assumption that the dust opacity in the moleculariga
ing y-ray emission| Bolatto etall (2013) givéco = 2.0 x twice that in the atomic gas, we are able to deriyg Fig.[12
10%%cm 2 (K kms ™)1, with 30% uncertainty, as the recom-shows thamn increases withfy,,, showing an evolution of the
mended value to use in Galactic studies. We can obtain an estillimetre dust emission from atomic to molecular domimiate
mate ofXco with the present data using the dust optical deptiegions. A linear fit to the data giveé&s.m = (1.53 + 0.01) +
and the CO emission provided by the MILCA map. For thg0.12 + 0.01)fy,, meaning thgBmm = 1.53 and 1.65 at low and
we need to include the opacity per unit gas column density loigh values offy,, respectively. We note that we have assumed a
the molecular gas. Dust properties are known to evolve frasmgleTq value in the SED fit, ignoring the fact thg is likely to
the difuse ISM to the higher density environment of moleculdre systematically lower in molecular clouds than in thudie
clouds due to grain coagulation, giving rise to an enhanoématomic medium|(Planck Collaboration 2011b). However, sinc
of the dust emissivityl (Stepnik etlal. 2003; Kohler etall2p T4 andBmm are anti-correlated, using a low&y in the fit would
It is a factor of 2—4 times higher than the average value in thesultin an even high@mm in molecular media. This would thus
high Galactic latitude diuse atomic ISM.(Planck Collaborationincrease the dierence in8mm between atomic and molecular
2011f,¢g; Martin et al. 2012). In the present work we assurae ttdominated regions.
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— We find that there is no apparent trend@af, with temper-
ature, as opposed R R, for which the anti-correlation has
been examined in several previous studies.

— We find thaBmm is, however, correlated with the derived dust
optical depth at 353 GHz. We interpret this correlation as an
evolution ofnm with the fraction of molecular gas along the
line of sight, f,. Within this scenariog8mm ~ 1.53 when the
medium is mostly atomic, whereas it increases to about 1.65
when the medium is predominantly molecular.

— The results oBmm are compared with predictions from two
different physical models, TLS and emission by ferromag-
netic grains, which have been suggested to explain the flat-
tening of the dust emission observed at long wavelengths.
We find that both models can in principle explain the results.
The same applies to the standard, two dust component mod-
els, such as DLO7 and DustEM.

These results are important for understanding the dustemis

1At sion from FIR to millimetre wavelengths. They are key for
0.2 0.4 0.6 0.8 1.0 Galactic component separation, in particular for detemmgithe
Jua spectral shape of the AME at high frequencies. Knowledge of

the dust spectrum is also critical for estimates of the free-
Fig.12. Bmm as a function offy,, the fraction of molecular emission from microwave CMB data.

gas ann_g the Im_e Of_ Slght. chte that the points 4C0rre3poﬂg<nowledgenmts We acknowledge the use of tHEALPix (Gorski et al.
to the th|.n Galactic d|5|§lb| S 1°ortass > 4 X 1q . Here [2005) package anéRAS data. The Planck Collaboration acknowledges the
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