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ABSTRACT

Using precise full-sky observations frdahanck, and applying several methods of component separation, we identify and characterize the emissio
from the Galactic “haze” at microwave wavelengths. The haze is a distinct componefiiitsédsalactic emission, roughly centered on the Galactic
centre, and extends fig ~ 35° in Galactic latitude andl| ~ 15° in longitude. By combining th&lanck data with observations from th&flkinson
Microwave Anisotropy Probe we are able to determine the spectrum of this emission to high accuracy, unhindered by the large systematic bias
present in previous analyses. The derived spectrum is consistent with power-law emission with a spectralHad#x00.05, thus excluding
free-free emission as the source and instead favouring hard-spectrum synchrotron radiation from an electron population with a spectrum (nur
density per energydN/dE « E~21. At Galactic latitudegb| < 30°, the microwave haze morphology is consistent with that oFteni gamma-ray
“haze” or “bubbles,” indicating that we have a multi-wavelength view of a distinct component of our Galaxy. Given both the very hard spectru
and the extended nature of the emission, it is highly unlikely that the haze electrons result from supernova shocks in the Galactic disk. Instes
new mechanism for cosmic-ray acceleration in the centre of our Galaxy is implied.

Key words. Galaxy: nucleus — ISM: structure — ISM: bubbles — radio continuum: ISM

1. Introduction spinning dust emission from rapidly rotating tiny dust ggsain

o ) ) (Draine & Lazarian 1998h; de Oliveira-Costa etal. 2002
The initial data release from th@Mlkinson Microwave Finkpeiner etal. 2004Hinshaw et al. 2007Boughn & Pober
Anisotropy Probe (WMAP) revolutionised our understandlng of2007’ Dobler & Finkbeiner 2008pDobler et al. 2009 were
both cosmologygpergel et al. 20Q3nd the physical processesnore surprising. But perhaps most mysterious was a “haze” of
at work in the interstellar medium (ISM) of our own Galaxyemission discovered bfinkbeiner (20043 that was centred
(Bennettetal. 2003 Some of the processes observed weg, the Galactic centre (GC), appeared roughly spherically
expected, such as the thermal emission from dust grains, fr@gémmetric in profile, fell & roughly as the inverse distance
free emission (or thermal bremss_trahlung) from elegtoon fom the GC, and was of unknown origin. This haze was
scattering, and synchrotron emission due to shock-accelera(gﬁgma"y characterised as free-free emission Eipkbeiner
electrons interacting with t_he Galactic ma_gnetic fie_ld. Q'ghergzoo‘la due to its apparently very hard spectrum, although it
such as the anomalous microwave emission now identified\@gs not appreciated at the time how significant the systematic
uncertainty in the measured spectrum was.

* Corresponding author: K. M. Gorski, e-mail:
krzysztof.m.gorski@jpl.nasa.gov


http://arxiv.org/abs/1208.5483v1
krzysztof.m.gorski@jpl.nasa.gov
http://arxiv.org/pdf/1208.5483v1.pdf

Planck Collaboration: Detection of the Galactic haze Witinck

An analysis of the 3-year WMAP data by such apolarised signalis not likely to be seen WiAP given
Dobler & Finkbeiner (2008a hereafter DFO08) identified athe noise in the data.
source of systematic uncertainty in the determination of the With the Planck data, we now have the ability not only to
haze spectrum that remains the key to determining the origirovide evidence for the existence of the microwave haze with
of the emission. This uncertainty is due to residual foregrounds independent experiment, but also to eliminate the uncertainty
contaminating the cosmic microwave background (CMB) radi the spectrum of the emission which has hindered both obser-
ation estimate used in the analysis, and arises as a consequeatienal and theoretical studies for nearly a decade. In Saa.
of chance morphological correlations between the CMB and thescribe thePlanck data as well as some external templates we
haze itself. Nevertheless, the spectrum was found to be both sige in our analysis. In Se@&we describe the two mosffective
nificantly softer than free-free emission, and also significanttomponent separation techniques for studying the haze emission
harder than the synchrotron emission observed elsewhere inithiemperature. In Sect.we discuss our results on the morphol-
Galaxy as traced by the low-frequency synchrotron measuogy and spectrum of the haze, before summarising in Sect.
ments ofHaslam et al.(1982 (see alsoReich & Reich 1988
Davies et al. 1996Kogut et al. 2007 Strong et al. 201;1Kogut
2012. Finally, it was noted that this systematic uncertaint®. Planck data and templates

could be almost completely eliminated with data from th . )
D e Sinalel il etz 1o CM%anck (Tauber et al. 201CPlanck Collaboration | 209 the

signal that were significantly less contaminated by Galactl ird genelration space mission to measure the anisotropy of .the
foregrounds cosmic microwave background (CMB). It observes the sky in

Th hrot t fthe mi h b tnine frequency bands covering 30—857 GHz with high sensitiv-
€ synchrolron hatre ot the rmicrowave haze was subs ﬁrg'and angular resolution from 310 5. The Low Frequency
I

tially supported by the discovery of a gamma-ray counterpart . : ) ; .

. e . . strument (LFI;Mandolesi et al. 201,0Bersanelli et al. 201,0
this emission bybobler et al (2019 using data from théermi Mennella et al. 201)icovers the 30, 44, and 70 GHz bands with
amplifiers cooled to 20 K. The High Frequency Instrument (HFI;

; . . O 3marre et al. 20L0Planck HFI Core Team 201)laovers the
with the same spectrum and amplitude as would yield the Moo, 143. 217. 353. 545 and 857 GHz bands with bolome-

crowave haze aMAP wavelengths. Further work bgu etal. oo coojed to 0.1K. Polarisation is measured in all but the
(2019 shovyed that theFerm hazg appeare:j to have Sharl?ﬂghest two bandsLgahy etal. 2010Rosset et al. 2030 A
edges and it was Te”@med thléef‘m|_bub_bles. Su.bsequeml.y’.combination of radiative cooling and three mechanical cool-
there has been significant theoretical interest in determlmtg‘g5 produces the temperatures needed for the detectors and op-
the origin of the very hard spectrum of progenitor electronﬁcs (Planck Collaboration 11 2001 Two data processing centres

Suggestions include enhanced supermnova réesrgann et al. DPCs) check and calibrate the data and make maps of the sk
2010, a Galactic wind Crocker & Aharonian 201)1 a jet gen- EPIancI)< HFI Core Team 2011Zaccheietal. 2011 Prl)anck’s g

erated by accretion onto the central black h@ki6 & Mathews P - :

i S sensitivity, angular resolution, and frequency coverage make it a
201,[.1 IGU(.) e:hal. (230|1)1 ?ndhC(I);nEL)hll_atlonzgfoiazl_'( matter gD'IVD powerful instrument for galactic and extragalactic astrophysics
286;3 E.S in IeZOz]i. a(E:DICbI a t(nl 2%'282_' b oo;r)]_elre ah as well as cosmology. Early astrophysics results are given in

, Lin etal. 2010 Dobler et al. 201)L However, while each p|, .0\ collaboration VII-XXVI 2011, based on data taken be-
of these scenarios can reproduce some of the properties Oftmgen 13 August 2009 and 7 June 2010. Intermediate astro-
hazgbubbles well, none can completely match all of the Otb'hysics results are now being presented in a series of papers

served characteristi_c@()bler 2_01_2_' . . based on data taken between 13 August 2009 and 27 November
Moreover, despite the significant observational evidencgyg.
there have been suggestions in the literature thaF the Mi- \ye take both th8MAP andPlanck bandpasses into account
crowave haze is either an artefact of the analysis proGgnen defining our central frequencies. However, throughout we
dure Mertsch & Sarkar 2010or not synchrotron emission refer 1o the bands by the conventional labels of 23, 33, 41, 61,
(Gold etal. 201} The former conclusion was initially sSUp-5n4 94 GHz foMMAP and 30. 44. 70. 100 143, 217, 353, 545,
ported by alternative analyses of tN&VAP data that found 54 g57 GHz foPlanck; the central frequencies are 22.8, 33.2,
no evidence of the hazee(ksen etal. 2006Dickinsonetal. 41 0 g1.4. and 94.0GHz. and 28.5. 44.1 70.3, 100.0, 143.0,
2009. However, more recentli?ietrobon et al(2019 showed 517 o 353.0, 545.0, and 857.0 GHz respectively. In each case,
that these analyses, while extremeljeetive at cleaning the {he central frequency represents the convolution of the bandpass
CMB of foregrounds and identifying Ilkely. contaminants o sponse with a CMB spectrum and so corresponds to the ef-
a known morphology (e.g., a low-level residual cosmologicgl e frequency for emission with that spectrum. For emission
dipole), typically cannot separate the haze emission from a oW, gifferent spectra, theffiective frequency is slightly shifted,

frequency combination of free-free, spinning dust, and Softy; the gfects are at the few percent level and do not significantly
synchrotron radiation. The argument@®bld et al.(201] that ,gect our conclusions.

the microwave haze is not synchrotron emission was based ong analysis also requires the use of external templates to

the lack of detection of a polarised component. This criticisp, ; fea ; i
X phologically trace emission mechanisms within fthanck
was addressed bpobler (2012 who showed that, even if the 44i5 * All the data are available in the HEALPixscheme

emission is not depolarised by turbulence in the magnetic ﬁe'(é(’)rski et al. 2005 In each case, we use maps smoothedto 1
angular resolution.

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci- o ]
entific consortia funded by ESA member states (in particular the leA@ermal and spinning dust For a template of the combined
countries France and Italy), with contributions from NASA (USA) andhermal and spinning dust emission, we use the  #00all-
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark. 2 see httpf/healpix.jpl.nasa.gov
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sky map fromSchlegel et al.(1998 evaluated at the appro-Mask As noted above, thefiect of dust extinction requires

priate Planck and WMAP frequencies using Model 8 from careful treatment of the ddlmap when using it as a tracer of free-

Finkbeiner et al(1999 FDS99). This is a diiciently good esti- free emission. Therefore, we mask out all regions where dust ex-

mate of the thermal emission for our purposes, although it is iiaction at Hr wavelengths is greater than 1 mag. We also mask

portant to note that the morphological correlation between theut all point sources in th#VMAP and Planck ERCSC (30—

mal and spinning dust is not well known. 143 GHz) catalogs. Several larger-scale features where our tem-
plates are likely to fail are also masked: the LMC, SMC, M31,

Free-free The free-free template adopted in our analysis is tn(_%rlon—Barnard sLoop, NGC 5128, agdph. Finally, since the

: ; ~Ha to free-free ratio is a function of gas temperature, we mask
Ha map assgmbled biyinkbeiner(2003° from three surveys: pixels with Hx intensity greater than 10 rayleigh to minimise the
the Wisconsin @ Mapper Haffner etal. 2008 the Southe_rn bias due to strong spatial fluctuations in gas temperatures. This
Ha Sky Survey Atlas Gaustad et al. 20Q1and the Virginia mask covers 32% of the sky and is shown in Big.
Tech Spectral-Line SurveyDgnnison et al. 1998 The map is
corrected for line-of-sight dust absorption assuming uniform
mixing between gas and dust, although we mask some regi%r.‘%omponent separation methods
based on the predicted total dust extinction where the correction
to the Hr emission is deemed unreliable. In this paper, we apply two methods for separating the Galactic

emission components in th&anck data. The first one, used in

. h . L ith the original WMAP haze analyses, is a simple regression tech-
Soft Synchrotron Since synchrotron intensity rises wit de'nique in which the templates described in the previous section
creasing frequency, the 408 MHz full-sky radio continuum m

. ke fit directly to the data. This “template fitting” method is
(Haslam et al. 1982rovides a reasonable tracer of the soft Syngatively simple to implement and its results are easy to inter-
chrotron emission. While there is a very small contribution frorg e ' Fyrthermore, the noise characteristics are well understood
free-free emission to the observed intensity, particularly in e,y 5qditional components not represented by the templates are
Galactic plane, the bulk of the emission traces synchrotron {2z jly identifiable in residual maps. The second technique, a
diation frpm supernova shock-accel_erated electrons_ _that hdverful power-spectrum estimation and component-separation
had sificient time to dffuse from their source. In addition, asyethod hased on Gibbs sampling, uses a Bayesian approach and
pointed out bybobler(2012), the propagation length for cosmic-compines pixel-by-pixel spectral fits with template amplitudes.
ray electrons in the disk is energy-dependent and therefore fygq o the significant advantages of this approach is that, rather

408 MHz map (which is dominated by synchrotron emissigfan a5suming an estimate for the CMB anisotropy, a CMB map
from lower energy electrons compared to the situation at 26

N ; generated via joint sampling of the foreground parameters and
100 GHz) will be more spatially extended than the synchrotrilg ot cosmological anisotropies; this should reduce the bias in
atPlanck frequencies (seklertsch & Sarkar 2000 This canre- 4 inferred foreground spectra.

sult in a disk-like residual when using the 408 MHz map as a

tracer of synchrotron at higher frequencies that could be con-

fused with the haze emission. We use an elliptical Gaussian d&ki. Template fitting

template ¢ = 20° ando, = 5°) for this residual, though in
practice this results in only a very small correction to our resultt

which use a larger mask th&wobler(2012 (see below).

he rationale behind the simple template fitting technique is
at there are only a few physical mechanisms in the interstel-
lar medium that generate emission at microwave wavelengths,
and these emission mechanisms are morphologically traced by
The Haze Although a measurement of the precise morphologyaps at other frequencies at which they dominate. We fol-
of the microwave haze is to be determined, an estimate of floev the linear regression formalism dfinkbeiner (20043,
morphology is necessary to reduce bias in template fits for tBebler & Finkbeinen20083, andDobler (2012 and solve the
following reason: when using templates to separate foregrounasation

the amplitudes of the other templates may be biased to com-

pensate for the haze emission present in the data unless antap= & - P, (1)
propriate haze template is used to approximate the emission. , i )

Following Dobler(2012, we use an elliptical Gaussian templatd¥/hered, is a data map at frequeneyP is a matrix of the tem-
with o = 15° ando, = 25°. Note that a map of thEerm plates deflned in Se@, anda, is the vector of scaling z_impll- .
gamma-ray hazbubbles cannot be used to trace the emissi(SHdeS_for FhIS set of templates. The least-squares solution to this
for two reasons. First, as pointed out Bpbler etal.(2017), €duationis

the morphology of the gamma-ray emission is uncertain at low

_ Tn—1pyv-1/pDTpn-1
latitudes. Second, the synchrotron morphology depends sef®i= (P'N;P)(P'N;"d,), 2)

tively on the magnetic field while the gamma-ray morphology, ; ; ; ;
. AR . ereN, is the noise covariance matrix at frequencyn prac-
depends on the interstellar radiation field. Therefore, while tle v g b

. - c . Ee, for our template fits we use the mean noise per band (i.e.,
same cosmic-ray pppulatlon is clea_rly responsible for both, t setN, = (N,) for all pixels), which is appropriate in the
detailed morphologies are not identi¢al.

limit where the dominant uncertainty is how well the templates
trace the foregrounds, as is the case here. To the extent that the

have a strong impact on results. We have repeated our analysis usingf%plat?s morphologlpally matCh.the actual foregrounds, the so-
Dickinson et al(2003 Ha map and find dierences at the few percent’utions &, for templatei as a function of frequency represent a
level that are not spatially correlated with haze emission. reasonable estimate of the spectrum over the fitted pixels.

4 We have performed our fits using the uniform “bubbles” template There are two important features of this approach to template
given in Su et al.(2010 and the morphology of the haze excess (sdéting that must be addressed. First, there is an implicit assump-
Sect.4) is not significantly changed. tion that the spectrum of a given template-correlated emission

8 Our specific choice of thEinkbeiner(2003 Ha template does not
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mechanism does not vary across the region of interest, and sSeable 1. Regions used for the multi-region (RG) template fits.
ond, an estimate for the CMB must be pre-subtracted from the
data. The former can be validated by inspecting a map of the

residuals which can reveal where this assumption fails, and as Region Sky Coverage
a consequence of which the sky can easily be subdivided into 1 125 <1 <-10& -30 <b<O
regions that can be fitted independently. The latter involves the 2 -104 <1<-80 -3 <b<0
complication that no CMB estimate is completely clean of the 3 -125 <1<-10&# 0 <b<3C
foregrounds to be measured, which thereore introduces a bias 4 104 <1 <-80° 0°<b<30
(with the same spectrum as the CMB) in the inferred foreground 2 37 <l <4z 0°<b<90
spectra. As shown bpFO08 this bias becomes increasingly large 6 —80 <1< -25 —30 <b< 0:
with frequency and renders an exact measurement of the haze ! 70 <1<180 —90° <b< Oo

- . . N R 8 12 <1 <70 -9 <b<0
spectrum impossible WltIWI\/IAP.alor)e. This “CMB bias” is 9 Unmasked pixels outside regions 1-8 &nd 0
the dominant source of uncertainty in all foreground analyses. 1g Unmasked pixels outside regions 1-8 ans 0

However,DF08 also pointed out that, because the haze spec-
trum falls with frequency, the high-frequency data fréhanck

can be used to generate a CMB estimate that is nearly completely
free from haze emission. Thus, pre-subtraction of this estimate Jewell et al. (20049 and Wandelt et al. (2004 first dis-
should result in an essentially unbiased estimate of the hazessed the application of Gibbs sampling algorithms (a vari-
spectrum. The CMB estimate that we use consists dflaritk ant of MCMC sampling) in this context. These algorithms
HFI internal linear combination” (PILC) map, formed from ahave been further improveé&(iksen et al. 20040’Dwyer et al.
minimum-variance linear combination of tiRtanck HFI 143— 2004 Eriksen et al. 2007Chu et al. 2005 Jewell et al. 2009
545 GHz data after pre-subtraction of the thermal dust modelRéidjord et al. 2009Larson et al. 200)7and packaged into the
FDS99at each frequencyDefining p, and t, to be thePlanck Commander code.

maps and=DS99 prediction (respectively) at frequeney the Gibbs sampling is particularly suitable for component sep-

PILC in AT¢wms is given by aration since it samples from the conditional distribution along
perpendicular directions in parameter space, updating the dis-

PILC = 1.39x (p143 - t143) — 0.36X (Pr17 — t217) 3) tribution with each sample. This approach has been advo-

— 0.025x% (353 — tas3) + 0.0013% (ps45 — tsas). cated byEriksen et al(2007, 20083 andDickinson et al(2009

] ) o _ and has been applied recently to tN&VIAP 7-year data by
The weights are determined by minimising the the variance ovjetrobon et al(2012. A detailed description of the algorithm
unmasked pixels of the PILC while maintaining a unity responggyd its validation on simulated data is providedinjksen et al.
to the CMB spectrum. . (2008h and references therein).

Although no constraint is made on the spectral dependence The outputs of the sampling are a map-based CMB estimate
of the template cdécients in Eq.2, the fit does assume thatand the parameters of a foreground model, which can either be
the spectrum is constant across the sky. While this assumptigmplate-based, pixel-based, or a combination of the two. We
is actually quite good outside our mask (as we show below)gérform the analysis at HEALPix resolutidwge = 128. The
is known to be InSﬁiCIGnt in detail. As SUCh, n ad(_iltlon to full choice of the foreground model is limited by the number of fre-
(unmasked) sky fits, we also perform template fits on smallgfiency channels observed since it sets the number of constraints
sky regions and combine the results to form a full composig the model when fitting spectra for each pixel. We separate
map. The subdivisions are defined by hand to separate the gy results in the following section into two categories, fits using
into regions with particularly large residuals in a full-sky fit angbjgnck data only and fits usin§lanck data plus ancillary data
are listed in Tabld.. sets.

For thePlanck-only fits, our model consists of a single power

3.2. Gibbs sampling: Commander Iav_v T v_ﬁs describing th_e fective low-frequency emission

(with a prior on spectral indexds = —3.05+ 0.3), a grey-
An alternative method for minimising the CMB bias is to genebody for the thermal dust emission that dominates at high fre-
ate a CMB estimate from the data while simultaneously solvirgiencies (with a temperature and emissivity prior given by the
for the parameters of a Galactic foreground model. Within thresults ofPlanck Collaboration XIX 2011where mean values
Bayesian framework it is possible to set stronger priors on tbé Tp ~ 18K andep = 1.8 were measured), and a CO spec-
CMB parameterisation (i.eG,s), taking advantage not only oftrum. The CO spectrum is assumed constant across the sky and
the frequency spectrum of the CMB (a blackbody), but also abrmalised to 100 GHz. The relative strength of the2—1
the angular power spectrum of the fluctuations. Even for relg- 217 GHz) and)=3—2 (~ 353 GHz) transition lines with re-
tively simple foreground models, the dimensionality of paranspect to thel=1—0 transition were computed by taking into ac-
eter space is quite large so uniform sampling on a grid is nedunt the specifications of the HFI detectors and calibrated by
feasible. means of the available survepdme et al. 2001 The relative
ratios in the 100, 217, and 353 GHz bands are 1.0, 0.35, and 0.12
Pre-subtracting th&DS99prediction for the thermal dust is not respectively. We checked the robustness of the result against a
meant to provide a perfect model for the thermal dust, but rather a "#fausible variation of the line ratios ef 10%. (A more detailed

sonable model. The goal is to minimise variance in the PILC and : .
is more éfective to do so by pre-subtracting the dust model. This ajSCUSSIon of the CO analysis that we performed can be found

lows the fit to manage the CO contamination present at various HF! f1B- Planck Collaboration XIX 2011 We normalise the thermal

quency channels morefectively (although there is still some leakagedust component at 353 GHz and the low-frequency power law
however, see Seet.1). We have tested a PILC which does not subtra@t 33 GHz. Hence, we solve for two spectral indices together
the thermal dust and the morphology and amplitude of the recovelith the corresponding amplitudes as well as a CO amplitude,
haze signal are similar. with the dust temperature fixed at a value of 18K. The cur-
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rentCommander implementation allows for the determination of2. Template fits over subsections of the sky (RG) that are com-

residual monopole and dipole contributions, as may result from bined to give a full-sky haze map for each input frequency

the calibration and map-making procedures. This fit is referred band.

to as CMD1 throughout. It is interesting to note that, given th8. A Commander fit (CMD1) with a simple two-component

noise in the data, this highly over-simplified model isfsient foreground model, usinBlanck 30—353 GHz data.

to describe the total Galactic emission (see Setf. However, 4. A comprehensiveéommander fit (CMD2) including thermal

it is well established that the low-frequency emission actu- and spinning dust models, a soft power-law component, and

ally consists of several components. FollowiRigtrobon et al. a hard power-law component, usifjanck 30-545 GHz,

(2012, our procedure for separating these components is to per- WMAP 23-94 GHz, and Haslam 408 MHz data sets.

form a template fit as specified in Etjon theCommander solu- } ) »

tion for the low-frequency amplitude (i.e., replacidgwith the ~__We first discuss our results from the template fitting and

low-frequency amplitude mappietrobon et al(2012 showed Gibbs sampling analyses derived from thkanck data alone,

that applying this “post-processing” template regression prod8en proceed to include external data sets in the analysis. A

dure is dfective in extracting the haze from t@emmander so- direct comparison of the results between the template fits and

lution. Commander haze extraction methods boosts confidence that, not
The addition of theWMAP channels allows us to refine©nly are components being appropriately separated, but the spec-

the foreground model further, separating the multiple contribffum is relatively free from bias.

tions in the frequency range 23—70 GHz. Moreover, the inclusion

of the 408 MHz data improves the characterisation of the sya-1 pjanck-only resuits

chrotron component and will allow us to investigate the spatial

variations of its spectral index (see Seécf). The Commander 4.1.1. Template fitting

fit, CMD2, is then based on 14 frequency maps (eigllainck

channels from 30 to 353 GHz, five froftWMAP, and Haslam

408 MHz), and allows a modification of the foreground mod

to encompass two low-frequency power-law components —

soft component with a fixed spectral indgx = —3.05 to de-

scribe the soft synchrotron emissfoand one with a spectral Rt=d,—a, -P+ah, (5)

indexpBy with prior By = —2.15+ 0.3 to capture both the hard

synchrotron haze and the free-free emission. With this modefere h is the haze template defined in SéctThe haze is

the low-frequency part of the spectrum is more easily resolvetkarly present in th@lanck data set and, as illustrated in F&y.

Figure 1 presents the templates and mask used forPilaack
nalysis, together with the CMB-subtracted data and best fit tem-
late model at 30 GHz. We also show the full-sky (i.e., unre-

%ficted inl andb) haze residual, defined as

into physically meaningful components. (left column), scaling each residual b$®° yields roughly equal
In addition, we parameterise a joint thermal and spinningfightness per frequency band indicating that the spectrum is
dust model by approximatelyTH o »725 A more detailed measurement of

the spectrum will be given in Seét3. It is also interesting to
v \1te B(v,T) e b2/ note that the morphology does not change significantly with fre-

Dia(v) = (v—) BooT) gre (/o2 (4) quency (although striping in thélanck HFI maps used to form
0 o the CMB estimate is a significant contaminant at frequencies

This is the sum of a grey-body spectrum for the thermal duPove~ 40 GHz) indicating that the spectrum of the haze emis-
and a Gaussian profile to mimic the spinning dust SED. The I&9N is roughly constant with position.

ter is a purely phenomenological model selected on the basis The haze residual is most clearly visible in the southern
of its straightforward numerical implementation. However, wiC region, but we note that our assumption of uniform spectra
have established itsfectiveness in describing well-known spin-2€ross the sky does leave some residuals around the edge of the
ning dust regions in the Gould BeRianck Intermediate Paper, ma_sk and ina few particularly brlghtfree-free_ regions. However,
in preparation). The thermal dust pivot frequengyis set to while our imperfect templates an_d assumptions about unlforr_n
545GHz and the spinning dust peak frequengyto 20 GHz. SPectra have done a remarkablg job of |sola}t|ng thg haze emis-
The remaining parameters (the amplitude of the joint spectrufion (96% of the total variance is removed in the fiténck

the relative amplitude of the spinning dust contribution, and t#9 GHz), we can morefiectively isolate the haze by subdivid-
width of the spinning dust bump) are constrained by the GibB the sky into smaller regions as described in Sedt.The

sampling procedure. As before we also adopt a spectrum for fgéultant full-sky haze residual is shown in EigWith this fit,
CO emission. the residuals near the mask are cleaner and we have done a bet-

ter job in fitting the dificult Ophiucus region in the northern GC,
though striping again becomes a major contaminant for frequen-
4. Results cies above- 40 GHz.

In what follows, we perform four dierent types of haze extrac-
tion: 4.1.2. Commander

Figure 3 presents the results of our CMOIbmmander fit and
e subsequent post-processing. As noted previously, this very
simple model provides an adequate description of the data with

6 This value represents the spectral index of the large Loop | fé _meany? of 18.4 (7 d.of) out5|de_ the mask, despite the fact
ture that is a prominent supernova remnant visible at both 408 MHz a t the |0W-freq_ue.ncy comporjent is really an aggregate of sev-
microwave frequencies in the northern Galactic hemisphere. We h&/@l diterent emission mechanisms, as showPlgtrobon et al.
repeated our analysis varying this indexdsy= 0.1 and find no signif- (2012. It is visually apparent that the low-frequency amplitude
icant diference in our results. is highly correlated with thermal dust emission in some regions,

1. A masked full-sky (FS) template fit for each input frequen
band.
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Ha FDS 30 GHz
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30 GHz Model 30 GHz Planck

|
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Fig.1. The templates and full-sky template fitting model (see Set}. Top left: the Haslam et al(1982 408 MHz map.Top
middle: theFinkbeiner(2003 Ha map.Top right: the Finkbeiner et al(1999 dust prediction at thBlanck 30 GHz channeMiddle

left: the elliptical Gaussian haze templa@enter: the elliptical Gaussian disk templatgliddle right: the mask used in the fit.
Bottom left: the best fit template linear combination modePéanck 30 GHz.Bottom middle: the CMB-subtracteélanck data at

30 GHz.Bottom right: the Planck 30 GHz data minus the 30 GHz model with the haze template component added back into th
map.

suggesting a dust origin for some of this emission (e.g., spinnid®. Results from Planck plus external data sets
dust). Finally, features that are well known from low-frequency

radio surveys, such as Loop I, are also visible, implying a syn-

chrotron origin, with a spectral index closerfg = -3. The 451 Template fitting

codficients of the post-processing template-based fit describe%

in Sect3.2are given in Tabl€ and show a strong positive cor-

relation with each template. i
In order to further our understanding of the spectrum and mor-

phology of the microwave haze component, we augment the

Planck data with theWMAP 7-year data set (covering the

frequency range 23-94 GHz) and the 408 MHz data. For the

As with the template fitting case, we see from Rghat the template-fitting method, the inclusion of the new data is triv-

post-processing residuals for the low-frequency CMD1 compi@l since Eq.2 does not assume anything about the frequency
nent are low except towards the Galactic centre where the hazégpendence of the spectrum and each map is fit independently.
clearly present, implying that it is emission with a distinct mofFhe results for the full sky and for smaller regional fits are shown
phology compared to the dust, free-free, and soft synchrotrionFigs.4 and5. The haze residual is present in both YWIAP
emission. Furthermore, the morphology is strikingly similar tandPlanck data, and the morphology and spectrum appear con-
the template fitting indicating strong consistency between teistent between data sets. As before, scaling each residual by
results. Since an analogous regression cannot be performed%nyields roughly equal brightness per band from 23 GHz to
the spectral-index map, a more flexible foreground model mugt GHz. Including theAMMAP data also confirms that the mor-
be implemented to isolate the haze spectrum. However, the ptelogy does not change significantly with frequency, thus im-
ditional model parameters require the use of external data sefglying a roughly constant haze spectrum with position.
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Fig.2. Left column: thePlanck haze (i.e., the same as the bottom right panel ofBidor thePlanck 30 and 44 GHz channels using

a full-sky template fit to the data. A scaling 2#° yields roughly equal brightness residuals indicating that the haze spectrum is
roughlyT, o« v=25, implying that the electron spectrum is a very hdNydE < E~2. Note that the haze appears more elongated in
latitude than longitude by a factor of two, which is roughly consistent with-gneni gamma-ray hazbubbles Dobler et al. 201))

For frequencies above 40 GHz, striping in the HFI channels (which contaminates our CMB estimate) begins to dominate over th
haze emissiorRight column: the same but for the “regional” fits described in Séct. The overall morphology of the haze is the
same, but the residuals near the mask and in the Ophiucus complex in the north GC are improved.

Table 2. Regression cd&cients of theCommander foreground amplitude maps.

) Fit coefficient
Fit type Data sets
Ha [MK/R] FDS [mK/mK] Haslam [mKK] Haze [mK/arbitrary]
CMD1 Planck 30-353 GHz Bx103+20%x10% 19+43x102 16x10°+44x10° 60x102+34x10°3
cvmp2 Planck30-353GHz, 54, 153,394 104 10+84x102 24x10°+88x10° 57x102+67x 102

WMAP, Haslam

4.2.2. Commander the mask, except for bright free-free regions which contaminate

. . the Haslam et al(1982 map at the~ 10% level. It is interest-
Comparing the low frequency, hard spectral indexmander g 15 note that this residual (as well as the negligible Haslam-
solution at 23 GHz obtained with this model to our previou

X s ) . Correlation cofficient in Table2) imply that fits assuming a con-
(less flexible) parameterisation, we find that the residuals cqy; ) Imply g
&

. o ant spectral index across the sky for this correlated emission
related with the Haslam 408 MHz map are significantly reduc ‘iﬁa reasonable. Physically, this means that electrondfiselito
as shown in Fig3. Table? lists the fit codficients in this case

' a steady-state spectrum which is very closdNgdE o E3 (in

indbwfe nowftind nlo tsignificant. cor_lrlelattiop Wlttf? tpﬁ]HﬁSIam ma lgreement with the propagation modelsSfong et al. 2011
s Delore, a tempiate regression fustrates that e haze res| LI'aken together, Figs3 and 6 imply that, not only is the

:C?ezl_%rn é]lc:r? é ﬁgg eogr:]igiirg rsﬁr?ﬁggrrr:)rgovl\:/% Iiﬁnvsﬁg?ég'?ﬁa?oﬁe8 MHz-correlated soft synchrotron emission consistent with a
: ' pectral index of3.05 across the entire sky (outside our mask)

the fixedBs = —3.05 power law provides a remarkably goo ; ;
. . . rom 408 MHz to 60 GHz, but the haze region consists of both a
fit to the 408 MHz data. Indeed, subtracting this soft-spectry ft and a hard component. That is, the hgze is not a simple vari-

component from the map yields nearly zero residuals outsi fon of spectral index from 408 MHz te 20 GHz. If it were,

: hen our assumption ¢gfs = —3.05 (i.e., the wrong spectral in-
7 ’
A close comparison between the CMD1 and CMD2 results sugge tgx for the haze) would yield residuals in théfeience map of

that the haze amplitude is slightly lower in the latter. However, due ; )
the flexibility of the CMD2 model (specifically the fact that the model™'d-6- The map of the harder spectral index would ideally be a
allows for the unphysical case of non-zero spinning dust in regions @f€ct measurement of the haze spectrum. However, the signal-
negligible thermal dust), it is likely that some of the haze emission i§-noise ratio is only sflicient to accurately measure the spec-
being included in the spinning dust component. trum in the very bright free-free regions (e.g., the Gum Nebula).
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Fig.3. Left column, top: The recovered amplitude of the low-frequency component at 23 GHz from our sintplesinder

fit to the Planck data alone, CMD1. As shown iRietrobon et al(2012, while this model provides an excellent description of
the data, this low-frequency component is actually a combination of free-free, spinning dust, and synchrotron etopsion (
Left column, middle: a four-component template model of this component (see Tblesft column, bottom: The haze residual.

The residuals are small outside the haze region indicating that the templates are a reasonable morphological representation ¢
different components contained in th@emmander solution. The haze residual is strikingly similar to that found for the template-
only approach in Fig2 (though there does seem to be a residual dipole ikéheander solution).Right column: The same, but for

the CMD2 low-frequency, hard spectrum component. While there is still some leakage of dust-correlated emission in the soluti
the softer synchrotron emission (mostly correlated with the 408 MHz template [seé®)Figs been separated Bgmmander. The
resultant map is dominated by free-free and the haze emission and the regressed haze esanabbel) shows morphology

very similar to both the template fitting and CMD1 results indicating that the haze hasfbedively isolated.

In the fainter haze region, the spectral index is dominated pgrfectly CMB-subtracted map which consists of the true haze
noise in the maps. h’ plus another true foreground componéhtvhich we are ap-
proximating by templatek and f respectively. Our template fit
approach can be written as
4.3. Spectrum and morphology
agh +aef = byh” + bef’, (6)
While a pixel-by-pixel determination of the haze spectrum is not
possible given the relatively low signal-to-noise ratio per pixevhere we are solving fay andag while by andbg are the true
of the haze emission, we can get a reliable estimate of its meamplitudes. Thay solution to this equation is
behaviour from the template fitting residuals in FigThe ma-
jority of previous haze studies have estimated the haze spectym_ . Thiv =TT I =TrpThy
via the template cdg&cientsa, for the haze template. However, H 1-T¢nlht 1-T¢nlhy
as noted irDobler (2012, such an estimate is not onlyfected
by the CMB bias (which we haveffectively minimised by us- where, for examplel'ns: = (hf’)/(h?), and the mean is over
ing the PILC), but may also be biased by tl#eet of imperfect unmasked pixels. Thus, if = " andf = f’ thenay = by and
template morphologies. The argument is as follows: considewa recover the correct spectrum. Howeverhift h’ then the

()
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Fig.4. The microwave haze at botNMAP andPlanck wavelengths using a full-sky template fit to the data. The morphology of
the haze is remarkably consistent from band to band and between data sets implying that the spectrum of the haze does not
significantly with position. Furthermore, thé® scaling again yields roughly equal-brightness residuals indicating that the haze
spectrum is roughlyf, o« v=25 through both thélanck andWMAP channels. In addition, while striping is minimally important at
low frequencies, above 40 GHz it becomes comparable to, or brighter than, the haze emission (see text).

spectrum is biased andif+ f’ it is biased and dependentupon A measurement of the spectrum of the haze emission is
the true spectrum of the other foregroubgl, shown in Fig7. It is evident that th&VMAP andPlanck bands

We emphasise that this bias is dependent on the croase complementarily located in log-frequency space and the
correlation of the true foregrounds with the templates (which iwo experiments together provide significantly more information
unknown) and that we have assumed a perfectly clean CMB egitian either one alorfeln the left panel we plogR),) - B, (where
mate (which is not possible to create) and have not discussedtiieemean is over the unmasked pixels in the region given above
impact of striping or other survey artefacts (which Figand5 and the errors are their standard deviation). The haze spectrum is
show are present). Given this, a much more straightforward @seasured to b&, « v# with gy = —2.55+ 0.05. This spectrum
timate of the haze spectrum is to measure it directly fRyxin  is a nearly perfect power law from 23 to 41 GHz. Furthermore,
a region that is relatively devoid of artefacts or other emissioifiwe form the total synchrotron residual,
We measure the spectrum in the GC south regjon 35° and
~35 < b < 0° by performing a linear fit (slope andfeet) over Rs =Rn +as s ©)
unmasked pixels and convert the slope measurement to a poygkre s is the Haslam map, and measure its spectrum in the
law given the central frequencies of tReanck andWMAP data  goyth GC, we again recover a nearly perfect power law with
(see Figv). Specifically, we fit Bs = —3.1. Our conclusion is that the haze, which is not con-

Ras = A xR, +B, ®) sistent with free-free emission, arises from synchrotron emis-

. . . . 8 The close log-frequency spacing of tA&AP 94 GHz andPlanck
over unmasked pixels in this region f&y andB,, and calculate 100 GHz channels has the significant advantage that theJE®-0)

the haze spectral indegy = log(A,)/ log(v/23 GHz), for each Jine falls in the Planck 100 GHz band while it is outside tH&MAP
v. This spectrum should now be very clean and — given our U$€£GHz band. This provides an excellent estimate for the CO morphol-
of the PILC — reasonably unbiased. ogy.
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23 GHz WMAP haze (RG) 30 GHz Planck haze (RG)
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Fig.5. The same as Fid. but using the regions defined IDF08 Clearly, the residuals near the mask are significantly reduc
although, as with the full-sky fits, striping in the HFI channels (which leaks into the CMB estimate) becomes significant abo
~40GHz.

Soft Spectrum Amplitude (CMD2) Haslam Minus Soft Spectrum (CMD?2)
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Fig.6. Left: The soft synchrotron component at 408 MHz from @emander CMD2 analysis. The map is strikingly similar to the
Haslam map (see Fig) indicating that soft synchrotron emission has a very unifepectrum from 408 MHz to 60 GHz through

all of the data setsRight: The diference between the Haslam map anddtamander solution. This is consistent with noise across
almost the entire sky with the exception of a few bright free-free clouds that are present in the Haslam datal@8tHevel. The

lack of significant haze emission in thefféirence map (particularly in the south) is a strong indication that the haze region consists
of both a hardand a soft component rather than having a simple spatially variable spectral index.

sion with a spectral index that is harder than elsewhere in thiens correlated with Haslamghland FDS contribute 43%, 4%,
Galaxy bygy — Bs = 0.5. Within the haze region, this compo-and 30% respectively.
nent represents 33% of the total synchrotron and 23% of the

total Galactic emission at 23 GHYMMAP K-band) while emis- Thepy = ~2.55 spectral index of the haze is strongly indica-

tive of synchrotron emission from a population of electrons with

10
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Fig.7. Left: The spectrum measured from the residual in Eigp the region|l| < 25°, —35° < b < —10°. The haze spectrum is
very nearly a power law with spectral indgy = —2.55, while the total synchrotron emission in the region has a spectral index
of Bs = —3.1 (see Sectl.3), significantlysofter than the haze emission. This spectrum should be free from biases due to templat
uncertaintiesMiddle andright: Scatter plots (shown in contours) for both the haze (dotted) and total synchrotron (solid) emissiol
usingWMAP 23-33 GHz andPlanck 30 GHz.

a spectrum that is harder than elsewhere in the Galaxy. The otérgly spectrum required to reproduce B¢ = 2.55 haze emis-
possible origins of the emission in this frequency range (hametjon measured in this paper. Furthermore,Faeni “haze” has
free-free and spinning dust) are strongly disfavored for seveeabery strong spatial coincidence with tAnck microwaves at
reasons. First, the spinning dust mechanism is very unlikdtuw latitude (belowb| ~ 35°) as we show in Fig8. This suggests
since there is no corresponding feature in thermal dust emissaoommon physical origin for these two measurements with the
at HFI frequencies. While it is true that environment can hawgmmma-ray contribution extending down o~ -50°, while

an impact on both the grain size distribution and relative ratio tfe microwaves fall i quickly belowb ~ —35°. As in Dobler
spinning to thermal dust emission (thus making the FDS modé®012, the interpretation is that the magnetic field within the
an imperfect tracer of spinning dust, e.ysard et al. 201}, to hazegbubbles sharply decreases abeve kpc from the Galactic
generate a strong spinning dust signal at LFI frequencies whijane while the cosmic-ray distribution extends~t010 kpc

not simultaneously producing a thermal signal a highly contriveshd continues to generate gamma-ray emission (e.g., by inverse
grain population would be required, in which small grains suGompton scattering CMB photons). In Figwe show a full-

vive but large grains are completely destroyed. Furthermore, g representation of thelanck haze emission overlaid with the
FDS thermal predictions yield very low dust-correlated residudfermi gamma-ray hazbubbles fromDobler et al.(2010.

(see Figb) indicating a close correspondence between thermal

and spinning-dust morphology. Finally, this spectrum is signif:
icantly softer than free-free emission, which has a charactert _Summary

tic spectral index~ —2.15. Since the it to free-free ratio is We have identified the presence of a microwave haze in the
temperature-dependent, the possibility exists that the haze erpigmck LFI data and performed a joint analysis with 7-year
sion represents some mixture of synchrotron and free-free WiMAP data. Our findings verify not only that the haze is real,
out yielding a detectabledisignal. However, in order to have aput also that it is consistent in amplitude and spectrum in these
measured spectral index g ~ —2.5 from 23 to 41 GHz, free- two different experiments. Furthermore, we have uBkhck
free could only represent 50% of the emission if the synchrotrefF| maps to generate a CMB estimate that is nearly completely
componenthad a spectral index-3. Since such a steep spectragiean of haze emission, implying that we have reduced system-
index is ruled out by the lack of a strong haze signal at 408 MHgiic biases in the inferred spectrum to a negligible level. We find
the synchrotron emission must have a harder spectrum and i the unbiased haze spectrum is consistent with a power law
free-free component (if it exists) must be subdomirfafihese of spectral indey3y = —2.55 + 0.05, ruling out free-free emis-
considerations, coupled with the likely inverse-Compton signgjon as a possible explanation, and strengthening the possibil-
with Fermi (seeDobler et al. 2010Su et al. 201)) strongly in- jty of a hard synchrotron component origin. The spectrum of
dicate a separate component of synchrotron emission. softer synchrotron emission found elsewhere in the Galaxy is
Bs = —3.1, consistent with a cosmic-ray electron population that
has been accelerated in supernova shocks dhddd through-
out the Galaxy. This spectrum is significantly softer than the
The gamma-ray emission from th&erm hazgbubbles haze emission, which is not consistent with supernova shock ac-
(Dobler et al. 2010Su et al. 201pis consistent with the inverse- celeration after taking into account energy losses froffiusion
Compton emission from a population of electrons with the esgffects.
The microwave haze is detected in tREanck maps with

9 I addition, the lack of a bremsstrahlung signal in X-rays requirdth simple template regression against the data and a more
a fine tuning of the gas temperature to bel(P K, a temperature at SOphisticated Gibbs sampling analysis. The former provides an
which the gas has a very short cooling time. This also argues againéxgellent visualisation of the haze at each wavelength on large
free-free explanation as describedMicQuinn & Zaldarriagg2011). scales while the latter allows a pixel-by-pixel analysis of the

4.4. Spatial correspondence with the Fermi haze/bubbles

11
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Fig. 8. Left: The southeriPlanck 30 GHz haze from Figh. Right: The same but with contours of tkermi gamma-ray hazbubbles
(Su et al. 201poverlaid in white. Abovd = —35° (orange dashed line), the morphological correspondence is very strong suggestin
that the two signals are generated by the same underlying phenomenon.

complete data set. While the template analysis allows us to @gscker, R. M. & Aharonian, F. 2011, Phys. Rev. Lett., 106, 101102
rive theBy = —2.55 spectrum with high confidence, spectral de?ame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ, 547, 792

; ; ; ; ; ; ; Davies, R. D., Watson, R. A., & Gutierrez, C. M. 1996, MNRAS, 278, 925
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(in particular, one in which the spectrum of synchrotron is apickinson, C., Eriksen, H. K., Banday, A. J., et al. 2009, ApJ, 705, 1607
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