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Interstellar	
  Medium	
  	
  

•  Interstellar	
  gas:	
  ions,	
  atoms	
  and	
  
molecules	
  in	
  the	
  gas	
  phase	
  

	
  
•  Interstellar	
  dust:	
  small	
  solid	
  par,cles	
  

mixed	
  with	
  the	
  gas	
  

	
  
	
  
	
  
	
  
	
  
²  Energy	
  in	
  the	
  ISM:	
  thermal,	
  kine,c	
  

(turbulent),	
  gravita,onal,	
  cosmic	
  ray,	
  
magne,c	
  and	
  in	
  photons	
  (CMB,	
  FIR	
  and	
  
starlight)	
  –	
  in	
  near	
  equipar,,on.	
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The	
  ISM	
  probed	
  by	
  Planck	
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Outline	
  

	
  
•  Interstellar	
  dust	
  emission	
  

Tracing	
  the	
  structure	
  of	
  interstellar	
  maMer	
  
	
  
•  Anomalous	
  Microwave	
  Emission	
  

	
  New	
  perspec,ve	
  on	
  interstellar	
  maMer	
  	
  
	
  
•  Galac,c	
  (synchrotron)	
  Haze	
  

	
  Energe,cs	
  of	
  the	
  Galac,c	
  centre	
  
	
  
•  Dust	
  polariza,on	
  

Structure	
  of	
  the	
  Galac,c	
  magne,c	
  field	
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Dust	
  emission	
  

Planck	
  and	
  Herschel	
  
	
  
Trace	
  the	
  structure	
  of	
  the	
  ISM	
  from	
  all	
  gas	
  phases	
  	
  
	
  
	
  
Spectral	
  coverage	
  to	
  derive	
  the	
  opacity	
  accoun,ng	
  
for	
  temperature	
  varia,ons 	
  	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  
•  All-­‐sky	
  map	
  of	
  dust	
  op,cal	
  depth	
  
•  Es,mate	
  mass	
  of	
  objects	
  (of	
  known	
  

distance)	
  
•  All-­‐sky	
  map	
  of	
  dust	
  reddening	
  

Model of dust emission

• Goals
! Produce an all-sky map of dust optical depth

! structure of the ISM from all gas phase
! all-sky map of reddening (E(B-V))

! Evaluate the shape of the dust SED.
! Dust emissivity from the di"use ISM to mol. clouds
! Provide an improved dust model for comp. separation

• Advantage of Planck
! Higher angular resolution
! Frequency coverage allows to estimate the optical 

depth at low frequency, where it is less sensitive to the 
parametrization of the SED
! 353 GHz : calibration precise to 2.5%
! An error on T of 1 K implies an error on Tau353 of 

only 6%
! Previous normalization of dust emission / extinction 

were done at 100 micron (3000 GHz)
! An error on T of 1 K implies an error on Tau3000 of 

30%

Iν = NH Bν(T )αν
β

τ353 =
I353

B353(T )
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  depth	
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Tracer	
  of	
  NH	
  (dust-­‐to-­‐gas	
  ra,o,	
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Herschel	
  –	
  zooming	
  in	
  

Future	
  of	
  Dark	
  Ma1er	
  Astro-­‐Par5cle	
  Physics,	
  Trieste,	
  8-­‐11	
  Oct	
  2013	
  

τ:	
  E(B-­‐V)	
   R:	
  E(B-­‐V)	
  

2MASS	
   SFD	
  

Orion	
  B	
  –	
  Gould	
  Belt	
  survey	
  (André	
  et	
  al.	
  
2010,	
  Schneider	
  et	
  al.	
  2003)	
  

Cygnus	
  X	
  -­‐	
  HOBBYS	
  project	
  (MoMe	
  et	
  al.	
  2010,	
  Henneman	
  et	
  al.	
  2012)	
  	
  



Radiance	
  -­‐	
  Luminosity	
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Tracer	
  of	
  NH	
  (ISRF,	
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  cross-­‐sec,on)	
  



Observed	
  dust	
  temperature	
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Ex0nc0on	
  from	
  Planck:	
  E(B-­‐V)	
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τ:	
  E(B-­‐V)	
   R:	
  E(B-­‐V)	
  

2MASS	
  (Schneider	
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Synergies	
  with	
  Fermi	
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“Dark”	
  gas	
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Planck	
  2013	
  results	
  XIII	
  

Transi,on	
  between	
  bright-­‐HI	
  and	
  bright-­‐H2	
  gas:	
  opaque	
  HI	
  and	
  H2	
  gas	
  with	
  liMle	
  or	
  no	
  CO	
  
(predicted	
  theore,cally	
  by	
  van	
  Dishoeck	
  &	
  Black	
  1988)	
  	
  	
  
	
  
Discovered	
  as	
  an	
  excess	
  in	
  dust	
  emission	
  above	
  the	
  neutral	
  and	
  molecular	
  gas	
  tracers:	
  	
  
τ	
  =	
  aHI	
  NHI	
  +	
  aCO	
  WCO	
  +	
  dark	
  gas	
  (e.g.	
  Blitz	
  et	
  al.	
  1990,	
  Grenier	
  et	
  al.	
  2005,	
  Lee	
  et	
  al.	
  2012)	
  



“Dark”	
  gas	
  –	
  Planck	
  and	
  Fermi	
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I.	
  Grenier,	
  47th	
  ESLAB	
  symposium	
  2013	
  
Planck	
  Collabora,on	
  (in	
  prep.)	
  

Chamaeleon	
  region:	
  
	
  
•  Dark	
  gas	
  contains	
  ¼	
  of	
  

the	
  HI	
  mass	
  and	
  twice	
  
the	
  CO-­‐bright	
  mass	
  

	
  
à  Important	
  cons,tuent	
  of	
  

the	
  ISM!	
  

•  Located	
  between	
  the	
  
diffuse	
  HI	
  and	
  the	
  
compact	
  CO	
  gas	
  

	
  



Anomalous	
  Microwave	
  Emission	
  

Kogut	
  (1996),	
  Banday	
  et	
  al.	
  (2003),	
  Davies	
  et	
  al.	
  
(2006)	
  

•  Addi,onal	
  source	
  of	
  diffuse	
  radio	
  emission	
  at	
  
frequencies	
  ~	
  10-­‐60	
  GHz	
  	
  

	
  	
  	
  	
  	
  à	
  Most	
  likely	
  electric	
  dipole	
  radia,on	
  from	
  
spinning	
  dust	
  grains	
  -­‐	
  First	
  predicted	
  by	
  W.C.	
  
Erickson	
  in	
  1957	
  
	
  
•  Strongly	
  correlated	
  with	
  far-­‐infrared	
  emission	
  
•  Does	
  not	
  appear	
  to	
  be	
  strongly	
  polarized	
  
•  Observed	
  in	
  a	
  range	
  of	
  environments	
  
•  Before	
  Planck	
  only	
  a	
  very	
  few	
  convincing	
  

detec,ons	
  in	
  star-­‐forming	
  regions	
  
•  Planck	
  intermediate	
  results	
  XII	
  studies	
  AME	
  in	
  

the	
  diffuse	
  ISM	
  
•  Planck	
  intermediate	
  results	
  XV	
  studies	
  AME	
  in	
  

individual	
  objects	
  (HII	
  regions,	
  dust	
  clouds)	
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AME	
  –	
  Planck	
  intermediate	
  results	
  XV	
  

•  Sample	
  of	
  98	
  sources	
  (not	
  a	
  complete	
  sample!)	
  
•  SEDs	
  constructed	
  from	
  aperture	
  photometry,	
  combining	
  Planck	
  with	
  WMAP,	
  

IRAS/DIRBE,	
  low	
  frequency	
  radio	
  data	
  (at	
  1	
  degree	
  resolu,on)	
  
•  Fit	
  simple	
  models	
  of	
  op,cally	
  thin	
  free-­‐free,	
  CMB,	
  thermal	
  dust,	
  synchrotron	
  

and	
  spinning	
  dust	
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Planck Collaboration: P. A. R. Ade et al.: A study of AME in Galactic clouds

Fig. 7. Maps of example sources with significant (σAME > 5) excess emission. Each row is a gnomic map in Galactic coordinates,

5
◦

on a side, and centred on each source, labelled in the 0.408 GHz map. The maps from left to right are 0.408, 1.42, 22.7, 28.4,

44.1, and 143 GHz. The WMAP/Planck maps have been CMB-subtracted. The colour-scale is linear, and ranges from the minimum

to maximum value within each map. The aperture is shown as a solid line; the background annulus as a dashed line. The strong

AME at frequencies around 30 GHz is evident.
12
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A	
  significant	
  number	
  of	
  sources	
  (28)	
  have	
  a	
  very	
  strong	
  “detec,on”	
  of	
  excess	
  emission	
  
at	
  ~40-­‐60	
  GHz	
  that	
  is	
  well-­‐fiMed	
  by	
  spinning	
  dust	
  emission	
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Planck Collaboration: P. A. R. Ade et al.: A study of AME in Galactic clouds

Fig. 3. Example SEDs (see text for description of individual SEDs) of sources with little or no AME (see Fig. 8 for SEDs with
significant AME). Data points are shown as circles with errors and are colour-coded for radio data (cyan), WMAP (red), Planck
(blue), and DIRBE/ IRAS (black). The best-fitting model of free-free (dotted line), synchrotron (long dashed line), thermal dust
(short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) are shown. Data included in the fit are shown
as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free, synchrotron, CMB and
thermal dust components, is shown as the insert.

sample is χ̄2 = 0.58. However, our uncertainties are justified for
some sources where the scatter is consistent with our assigned
uncertainties. An example of this is G017.00+00.85, where there
is considerable scatter at low frequencies.

All sources show a strong thermal dust component peaking
at about 2000–3000 GHz, indicative of dust grains at Td ≈20 K.
The one-component modified blackbody function reproduces
the spectrum above 100 GHz remarkably well for the majority
of our sources; however, the 100/217 GHz data points are of-
ten inconsistent with the model due to the CO line contamina-
tion within the Planck bands. For this reason, as previously ex-
plained, we exclude the 100/217 GHz data from all our fits.

Another effect seen in our SEDs is that of the fluctuations
in the CMB. Although the CMB fluctuations are faint (with an
rms of 70 µK at 1◦ scales), the large aperture that we integrate
over results in a typical integrated CMB flux density of 7 Jy
at 100 GHz, based on the standard deviation of flux densities
from Monte Carlo simulations of a CMB-only sky, assuming the
WMAP 7-year power spectrum (Larson et al. 2011). It is impor-
tant to note that these fluctuations are about the mean CMB tem-
perature, and thus can be negative or positive. Figure 3 shows
examples of both G017.00+00.85, containing a large positive
CMB fluctuation (∆TCMB = 148±112 µK), and G274.01−01.15,
showing a strong negative fluctuation (∆TCMB = −48 ± 15 µK).
The negative CMB flux densities cause a dip in the spectrum

at frequencies near 100 GHz, which could be misinterpreted as
spinning dust at lower frequencies.

Similarly, over-fitting by a strong positive CMB fluctuation
could affect the AME intensity. This could happen when there
is a flattening of the thermal dust spectral index at frequencies
below 353 GHz (Planck Collaboration 2013a), which can be ac-
counted for by the CMB component. A clear example of this
is G015.06−00.69, shown in Fig. 3. There is an apparent flat-
tening of the thermal dust spectral index, which appears as an
excess at frequencies ≈100–353 GHz relative to the one compo-
nent dust model, an effect that has been observed before (Paradis
et al. 2009, 2012b). In this case, the fitted CMB temperature,
∆TCMB = (611 ± 243) µK, is much larger than what could re-
alistically be attributed to a pure CMB fluctuation (� 150 µK);
however, because the uncertainties are large and the CMB does
not contribute strongly at frequencies where AME is dominant
(10–60 GHz), this does not have a major impact on the AME
results. This will be discussed further in Sect. 4.4.

At frequencies below 100 GHz, optically thin free-free emis-
sion is seen in many sources and is sometimes consistent with
the low frequency radio data at ≈ 1 GHz and WMAP/Planck
data at 20–100 GHz (e.g., G265.15+01.45 and G289.80−01.15
in Fig. 3). These sources justify our use of the 0.408, 1.42, and
2.326 GHz data, and show that the overall calibration factors are
within the uncertainties assumed in this study. Where there is
evidence of absorption at low frequencies, or if there is a dis-

8
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Fig. 3. Example SEDs (see text for description of individual SEDs) of sources with little or no AME (see Fig. 8 for SEDs with
significant AME). Data points are shown as circles with errors and are colour-coded for radio data (cyan), WMAP (red), Planck
(blue), and DIRBE/ IRAS (black). The best-fitting model of free-free (dotted line), synchrotron (long dashed line), thermal dust
(short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) are shown. Data included in the fit are shown
as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free, synchrotron, CMB and
thermal dust components, is shown as the insert.
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Planck Collaboration: P. A. R. Ade et al.: A study of AME in Galactic clouds

Fig. 8. SEDs for the sources with very significant AME and f UCH ii
max

< 0.25. Data points are shown as circles with errors and are

colour-coded for radio data (light blue), WMAP (red), Planck (blue), and DIRBE/ IRAS (black). The best-fitting model of free-free

(dotted line), thermal dust (short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) is shown. Data

included in the fit are shown as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free,

synchrotron, CMB, and thermal dust components, is shown as the insert. The best-fitting spinning dust model is also shown.

For most sources, we find the CMB fluctuation tempera-

tures are within the expected range −150 < ∆TCMB < 150 µK.

From Monte Carlo simulations, one would expect a fluctuation

outside this range only 0.7 % of the time; however, in some

cases the fitted CMB temperatures (see Table 3) are found to

be larger than expected. Furthermore, a correlation between

the AME amplitude and CMB is observed. Figure 9 shows

the correlation between the AME amplitude and CMB fluctu-

ation temperature for the entire sample. The AME regions (solid

filled circles) are mostly within the expected range, with rela-

tively small uncertainties; however, the highest AME amplitudes

(Asp > 20×10
20

cm
−2

) also have the highest CMB temperatures,

which are well above what can be reasonably expected from

the CMB alone (∆TCMB > 150 µK). As discussed in Sect. 3.6,

some regions exhibit a flattening of the thermal dust spectral in-

dex at frequencies in the range 100–353 GHz (Planck Collabo-

ration 2013a) that can be artificially accounted for by a stronger

positive CMB fluctuation. This then results in a positive bias at

frequencies < 100 GHz, which increases the AME amplitude.

Some of the sources with high CMB temperatures also have high

f UCH ii
max

; these are shown as star symbols in Fig. 9. We do not be-

lieve this is a major effect on our most significant AME sample

(i.e., σAME > 5 and f UCH ii
max

< 0.25), since none of the AME

sources has an anomalously high CMB temperature. Although

the CMB has a stronger effect on the semi-significant AME re-

gions, the uncertainties associated with it are larger than for the

rest of the sample, as can be seen in Fig. 9.

To test robustness, the entire analysis was repeated with-

out fitting for a CMB component (∆TCMB = 0 µK); the results

do not change substantially. We do find an additional source in

G102.88−00.69 with a significance of σAME = 6.9, but this is

clearly due to a negative CMB fluctuation (∆TCMB = −50 ±
19 µK). For the largest fitted CMB temperature of ∆TCMB =
626 ± 163 µK in G353.16+00.74, we find an AME amplitude

of (89 ± 26) × 10
20

cm
−2

(3.4σ). Without a CMB component

(∆TCMB = 0), the AME amplitude is (77 ± 25) × 10
20

cm
−2

(3.0σ). In this case the CMB does not appear to be causing a

large bias, although there is a ≈1–2σ bias in a few sources. This

justifies our high cut-off threshold of 5σ. We also verify that

the general trends presented in our analysis still hold when not

taking into account the CMB.

In summary, we are confident in the robustness of our AME

detections, particularly those at σAME > 5. We have been conser-

vative with the uncertainties in the photometry, and in most cases

our SEDs do not change appreciably when changing the details

of the analysis. In fact, we believe that many of the regions with

σAME = 2–5 (“semi-significant”) are likely to be “real” detec-

tions of AME, which can be seen in many of the subsequent

plots to be consistent with the higher-significance AME sources.

5. Statistical study of AME regions

In this section we study statistically a number of the

observational-based parameters and correlations in AME and
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Fig. 8. SEDs for the sources with very significant AME and f UCH ii
max

< 0.25. Data points are shown as circles with errors and are

colour-coded for radio data (light blue), WMAP (red), Planck (blue), and DIRBE/ IRAS (black). The best-fitting model of free-free

(dotted line), thermal dust (short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) is shown. Data

included in the fit are shown as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free,

synchrotron, CMB, and thermal dust components, is shown as the insert. The best-fitting spinning dust model is also shown.
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•  SpDUST	
  (Ali-­‐Haïmoud	
  et	
  al.	
  2009,	
  Silsbee	
  et	
  al.	
  2011)	
  
•  Hoang	
  et	
  al.	
  (2010,2011)	
  

	
  Grain	
  proper,es	
  and	
  dipole	
  moments	
  –	
  s,ll	
  with	
  many	
  
	
  simplifica,ons	
  

	
  
	
  Excita,on	
  of	
  the	
  par,cles:	
  collisions,	
  plasma	
  drag,	
  IR	
  
	
  photons	
  

	
  
	
  
Derived	
  parameters	
  include	
  density	
  and	
  ISRF,	
  also	
  the	
  dipole	
  
moment	
  of	
  PAHs	
  
	
  
Spinning	
  dust	
  provides	
  a	
  poten,al	
  diagnos,c	
  for	
  interstellar	
  
dust	
  proper,es	
  –	
  PAH	
  abundance	
  gradients	
  	
  
Small	
  grains	
  are	
  important	
  in	
  the	
  ISM	
  (hea=ng,	
  chemistry,	
  etc)	
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  Galac0c	
  Haze	
  

“Haze”	
  	
  
	
  
•  dis,nct	
  component	
  of	
  diffuse	
  emission,	
  

roughly	
  centred	
  on	
  the	
  Galac,c	
  centre	
  
and	
  extending	
  to	
  |b|~35°	
  and	
  |l|~15°	
  

•  discovered	
  by	
  Finkbeiner	
  (2004a)	
  using	
  
WMAP	
  data	
  

•  originally	
  characterized	
  as	
  free-­‐free	
  
emission	
  due	
  to	
  its	
  hard	
  spectrum	
  (~ν-­‐2.1)	
  

•  Dobler	
  &	
  Finkbeiner	
  (2008)	
  re-­‐es,mated	
  
the	
  spectral	
  index	
  àsower	
  than	
  free-­‐free	
  
but	
  harder	
  than	
  synchrotron	
  elsewhere	
  in	
  
the	
  Galaxy	
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Finkbeiner	
  (2004a)	
  

of the WNM and CNMmodels plus a small amount of free-free
yields a reasonable fit for LDN 1622. Note that the thermal dust
level is not being fitted, merely extrapolated from the far-IR
according to the FDS99 FIRAS fit. Spinning dust models have a
few free parameters to tune, and some models may come closer
to fitting the LPH96 cloud, although this will require further
theoretical work. Lacking a physical model for this object, a
curve (the Draine & Lazarian WNM model shifted down a
factor of 1.8 in frequency and up a factor of 3.7 in amplitude)
is shown in Figure 4 for comparison. Neither of these objects
would be well fit by a superposition of synchrotron, free-free,
and thermal dust without including spinning dust.

3.3. The Haze

A rather substantial amount of emission (both positive
and negative) was attributed above to the ‘‘haze,’’ without
any interpretation. As the spectrum of this component most
resembles free-free (Fig. 5), the straightforward interpretation
is that it constitutes the error in the H! based free-free tem-
plate. Because the spatial template is orthogonal to the others
by construction, it contains positive and negative parts. Some
error is to be expected both from variation in warm gas tem-
perature about the mean Tgas ¼ 5500 K used and from the fact
that some gas is hot enough (>106 K) that the H! recombi-
nation line is strongly suppressed. This need for hot gas applies
especially to the region south of the Galactic center, where
there is significant emission seen in the haze, but none of the
other templates have a similarly extended feature of significant
brightness.
Further study of this diffuse haze, perhaps using O vi ab-

sorption measurements toward distant stars below the Galactic
center, may be able to verify this hypothesis about its origin.
We emphasize that the tentative identification of the haze as
free-free is based only on its spectral shape, and if WMAP
polarization data show a significant polarization, that would
suggest very hard synchrotron (""#0.1) emission as a source.
Further consideration of the haze is deferred to another paper.

Fig. 4.—[LPH96] 201.663+1.643. Green Bank (5, 8, 10 GHz) and WMAP
(23–94 GHz) data points (symbols), thermal dust estimate from Finkbeiner et al.
(1999) (dashed line), free-free estimate (dotted line), spinning dust (lower solid
line), and sum of free-free, thermal dust, and spinning dust (upper solid line).
None of the published spinning dust models come close to fitting this object. For
reference, the CNM model is shown, shifted in frequency and amplitude. This
curve may not represent a physical spinning model for any reasonable choice of
parameters. Green Bank points are 60 and WMAP is smoothed to 600, so devi-
ation of the fit fromWMAP points may be due to beammismatch between Green
Bank and WMAP, but the outlier at 10 GHz is significant.

Fig. 5.—Haze is determined in 4WMAP bands by subtracting CMB, soft synchrotron (Haslam et al. [1982] template), free-free (H! template), and spinning dust.
Using the K-band haze as a template, it is then subtracted from Ka, Q, and V bands assuming various power laws. A free-free spectrum fits most of the sky well,
apart from the # Oph cloud (l; b) ¼ (5$; 25$). See x 3.3.
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  Haze	
  

Dobler	
  et	
  al.	
  (2010)	
  discovered	
  gamma-­‐ray	
  counterpart	
  with	
  Fermi	
  	
  
à	
  synchrotron	
  nature	
  à	
  electrons	
  with	
  hard	
  spectrum	
  
	
  
Proposed	
  interpreta0ons?	
  
	
  
•  Enhanced	
  SN	
  rates	
  (Bierman	
  et	
  al.	
  2010)	
  
•  Galac,c	
  wind	
  (Crocker	
  &	
  Aharonian	
  2011)	
  
•  Jet	
  generated	
  by	
  accre,on	
  onto	
  a	
  central	
  black	
  hole	
  (Guo	
  &	
  Mathews	
  2011,	
  Guo	
  

et	
  al.	
  2011)	
  
•  Co-­‐annihila,on	
  of	
  dark	
  maMer	
  par,cles	
  in	
  the	
  Galac,c	
  halo	
  (Finkbeiner	
  2004b,	
  

Dobler	
  et	
  al.	
  2011)	
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With	
  Planck	
  we	
  not	
  only	
  study	
  the	
  Haze	
  with	
  an	
  independent	
  
experiment	
  but	
  also	
  determine	
  a	
  more	
  accurate	
  spectrum.	
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Two	
  component	
  separa,on	
  methods:	
  
•  Template	
  fiyng	
  –	
  needs	
  CMB	
  subtrac,on	
  à	
  Planck	
  high	
  frequency	
  CMB	
  es,ma,on	
  
•  Gibbs	
  sampling	
  analysis	
  (Commander)	
  -­‐	
  It	
  solves	
  for	
  the	
  CMB	
  simultaneously,	
  with	
  stronger	
  

priors	
  on	
  its	
  parameterisa,on	
  
	
  
Planck	
  only	
  and	
  Planck+WMAP:	
  
•  Haze	
  detected	
  in	
  the	
  Planck	
  maps	
  
•  Morphology	
  and	
  spectrum	
  of	
  the	
  haze	
  consistent	
  between	
  the	
  two	
  datasets	
  

Power-­‐law	
  
spectrum	
  
β=-­‐2.55±0.05	
  

Synchrotron	
  
emission	
  

elsewhere	
  
β=-­‐3.1	
  

Planck	
  30	
  GHz	
  
Planck	
  44	
  GHz	
  

Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 9. Top: The microwave haze at Planck 30GHz (red, −12 µK < ∆TCMB < 30 µK) and 44GHz (yellow, 12 µK < ∆TCMB < 40
µK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm−2
s−1 sr−1] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.
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•  Fermi	
  bubbles	
  consistent	
  with	
  IC	
  from	
  a	
  popula,on	
  of	
  electrons	
  with	
  energy	
  
spectrum	
  required	
  to	
  reproduce	
  β=-­‐2.55,	
  dN/dE	
  α	
  E-­‐2.1	
  

•  Strong	
  spa,al	
  coincidence	
  between	
  Planck	
  haze	
  and	
  Fermi	
  bubbles	
  at	
  low	
  la,tude,	
  
b~35°	
  

	
  
à	
  The	
  magne,c	
  field	
  within	
  the	
  haze	
  decreases	
  ~5	
  kpc	
  away	
  from	
  the	
  Galac,c	
  plane,	
  
whereas	
  the	
  CR	
  distribu,on	
  extends	
  to	
  ~10	
  kpc	
  

Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 9. Top: The microwave haze at Planck 30GHz (red, −12 µK < ∆TCMB < 30 µK) and 44GHz (yellow, 12 µK < ∆TCMB < 40
µK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm−2
s−1 sr−1] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.
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Fig. 8. Left: The southern Planck 30GHz haze from Fig. 5. Right: The same but with contours of the Fermi gamma-ray haze/bubbles
(Su et al. 2010) overlaid in white. Above b = −35◦ (orange dashed line), the morphological correspondence is very strong suggesting
that the two signals are generated by the same underlying phenomenon.

complete data set. While the template analysis allows us to de-
rive the βH = −2.55 spectrum with high confidence, spectral de-
termination with the Gibbs approach is more difficult given that
noise must be added to the analysis to ensure convergence in the
sampling method, and that a significantly more flexible model
(in particular, one in which the spectrum of synchrotron is al-
lowed to vary with each pixel) is used. However, not only is the
spatial correspondence of the haze derived with the two methods
excellent, but the Gibbs method allows us to show conclusively
that the microwave haze is a separate component and not merely
a variation in the spectral index of the synchrotron emission.

The morphology of the microwave haze is nearly identical
from 23 to 44GHz, implying that the spectrum does not vary
significantly with position. Although detection of the haze in po-
larisation with WMAP remains unlikely given the noise level of
the data (Dobler 2012), future work with Planckwill concentrate
on using its enhanced sensitivity to search for this component.
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Planck	
  LFI	
  data	
  à	
  looking	
  for	
  the	
  haze	
  in	
  polariza,on…	
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SPASS	
  (Carrey	
  et	
  al.	
  2013):	
  
survey	
  of	
  the	
  polarized	
  
emission	
  at	
  2.3	
  GHz	
  	
  
	
  
•  Two	
  giant	
  linearly	
  polarized	
  

radio	
  lobes	
  emana,ng	
  from	
  
the	
  Galac,c	
  centre	
  

•  Closely	
  related	
  to	
  the	
  Fermi	
  
bubbles	
  

à Star-­‐forma5on	
  driven	
  
origin:	
  emission	
  in	
  the	
  lobes	
  
is	
  generated	
  in	
  the	
  GC	
  and	
  
transported	
  by	
  the	
  
magne,c	
  field	
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Optical/NIR Polarization

•

– Dust grains

aligned by

– ISM’s Magnetic Field, B

•

– Dust properties
! size distribution, composition

– Bsky

! B component projected on the sky 

5

adapted from Ponthieu, Lagache; www.planck.fr

Dust	
  polariza,on	
  holds	
  informa,on	
  on	
  

•  Dust	
  proper,es	
  &	
  dust	
  alignment	
  
efficiency:	
  

-­‐  Which	
  dust	
  components	
  contribute	
  
to	
  polariza,on?	
  

-­‐  Where	
  in	
  the	
  ISM	
  are	
  grains	
  aligned	
  
and	
  with	
  what	
  efficiency?	
  

	
  
	
  
	
  
•  Galac,c	
  magne,c	
  field:	
  
What	
  is	
  the	
  interplay	
  between	
  the	
  
structure	
  of	
  the	
  magne0c	
  field	
  and	
  that	
  
of	
  interstellar	
  mader?	
  

Alignment of dust grains

‣Interstellar grains spin like tops around their axis of 
maximal inertia. 

‣Their rotation axis precesses around the magnetic 
field lines.

‣Dissipation of precession energy leads to alignment 
with the field.  Alignment may be associated with 
paramagnetic dissipation (Davis-Greenstein 1951) or 
radiative torques (Lazarian & Hoang 2007). 

‣Alignment mechanisms are opposed by grain-gas 
collisions.

Where in the ISM and with what 
efficiency are the grains aligned ?

ESLAB 20139
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Dust	
  polariza0on	
  

Planck	
  gives,	
  for	
  the	
  first	
  0me,	
  the	
  possibility	
  to	
  study	
  the	
  Galac0c	
  magne0c	
  field	
  
through	
  a	
  tracer	
  of	
  the	
  interstellar	
  mader	
  

•  Synchrotron	
  emission:	
  traces	
  the	
  field	
  over	
  the	
  whole	
  volume	
  of	
  the	
  Galaxy	
  
including	
  the	
  thick	
  disk	
  and	
  halo.	
  The	
  volume	
  emissivity	
  scales	
  as	
  

	
  
•  Faraday	
  Rota0on:	
  traces	
  the	
  amplitude	
  of	
  BII	
  in	
  ionized	
  gas.	
  The	
  RM	
  scales	
  

as	
  
	
  
•  	
  Dust	
  polariza0on:	
  traces	
  the	
  magne,c	
  field	
  over	
  the	
  thin	
  disk	
  where	
  maMer	
  

is	
  concentrated.	
  The	
  volume	
  emissivity	
  scales	
  as	
  nH.	
  The	
  observed	
  
polariza,on	
  is	
  the	
  sum	
  of	
  two	
  contribu,ons:	
  

	
  
-­‐  The	
  warm	
  medium	
  (WIM/WNM)	
  with	
  a	
  significant	
  volume	
  filling	
  factor	
  

(>0.2).	
  This	
  contribu,on	
  traces	
  the	
  mean	
  direc,on/structure	
  of	
  the	
  field	
  
averaged	
  along	
  the	
  line	
  of	
  sight.	
  

-­‐  The	
  cold	
  medium	
  (CNM)	
  with	
  a	
  small	
  volume	
  filling	
  factor	
  (<	
  0.01).	
  This	
  
contribu,on	
  traces	
  the	
  direc,on/structure	
  of	
  the	
  field	
  within	
  localized	
  
clouds.	
  

• Synchrotron emission traces the field over the whole volume of the Galaxy 
including the thick disk and Galactic halo.  The volume emissivity scales as ncr x B⊥2 .

• Faraday rotation traces the amplitude of B// in ionized gas. The rotation measure 
scales as ∫ne x B// ds. 

• Dust polarisation traces the magnetic field over the thin disk where matter is 
concentrated. The volume emissivity scales as nH.  The contribution from dust in the thick 
Galactic disk is minor. Observed polarization is the sum of two contributions:

‣The warm medium (WNM/WIM) with a significant volume filling factor (fWNM/WIM ≳ 
0.2). This contribution traces the mean direction/structure of the field averaged along 
the line of sight. 

‣The cold medium (CNM) with a small volume filling factor (fCNM ≲ 0.01). This 
contribution traces the direction/structure of the field within localized  clouds.

! Dust polarization is best suited to characterize the interplay between 
the structure of the Galactic magnetic field  and that of interstellar 
matter

7
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  polariza0on	
  

-­‐  Large	
  scale	
  direc,on	
  consistent	
  with	
  magne,c	
  field	
  in	
  the	
  plane	
  of	
  the	
  Galaxy.	
  
-­‐  Field	
  homogeneous	
  over	
  large	
  regions,	
  with	
  strong	
  polariza,on	
  degree.	
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Polarization angle

B field direction at 353 GHz, 1° resolution

Field direction consistent with B in MW plane
Field homogeneous over large regions with strong p (e.g. Fan)

lines: ψ rotated 90°
color: I353
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•  The	
  map	
  looks	
  different	
  in	
  polariza,on!	
  
•  Regions	
  of	
  higher	
  polariza,on	
  degree	
  have	
  a	
  fairly	
  ordered	
  magne,c	
  field	
  
•  The	
  field	
  direc,on	
  is	
  seen	
  to	
  change	
  within	
  the	
  dense	
  structure	
  –	
  high	
  Δψ	
  



Comparison	
  with	
  MHD	
  simula0ons	
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Magne0c	
  ßà	
  turbulent	
  energies	
  



Summary	
  

Future	
  of	
  Dark	
  Ma1er	
  Astro-­‐Par5cle	
  Physics,	
  Trieste,	
  8-­‐11	
  Oct	
  2013	
  

Dust	
  emission	
  
•  Planck’s	
  op,cal	
  depth	
  map	
  gives	
  us	
  an	
  image	
  of	
  the	
  Galaxy’s	
  reservoir	
  for	
  star	
  

forma,on	
  
•  Herschel	
  provides	
  the	
  “details”,	
  the	
  governing	
  processes	
  in	
  the	
  forma,on	
  of	
  cores	
  

and	
  stars	
  
•  Ex,nc,on	
  maps	
  suited	
  for	
  extragalac,c	
  studies	
  and	
  diffuse	
  Galac,c	
  ISM,	
  as	
  well	
  as	
  

for	
  the	
  study	
  of	
  higher	
  density	
  Galac,c	
  medium	
  
•  There	
  is	
  s,ll	
  much	
  to	
  learn	
  on	
  the	
  physics	
  of	
  dust	
  par,cles	
  and	
  on	
  the	
  “dark”	
  gas	
  in	
  

our	
  Galaxy	
  –	
  along	
  with	
  Fermi	
  

Anomalous	
  Microwave	
  Emission	
  
•  New	
  study	
  of	
  98	
  regions	
  –	
  28	
  high	
  significance	
  -­‐	
  gives	
  defini,ve	
  evidence	
  for	
  

spinning	
  dust	
  
•  Improved	
  spinning	
  dust	
  models	
  –	
  take	
  into	
  account	
  the	
  complexity	
  of	
  grain	
  

structure	
  and	
  excita,on	
  mechanisms	
  
•  More	
  data	
  are	
  needed	
  –	
  higher	
  resolu,on	
  and	
  other	
  frequencies	
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Galac0c	
  Haze	
  
•  Detec,on	
  of	
  the	
  Galac,c	
  Haze	
  with	
  Planck	
  and	
  improved	
  determina,on	
  of	
  its	
  

spectrum,	
  from	
  a	
  combina,on	
  with	
  WMAP	
  data,	
  and	
  owing	
  to	
  the	
  improved	
  CMB	
  
map	
  from	
  Planck	
  

•  βHaze=	
  -­‐	
  2.55±0.05	
  confirming	
  the	
  hard	
  synchrotron	
  origin	
  
•  Morphology	
  of	
  the	
  haze	
  nearly	
  iden,cal	
  from	
  23	
  to	
  44	
  GHz,	
  indica,ng	
  that	
  the	
  

spectrum	
  does	
  not	
  vary	
  significantly	
  with	
  posi,on	
  
•  Spa,al	
  correspondence	
  with	
  the	
  Fermi	
  bubbles	
  indicates	
  that	
  an	
  electron	
  

popula,on	
  with	
  a	
  spectrum	
  dN/dE	
  α	
  E-­‐2.1	
  is	
  responsible	
  for	
  the	
  structure	
  
•  Origin?	
  Star	
  forma,on	
  driven	
  ou�low	
  (SPASS,	
  Carrey	
  et	
  al.)?	
  …	
  
	
  
Dust	
  polariza0on	
  
•  For	
  the	
  first	
  ,me	
  we	
  the	
  data	
  needed	
  to	
  characterize	
  the	
  interplay	
  between	
  the	
  

structure	
  of	
  the	
  magne,c	
  field	
  and	
  the	
  interstellar	
  maMer	
  
•  Need	
  to	
  disentangle	
  the	
  various	
  intervening	
  factors:	
  dust	
  proper,es,	
  dust	
  alignment	
  

and	
  structure	
  of	
  the	
  magne,c	
  field	
  
•  Complement	
  observa,ons	
  with	
  simula,ons	
  to	
  understand	
  the	
  role	
  of	
  turbulent	
  

energy	
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