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Planck 2015 results Special feature

After brief introduction, mostly material from Planck 2015 results
these 2 papers XXV. Diffuse low-frequency Galactic foregrounds
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Radio emission mechanisms (overview)

Emission Mechanism

Description

Typical spectrum

Polarisation

Electroncs accelerated

Power-law -2.1 (optically thin

Free-free radiation by fons above ~100+ MHzZ) ~0
Anomalous Microwave Electric dipoles of Peaked spectrum
Emission (AME) - electric small spinning dust ~10-100 GHz ~0
dipole radiation grains Peak ~30 GHz (?)
Cosmic Microwave - Blackbody (T=2.726 K) e
Background (CMB) Blackbody radiation Peaks ~200 GHz 10%
Magnetic dipole from ~Blackbody emitting in
Magnetic dipole radiation | thermal fluctuations of | microwave/sub-mm. Complicated Up to ~30%

magnetization

in polarisation (varied)




Large-scale radio surveys

Few attempts so far!

e |nterferometers no good - no
sensitivity to large scales

Large-scale mapping very difficult!

e @Gain fluctuations (1/f noise)

e Atmospheric fluctuations

e Ground-spillover

e |arge beams (source contamination)
e Absolute calibration very difficult!

e “Older” surveys particularly vulnerable
to systematic errors/poor calibration

Fewer surveys in polarisation!

e Faraday Rotation below ~3 GHz

» WMAP/Planck give high frequency de Oliveira-Costa et al. (2008)
(20-100 GHz) view with high S/N and
full-sky polarisation



Early radio maps

F1o. 4 ~—~Map of the integrated radiatson in galactic coo

81.5 MHz (Baldwin et al. 1955) ———— taroaks o 100 daz. K
intevvaly ~f ;.‘)&. :f’. K.

Loop | discovered by Bolton & Westfold (1950)

but visible in Jansky’s 1935 data! (O’Sullivan book)

160 MHz (Reber et al. 1944)

First map of the radio sky as produced by Grote
Reber showing strong sources of radiation in Cas-
siopeia, in Cygnus and in Sagittarius, the center of
the galaxy, the region from which Karl Jansky had
detected radio emission.



Improved all-sky 408 MHz map

Haslam et al. (1981, 1982) -> Bennett et al. (2003) “Lambda” version

-> Remazeilles et al. (2015) version

(better source removal, destriping, matching of surveys, quantification of main beam etc.)
(still many artifacts though!)




Improved all-sky 408 MHz map

HAS82 Remazeilles et al. (2015)
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Improved all-sky 408 MHz map

Remagzeilles et al. (2015)
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C-Band All-Sky Survey (C-BASS)

Definitive 5 GHz large-scale (~1 deg) survey
Watch out for results coming soon! (see Irfan et al. 2015)
Southern survey to begin soon!

Northern Polarized

Northern Intensity map intensity map

3-colour “spectral index”
map
(Courtesy Luke Jew, U. Oxford)




High frequency maps (WMAP/Planck)

A ciancl The sky as seen by Planck g-esa

30 GHz 44 GHz 70 GHz

545 GHz



High frequency maps - CMB subtracted

Planck all-sky foreground maps
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HFI 545 GHz HFI 857 GHz




Intensity maps: low vs high frequency

Frequencies >~10 GHz complicated mixture of several components

~1 GHz

Ophiuchus Complex

~30 GHz

Orion A

de Oliveira-Costa et al. (2008)



30 GHz 7~
- W > f,ﬁm e
High frequency polarization 1
maps from
WMAP (23-94 GHz) and -
Planck (30-857 GHz) &

Dominated by polarized synchrotron
radiation in Faraday thin regime below
100 GHz and polarized thermal dust
above 100 GHz

(No significant Faraday Rotation except Etea
near Galactic centre)




Projected magnetic field direction above a few GHz

(rotate synchrotron angle by 90 deg) Vidal et al. (2015)
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4 main radio loops

! (centre)

b (centre) Diameter

R. M. S. Deviation

329° 4- 175
100° + 2°
124° - 2°
316° 4- 3°

+ 1795 4 3° 116° + 4°
—32°5 + 3° 01° + 4°
+16% 4 3° 66° 4 3°
+ 4835 4 1° 395 + 2°

029
171
1°7
0°8

Berkhuijsen et al. (1971)




A new look at polarized spurs

and filaments
Vidal, Dickinson, Leahy (2015)

|dentified several new filaments/spurs
Some only seen in polarization

Continuum Polarization Comments / reference
h

[ : 20.7 NPS, Brown et al. (1960)
[1 . Large ct al. (19€2)
. 3.2 Quigley & Haslam (1965)
v ], 48.1 Large et al. (19€6)
Vv 57. ~ Milogradov-Turin & UroSevi€ (1997), sar
Vi . - Milogradov-Turin & Uro3cvi€ (1997), no

GCS 4.8 Galactic Ceaue Spur from Sofue, Reich 8

[11s° -2 Bezlow the plane at the ‘fan’ region.

Vila 0.0 From Wolleben (2007) using the 1.4 GHz

VIR : Values found in this work for VIia

[X? - - - Iuside the NPS. ' o 2 .

X¢ - = = : Tangentia! to the plane ; 3 : ! ‘7-,"(' /
X1“ : - - . Large arc tangential o the plane. > /o - X1
X1 - - - Close to the ILMC ~

VI Southern part of the GCS?

X111 Weak continuum emission a: 0.408 GHz.

X1V Possible H 1 counterpart (sze Section 7.1).

Mertsch & Sarkar (2013)
model quite compelling
since we would only
clearly see nearby/high
latitude structures




High S/N synchrotron polarized intensity map

Combined WMAP+Planck map at 23 GHz in Faraday-thin region
Optimal noise weighting, remove missing WMAP modes etc.

gt S SR S

Related to Loop 1? T R Fermi Bubbles

.—&.\
-

Probably outer border of Loop

New structures detected

]
-

sessesssssssss——— 3.7 log (uKcys)

Planck Collaboration XXV (2015)



High S/N synchrotron polarized intensity map

Lots of (overlapping) coherent large-scale structures!

Planck Collaboration XXV (2015)



Magnetic field approx follow ridges of loops/spurs

(but not always/exactly!) Vidal et al. (2015)

%
4

.
-
6 o=
<
Al

&
.
L

7

154
‘.‘; ~ .-

f
'

[

10

Angle Diff [deg]
|
o =

I
N
o

|
w
o

Filament | Filament Is Filament GCS

sy r e
P e d - //l’/l’fll’lf""' el
s ’f’l’f'/l‘”—””l—" i
’I//’I/I;f'l_a/ ,::__

>
L
W
NN
SN
T e

SEPERN
SN\ Y
\

\

g
)

»
h\_
” -

e

X

?

LS 7 g S I o
-~ ‘\\\‘ 7 A I////{// ol al v el atal V4 - ]’ - ~
~ A L | /‘////'/’///o/,/ r Sy ey -y
B o ™. V////’I 2SS FTE s i S -
S NINIS S = = U Y s = A
PEITNR T T T \16\?»1 TN 7 LSS T A s -
DORNNSN N Ny AN ’///,'////’,/, ot o
\\\\.\\\\_.\ \.\\\\\ /’;I/,ﬁ//:":r’,/,/:d;"; e
- - 4 4 ’ /s 4 % I —— —
e \-\1\“\‘\\ P 7L ‘I' /'/':f YA Pt N o
SN RN N i S /‘,- 'Y - o P ===
- ' an \\_\\\_‘\ \\\, E \\\‘\ st '. P f' ’ /// ~ e
k ] / - B = - ™ TN Lo z / P
\. | ’n "’ » ir/’, - \ \:\ \-\ \\'\\:\ . -~ s\ X \\ ,‘ 3 p— 7.‘—', ~
\ 1 F Fan b /-//’\*\\u_‘_\\.\ -y e e J S e 1
| \' ' ‘/’ N - NS - ,/_/_/’//_// o o
. P ;
:' ‘ Sty St - A ,-',_//
A / - v’
O / -~
\ A \‘ P \ ~,
(I SRR 7 : -
\ \’\\\\. \ \ ..' € el 5 ey S R S S Sa  SIs  SN—
A —;," S o MR VU RIS TR G N N
SOASLN \_.-s: ;.-L R =, B Nngin g sy S W S
NS o L % -. )
= - 2\~ ¥ I BRI ‘T b, W a e T, S T

D30 Log (mK) 2.4 w—— mmm - 0.70 Log (mK) 2.0 m— mmm - 0.70 log (mK)

”

Filament | Filament 1s Filamoent CCS

+ B 3C:'vv']vvvv'vv 1T Ty ] ﬂn_r — —_— —r——
- - - - -
o 4 - ] E
- - - - o
b <0 ] <0 L
- - R -
E ; -
r r | [ b .
- - - T

F o — . - - - 3 p— r
. ~3 w10k - 1 @ 0]
£ 3 T C ’ ~ 3 o £
o 3 — - ) N 9 e L _
: 13 8 gheidn | = :
SAIRInnnmmmnmnmnmmnmnmmImMmIIIIoIoIIooOOyT o - :‘; r.. TR 2P - ::: n... - ‘e -
F ; 4 - - ’ 1 ‘> Tk S -
» : . v = / . v £ . PR
L - / 3 - = I ] -~ t ~| -
E ! - ’ . 'éi = ] ‘éﬂ E
2 [,/ E -10°% : -10F E
2R ’ 1~.|.° ] < : ] < ;

L -
- .' - ] £
- . P o 1 - - - N
- \‘f 4 [ ]
e - r -20~- 7 -20¢ .
L - - . L
5 - - R -
3 ] - ] ;
mew —Bc: P PR PR B .l... —30[: N P L 2 s 2 L. a0

10 20 90 40 20 €0 70 0 b 1C 15 <20 25 U S 10 15 20
Distance along filament [deg]. Distance along filament [deg]. Distance along filament [deg .

Lo
[
o
<



Synchrotron polarization fraction

Vidal et al. (2015)
Zero levels and component separation in intensity difficult to be accurate

oynch. Pol. Fraction, 6—-5.0 =vnch. Fel. Fraction, using MEM

LU— :—7'...0.32

synch. Pol. Fraction, using MCMC model ¢ Synch. Pol. Fraction, using MUCMC meodel ¢

\1_"‘

-z"*‘




Synchrotron polarization fraction

Polarization fractions up to ~40-50% suggest very coherent magnetic field
(theoretical max~75% therefore very little depolarization)

f

e
)‘\‘-

e -\."‘.‘
AT eN S

s

Planck Collaboration et al. XXV (2015)



Loops in polarization

o B-field aligned with NPS/Loop | well outside loop boundary
e South Polar Spur (SPS) not related to Loop Il (Cetus arc) as originally thought nor Loop |

e But does have its own cold Hl/dust outer border (another loop?)

Stereographic projection
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More filaments, spurs, loops, arcs!

e Several internal spurs with similar orientation (multiple shocks/SNe?)
* Quter emission beyond NPS could be different structures?

* Additional filaments e.g. flament X which curves over strongly (looks like Fermi Bubble!), 1=45 filament,
Orion-Taurus filament etc...

e Several more visible by eye (c.f. Mertsch & Sarkar 2013 prediction)

— —
T
———

-
o —

N\
)
\
\
\




Spectral indices

Synchrotron spectrum generally steeps with frequency (spectral ageing)
Diffuse synchrotron 3~-2.7 at 1 GHz, steepening to ~-3.0 at 10-50 GHz (c.f. Orlando & Strong 2013)
Also steeper towards the plane due to star formation

Spurs: typically steep (-3.0) across wide-range of frequencies
(suggests older electrons, no new power source)

150 MHz




Spectral indices

Dickinson et al. (2009)

Intensity complicated due to component separation [ Reloremcs pEAp

C . . (|56 > 20%)
Polarization easier but noisier! 3GHz  D.P. Finkbeiner (2009, private comm.) 2.69 = 0.12

(noisy data & frequencies close together) 0.408-2.3 GHz Giardino ct al. (2002) —2.90 £ 0.06
0.408-2.3 GHz Platania ct al. (2003) _2.68+0.11

23-94 GHz Gold et al. (2009) —3.18 £ 0.17

T-T plots not affected by zero levels! 0.408-23 GHz . Giardino (2009, private comm.) 2.89 + 0.13

23-94 GHz This paper 2.97 £+ 0.21
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Vidal et al. (2015)




Many early theories. = = (e.g. Berkhuijsen et al. 1971, Salter 1983)

Remnants: Type I/ll supernova outbursts
Remnants: “Super” supernova outbursts

Joins across Galactic plane to form
helical structure

Radio tracers of helical local Galactic
magnetic field

Bubbles/loops in local magnetic field

Stellar winds from Scorpio-Centaurus
OB association

Hypershell of starburst activity, possibly
near the Galactic centre

Minor spiral arms

Fossilised Stromgren spheres

INTER-ARM
LINKS

Intenasity

40" 30° 20° io° o°
Ang’e between centre of Shell
and Sun.

(b
Brown et al. (1960)



A proposed model for Loop |
(Heiles et al. 1998)

Assume B-field parallel to plane near Sun

Expanding supershell will bend B-field lines
following lines of constant longitude

Observed pattern less trivial - critically depends on
viewing angle!

Heiles (1998) applied this to star-light absorption
data

We repeat using WMAP synchrotron polarization
maps

e (Centre @ 120 pc towards Sco-Cen association
(I,b)=(320,5)

e Radius =120 pc

Ridge-line

Courtesy of
Paddy Leahy

Vidal et al. (2015)



Proposed model - projection of B-field on the sky
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Vidal et al. (2015)
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Data vs Model - good agreement!

. N,

VY. VAT

Star-light absorption (<300 pc only!)




A few comments on Loop |

Expanding shell(s) generally appealing

e Geometry, fit to small circles, cold HI/dust border to the
outside, some emission inside etc. Wall of gas at bottom of spur at 130 pc

. . . (lwan et al. 1980)
e Spurs are bundles of field lines with enhanced CR

density

I% E'B-V)/pc (mag.pc-1) [l ' 0

LC= Local Cavity

Remarkably good fit to polarization directions

Cygnus rift s——

e Also star-light absorption - nearby structure (<300 pc)

e B-field outside of NPS consistent and local ISM

Only see strong emission from part of shell?
e Different ISM densities on either side

e NPS close to denser Ophiuchi clouds while rest
expanding into low density cavity

-800D

Many models probably ruled out already, e.qg.,

s A
1000 3 )

)I \'\_ ‘ \
:‘\ I\I N N '|‘
Vv parsecs |

e Bland-Hawthorn (2013) - spectral indices too steep for A
thermal /ﬂat SynCh rotron 1000 800 600 400 20 0 400 600 800 1000
e Jones et al. (2012) suggested toroidal field - error in use 3-D mapping of local ISM
of WMAP Q, U maps (“cosmological” convention - not Lallement et al. (2014)

IAU, so U=-U )



Further comments on distance

1. Centre of Loop is nowhere near the Galactic centre (10s of degrees)
2. NPS nowhere near the Galactic centre (20 deg off)

3. Starlight polarized absorption detects NPS beyond 100 pc (Matthewson+Ford
1970, Santos et al. 2011)

* Also simple B field model only works well for stars <300 pc

4. Bright edge of NPS/Loop | roughly where dense gas exists and low density in other
directions (up to ~kpc)

5. B-field outside of NPS consistent with local origin (coincidence? or another spur?)
6. Energetics (10%° erg) and huge size! (~7 kpc)

7. Southern part of FB extends outside Loop | and no trace of interaction with FB in
radio maps

8. Loop | extends through the Galactic plane without any sign of deviation
9. We see lots of other loops/spurs with similar geometry, spectral index etc.
[ Sofue et al. (2015) arguments not all sound e.g. Aquila rift not at a single distance ]

My conclusion: Models putting loop | at Galactic centre (e.g. Sofue et al. 1977)
unlikely

* However, there is some evidence that NPS/Loop | further than originally thought
(~100-200pc), possibly up to ~kpc



Fe rm i b u b b | es Planck Collaboration XXV (2015)

Filament traces FB remarkably well - this is NOT the NPS! (inside it)
Unlikely to be related to Loop | (offset, extends outside bubble, distance etc.)
Synchrotron spectral index relatively flatter than elsewhere (~-2.5) -unlike Loop | etc.

—60
B 0.0 Tog (mK) M -s0 log (counts) M 090 Log (relative)

10-500 GeV Fermi map Fermi data processed by
Corrected for 1 decay Selig et al. (2014)

Polarized synchrotron intensity



CMB contamination by loop 1?

Liu et al. (2014) and von Hausegger et al. (2015)

10000 INImK) 500C0 2.5 log T uK) I

HH
N

128 TuK) g

Nuk)




Possible contamination from gas/dust
associated with loop | (Liu et al. 2014; von
Hausegger et al. 2015)

However, note that:

CMB contamination by loop 1?

Magnetic dipole radiation from magnetised
dust grains?

Statistics difficult to quantify due to “look
elsewhere effect” (e.qg. trial factors)

Liu et al. (2014)
Alignment is not actually very good with
dust which is exterior to loop | (only with
theoretical outline)

Peaks of CMB ~10x estimated errors by
WMAP and Planck teams

e Also, peaks tend to be close to
recommended Galactic masks

Would expect much more emission from
other loops at lower latitudes

N

Galactic latitude [¢

Planck Collaboration 2015 XXV




CMB polarization contamination by loops

Main loops account for majority of the polarized synchrotron foreground on large angular scales
(very important for sensitive B-mode searches, especially if r<0.01)
Current limit r<0.06 (!)

- = = =  Gal. Plane masked BB
- = = =  Filaments masked BB

-
x
2
S
S
_l..
N~
oY

Multipole

Vidal et al. (2015)



Halpha-polarized synchrotron anti-correlation

* Discovered trough in polarized
synchrotron intensity at 23+ GHz where
lies a narrow 40 deg H-alpha filament

e Qther places in the sky also show
this on a range of scales

e Also visible in Faraday Depth map

0
¢ = ka dr ne(r)B,(r).
r

C

e O=-25rad/m?
e Not a chance correlation

e \Very unlikely be due to Faraday
depolarization (expect <1 deg rotation
at 23 GHz for B < 30 pG)

e Possibly strong coherent B field
parallel to line-of-sight of filament
(cancellation)

e Synchrotron emission from ionized
region intrinsically weakly polarized Planck Collaboration 2015 XXV



Conclusions

New data are giving a (slightly!) clearer picture of large-scale radio emission

e Polarization data above a few GHz provide projected B-field directions

Loops I-IV clearly visible along with several other filaments/spurs

e Steep spectrum (B~-3.0) from “older” synchrotron radiation

e Highly polarized (~30-40%) - highly ordered B-field

o B-field aligned close to edge of ridges - compression due to expansion

e Most are very nearby (< kpc)

Simple expanding shell model can reproduce distribution of polarization angles
e Only see one side due to different densities in the ISM?

Sensitive CMB polarization measurements will need to be careful!

e Foreground contamination dominated by large-scale spurs & filaments!

e Also Galactic B-field modelling hopeless without taking them into account (with distances!)
Fermi bubbles probably not related to Loop | which is probably < kpc away

e One or two of the other spurs (NPS?) might be though!



Sco-Cen supershell
(centred 120 pc away)

Planck Collaboration XXV
(2015)




