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Transport of cosmic rays in the nearby starburst galaxy NGC 53*
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Radio halos require the coexistence of extra-planar cosgicand magnetic fields. Because cosmic rays are injected an
accelerated by processes related to star formation in #ie tiiey have to be transported from the disk into the halo. A
vertical large-scale magnetic field can significantly erdesthis transport.

We observed NGC 253 using radio continuum polarimetry withEffelsberg and VLA telescopes.

The radio halo of NGC 253 has a dumbbell shape with the smakgtical extension near the center. With an estimate

for the electron lifetime, we measured the cosmic-ray bpbes as800 + 30 kms~* which is constant over the extent
of the disk. This shows the presence of a “disk wind” in NGC.28@ propose that the large-scale magnetic field is the
superposition of a diskr, ¢) and halo(r, z) component. The disk field is an inward-pointing spiral witker parity. The
conical (even) halo field appears in projection as an X-sthapreicture, as observed in other edge-on galaxies.
Interaction by compression in the walls of the superbubbiag explain the observed alignment between the halo field
and the lobes of hot & and soft X-ray emitting gas. The disk wind is a good candidat the transport of small-scale
helical fields, required for efficient dynamo action, and asuarce for the neutral hydrogen observed in the halo.

(© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction the diffusion coefficient along the field lines is larger than
perpendicular to them. Vertical magnetic field components
Gaseous halos are a common property of star-forming dgaave indeed been found in the halos of several nearby edge-
laxies (Dettmar 1992). How galactic halos are formed i stipn galaxies. They all show an X-shaped field pattern like in
under debate. One scenario is that star formation in the difksC 5775 (Tullmann et al. 2000) and in NGC 891 (Krause
drives an outflow by releasing hot gas and cosmic rays ing®07). How these fields are formed is still under debate. The
the interstellar medium. Their combined pressure can driggometry of the flow is shaped by the gravitational poten-
the outflow against the gravitational pull of the stellarkdis tial and the pressure balance in the halo, so that it can have
Cosmic rays are particularly well suited because their adi-radial structure (Fichtner et al. 1991). The magnetic field
abatic index o’ = 4/3 results in a larger pressure scalelines may trace the direction of the flow which has verti-
height than that of the hot gaB & 5/3). Moreover, cosmic cal and radial components, so that in projection it forms an
rays do not lose their energy fast by radiation losses, go th&shape. Hydro simulations of disk galaxies with star for-
they are able to contribute a significant pressure even faation show also an X-shaped gas flow (Dalla Vecchia &
away from the disk. Breitschwerdt at al. (1991) showed th&chaye 2008).
the cosmic-ray pressure is able to accelerate the flow in the Another question is how large-scale magnetic fields are
halo, so that it can escape from the gravitational potentigenerated in galaxies. The{2 dynamo is among the fa-
as a galactic wind. A galactic wind, hybridly driven by thevorite explanations but it remains to be clarified how it wor-
cosmic-ray and thermal gas, may be present in the Milkss in presence of a galactic wind. One requirement is that
Way (Everett et al. 2008). small-scale helical fields are expelled from the galaxy (Sur

The structure of the large-scale magnetic field signifet al. 2007). Parker (1992) pointed out the importance of
cantly influences the cosmic-ray transport. A vertical fiel§@osmic rays to drive a fast dynamo where the magnetic field

enhances the transport from the disk into the halo, becai@@plification is enhanced by magnetic reconnection. Global
MHD simulations of cosmic-ray driven galactic dynamos

* This work is based on observations with the Effelsberg 106chtae  Show that field amplification is possible and that the X-

VLA radio telescopes. The Effelsberg telescope is operbjethe Max- shaped structure can be reproduced (Hanasz et al. 2009a,b).
Planck Institut fir Radioastronomie (MPIfR). The VLA (Wektarge Ar- NGC 253 i by starburst | hich all
ray) is operated by the NRAO (National Radio Astronomy Obesry). IS a nearby starburst galaxy which allows us

** Corresponding author: e-mail: v.heesen@herts.ac.uk to study its structure in high _detaiD( = 3_-94 Mpc, 30" =
600 pc). Is has one of the brightest radio halos known, but
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Fig.2 Scaleheightsy, of the thick radio disk as a function of
the electron lifetimet. in the northeastern halo (left) and in the
southwestern halo (right). The linear fit is the theoretimgbec-
tation for a convective cosmic-ray transport with a constank
speed. The fitisyn o /2. is the theoretical expectation for a dif-
fusive cosmic-ray transport.
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Fig.1 Total power radio continuum at6.2 cm obtained from

the combined VLA + Effelsberg observations, smoothedd6 Lhel dltshk’ tfreyt have a fllatt_spe_ctral |3de>;'¢t):]: 2. Intthlg d
resolution. Contours are at 3, 6, 12, 24, 48, 96, 192, 384, 7&#p, 20 (N€ ElECron population IS agéd and (he spectral index

3077, 6144, 12288, and 245%6the rms noise 080 1]y /beam. is steep. We now use the electron lifetime to measure the

The overlaid vectors indicate the orientation of the FayadaCOSMIC-ray bulk speed. o

corrected ordered magnetic field. A vector length bfis equiva- In Fig. 1 we present the distribution of the total power

lent to12.5 pJy /beam polarized intensity. emission at\6.2 cm at a resolution 080" together with the
orientation of the ordered magnetic fiéldNote the dumb-

) o bell-shaped halo that has its smallest vertical extentthear
so far a vertical magnetic field could not be found (Beck &lenter of the galaxy. The vertical profiles of the emission

al. 1994). It has a promin.en.t gaseous halo that is visible §yn pe characterized by a two-component exponential dis-

soft X-ray, Hv, and H | emission (Bauer et al. 2008; Hoopegipytion, which is the superposition of a thin and a thick ra

etal. 1996; Boomsma et al. 2005) which makes it one of th§y, gisk. The thin radio disk corresponds to the star-fognin

best candidates besides M 82 for a superwind (Heckmanfgty and has a scaleheight @ft kpe. The thick radio disk

al. 2000). corresponds to the electrons in the halo with a mean scale-
height of 1.7kpc. The scaleheight is a useful measure to

2 Observations characterize the .I’.a(.ZiIO halo, becaL_Jse it is almost mdgpen—
dent of the sensitivity and resolution of the observations.

We observed NGC 253 in the radio continuum polarimetr found that the scaleheight depends on the galactocentric

e
mode using the Effelsberg 100m single-dish telescope a?%dius with a minimum near the center whereas it is larger
urther out.

the VLA interferometer in D-configuration. A deep VLA . ) . L
mosaic ai\6.2 cm was combined with 100-m Effelsberg ob- We determined the equipartition magnetic field stren-

servations in order to fill-in the missing zero-spacing flu,gths using the revised formula by Beck & Krause (2005)

Moreover, we observed with the Effelsberg telescopa atWith a proton to el_ectron _rati(_) of = 100. The mag-
netic field strength in the disk is betwe2pG and18 uG.

3.6 cm and used VLA maps from the archive &k 20 cm o S
and 90 cm. Details of the observations and data reductiohn® magnetic field strength is highest near the center of the
laxy where the electron lifetime is smallest. We now de-

can be found in Heesen (2008) and Heesen et al. (20@ ;
2009). fine the average cosmic-ray bulk speed as

v=—, Q)

3 Cosmic-ray transport whereh, is the electron scaleheightd = 2hgy,, assum-

equipartition) and. is the electron lifetime. In Fig. 2
synchrotron scaleheight is shown as a function of the
ctron lifetime. In the northeastern halo we find a linear
endence between the electron scaleheight and lifetime.
'el'gis is indicative of convective transport of cosmic rayd an

Cosmic-ray electrons undergo several energy losses, am{)Elg
them loss due to synchrotron radiation is dominant. Theqe
synchrotron energy loss depends on the electron energy
the magnetic field strength @ /dt « E?B2. Electrons
with higher energies have a shorter lifetimes, which caus
a steepening of the electron spectral index with time, known! Al resolutions are referred to as the half power beam wittRBW).

(© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Www.an-journal.org



Astron. Nachr. / AN (2009) 791

A S - e s

S
S
4
/
/
L
:
N\
A
Vo

Fig.3 Orientation of the large-scale magnetic field\ét2 cm superimposed on an optical image by the ESO widefield imameage
courtesy of NRAO/AUI.

the magnetic fields. The bulk speed is remarkably constant In order to test this proposition we created a model for

indicating the presence of a “disk wind” with an averagéhe disk magnetic field using a spiral with a prescribed pitch

cosmic-ray bulk speed 800+ 30kms~". In the southeast- angle of25°, similar to the optical pitch angle &0° (for

ern halo the electron scaleheight is proportiona{/@te) details of the modeling see Heesen et al. 2009). Spiral fields
which is indicative of diffusive cosmic-ray transport. Theare observed in the disk of many face-on spiral galaxies like
diffusion coefficientiss = 2.0 + 0.2 x 10*cm?s~2. M 51 (Patrikeev et al. 2006). The model shown in Fig. 4 re-

sembles the observed magnetic field well, so that we can
presume that the disk magnetic field is dominating. It is not

symmetric with respect to the minor axis as the pitch an-

The high linear polarization of the synchrotron emissicn aple shifts the regions W'_th t_he s_trongest emission, so teat w

lows us to measure the orientation of the large-scale magfftﬁ:r;ﬁ;? dSir;StE?;Zgiglzg:]brl;til(s)gt(r)gEglasrcl)ztiitetw:;g;s?h

netic field. Figure 3 shows the magnetic field orientatiol \\ * e\ i Gepolarized, otherwise the halo field is hidden

in NGC 253 superimposed on an optical image. The ma . S . .
netic field vectors are mainly parallel to the major axis b y the domln.antdlsk field. This confirms our proposed two-
gemponent field structure.

in some places we find a significant vertical magnetic fiel
component. These are at the locations of the so-called “ra- If we subtract the disk magnetic field from the obser-
dio spurs”, where the most prominent one is located eastdtions we retain the halo magnetic field shown in Fig. 5. It
the nucleus. We propose that the large-scale magnetic fidlals a prominent X-shaped distribution in polarized intignsi

is the superposition of a digk, ¢) and a haldr, z) compo- and a magnetic field orientation centered on the nucleus.
nent. Such magnetic field structures have been observed in sev-

4 Magnetic field structure

Www.an-journal.org (© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



792 \Volker Heesen et al.: Transport of cosmic rays in NGC 253

00 05 L0 mJy/beam 5 Magnetic field direction

So far we have information about the orientation of the lar-
ge-scale magnetic field in the plane of the sky only. Fur-
thermore, Faraday rotation can tell us the direction and the
strength of the magnetic field along the line-of-sight. We de
termine the Rotation Measure (RM) using the difference of
the polarization angles between two wavelengths:

Ax =RM- (/\12 - /\22)- (2)

In Fig. 6 we present the observed RM distribution calculated
from the Effelsberg observations at a resolutioniéd”.
The northeastern half contains positive RMs (magnetic field
pointing to the observer) and the southwestern half negativ
RMs (pointing away). The sense of the radial rotation ve-
locity is opposite to the RM which is the signature of an
inward-pointing magnetic field (Krause & Beck 1998).

Based on the disk magnetic field model (Fig. 4) we cre-
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Fig.4 Modeled polarized intensity at6.2 cm of the axisym- SR . . s
metric magnetic field (ASS) of the disk 3" resolution. Contours ated a model RM distribution with a spiral magnetic field

are at 3, 6, 12, and 24 30 uuJy /beam of polarized intensity. The Pointing inward. In case of a Faraday screen where the po-
vectors indicate the magnetic field orientation where thgtieof larized emission of a background source passes the elec-

the vectors ofl” is equivalent tal2.5 ;.Jy /beam polarized inten- trons and the magnetic field, the RM can be expressed by
sity. RM = [ n.Bjds. The azimuthal RM variation of weakly

inclined galaxies can then be expressed as a cosine function
with a phase shift determined by the pitch angle (Krause et
al. 1989). However, NGC 253 is highly inclined (although
not edge-on), so that Faraday depolarization effects along
the line-of-sight can not be neglected (Sokoloff et al. 1998
Therefore, we use a model to calculate the RM along the
line-of-sight which includes Faraday depolarization. fire
odeled RM distribution shown in Fig.7 can reproduce the
observed asymmetric RM distribution with different ampli-
tudes of the maximum and minimum.

According to our model, the direction of the disk mag-
netic field is equal on both sides of the galactic midplane.
Therefore, the disk field has even parity. In order to study
the direction of the halo magnetic field, we made a model
for the combined disk and halo field. We tested several pos-
sible combinations of field directions in the disk and halo.
An even halo field that points away from the disk in the
00 northern and the southern halo fits best to the observations.

However, we cannot safely exclude an odd halo field, be-
Fig.5 Polarized intensity ak6.2 cm of the halo magnetic field cause we cannot reliably determine the field direction in the
at30” resolution after subtraction of the disk field model. Comsou northern halo.
and vectors are identical to Fig. 4. The boxes for the integyaf
the orientation angle‘: are also shown.
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6 Galactic wind

eral nearby edge-on galaxies (Dahlem et al. 1997; Tullm&h the halo of NGC 253 we find emission from various spe-
et al. 2000; Krause et al. 2006; Krause 2007). But this [d€S Of the interstellar medium. Plumes ofi}soft X-ray,

the first example for a galaxy which is only mildly edge-or@nd H | emission are extending far into the halo. They are
(i = 78.5°) and is dominated by its disk magnetic field. forming shell-like structures with the soft X-ray emission
innermost, the H1 emission outermost and the H be-

The halo magnetic field has an average orientation agiveen (Strickland et al. 2002). A fast wind of hot, low-
gle of ¢ = 46° 4+ 15° with respect to the major axis. We density gas from the nuclear starburst can transport the ma-
propose a conical field with a total opening angle090°  terial into the halo. Such winds are observed in several star
that appears as an X-shaped field in projection. burst galaxies and are known as superwinds (Heckman et

(© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Www.an-journal.org
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Fig.7 RM distribution of the axisymmetric spiral (ASS) of the
disk magnetic field ati44” resolution. Contours are at150,
—100, —50, 0, 50, and100 x 1rad m~2. The map was clipped
at0.2 mJy/beam in polarized intensity.

Fig.6 RM distribution betwee\ 6.2 cm and3.6 cm from Ef-
felsberg observations du4” resolution. Contours are at200,
—100, 0, 100, and200 x 1radm™2. The vectors at both wave-
lengths were clipped belowx the rms noise level in polarized
intensity prior to the combination. The sectors for the azhml
RM variation are also shown (Heesen et al. 2009). 7 Conclusions

o . ~ NGC 253 has a large radio halo. The analysis of the scale-
al. 2000). A second possibility for the transport is the diskeights of the cosmic-ray electrons and their lifetime show
wind _that is traced by the cosmic rays over the full extent gf,5¢ this galaxy possesses a disk wind with a cosmic-ray
the disk. bulk speed of abow00 km s~!. The magnetic field consists

How does the magnetic field relate to the halo structur@? @ disk and a halo component. The halo component be-
In Fig. 8 we show the halo magnetic field as an overlay Gomes visible after subtracting the disk and shows a promi-
soft X-ray emission. The magnetic field is concentrated neB#nt X-shape as known from edge-on galaxies. This is the
the center of the galaxy. Its outer boundary along the majBfst X-shaped field in a galaxy which is only mildly edge-
axis is near to the lobes seen in the X-ray emission. Mor@D. The disk wind can effectively transport gas from the disk
over, the orientation of the halo magnetic field is tangéntidt© the halo. The observed magnetic field structure can be
to the lobes. We note that the continuum emission (Fig. £xPlained by the interaction with the superwind by com-
does not show any connection to the hot gas but only tipgession in the walls of the superbubble and by limb bright-
polarized emission. The interaction with the superbubbfNing. Furthermore, the disk wind can transport the small-
may align and amplify the magnetic field in the shells ofcale helical fields to ensure efficient dynamo action.

the supe_rbub_ble. M_oreove_zr, the magnetic f|g|d alSO,ShO\ﬁ@knowledgerrents The organizers of the Splinter Meeting are
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Fig. 9. PhD. The GRK 787 “Galaxy groups as laboratories for baryonic

. . . . . . and dark matter” and the SFB591 “Universal properties of-non
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by the differential rotation. This field structure is sinita  meinschaft (DFG). RID is supported by DFG in the framework of
the Parker spiral of the solar magnetic field. On the oth@ie research unit FOR 1048.

hand, if the transport of gas, field, and angular momentuwie thank Michael Bauer for providing the XMM-Newton map and
is large, the field lines are expected to corotate far into theérgitta Burggraf and Olaf Schmithiisen are thanked fovjuting
halo with no azimuthal component, as observed. The galdbe map from the ESO wifefield imager.
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