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Starburst galaxies

Star formation = SN explosions =2 CRS (Ginzburg & Syrovatskii 1964)

EM consequence: e synchrotron -2 radio
e bremss, e IC, t° decay =2 vy

Info on CR from their radiative yield: vy-rays

radio
« « star formation: SN rates



Model SED - CR properties

diffusion-loss equation for CRs

ON(E)

SE = pVAN(E) - E 2 + S B(E)N(E)] + Q(E)

CR injection spectrum (SN rate, n - o)

—

L]
primary protons: Q" (E )

primary electrons: Q" (E) N/N | =

DIFFUSION-LOSS Equation

- Losses and confinement timescales from
ionization, n production, diffusion, convection

h 4

steady proton spectrum:

N,(E,)

|had}uﬂic interactions with ISM: «°, o', = productiun” knock-on: e production |

| Emission: ° decay I | ', « decay: e, &

production |

®

charged pion decay:
v production

L]

Data fitting
initial injection proton slope, N p,-’I'*l

Y Y
De ¢ | .
€3 + 20 secondary electrons/positrons: Q™ (E,)
09 DIFFUSION-LOSS Equation
- Losses and confinement timescales from ionization, synchrotron, bremsstrahlung <
photan field for IC losses inverse Complon, adiabatic, diffusion, convection m
4 o8
steady electron/positron spectrum: N, (E ) g =
[ =
=
| Dust Emission | | Emission: Bremsstrahlung, |C|| Emission: Synchrotron + Absorption: Frae-fraa| 3 E
Y s o
2 <
IC target photon field

Absorption processes
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U, ~ 230eVcm™
U, ~ 20eVem3
B ~ 100 pG

in SB nuclei

ey~ 0.2 -1 yr!

VS.

U, ~ 1eVem=
U, ~ 0.2eVcm

B ~ 5uG

in MW @ Earth
Ve ~ 0.02 yr-!



Radio emission - CRe - CRp
r —q EJUQJ"—- -E-_ihf?
(g—2)a(

B, — 7.44 x 10~ [ . Klg) ]‘}

1+ x 1+ x
[ | N-:[}"} = Ne,{]l{l +X) ,},—ik

[1 = (y2/y1)* %]

B U.=N,(l+y) mc }f?_q“ -2

Neoll ) = 1.6x 107 gs11250% 55
s = (57ime)” {MPCJ{ )

2—ge 2—g.
1 —(y qe
B U.=13x1021250% q_’;c,B"L’_ " U= Onfy)” ®] ergem™
5 {q‘a - 2} aqc .
B
o = n(Up+ U.)
T Uﬁ
Up = K(qp-9e) 7
m oy - 2OXI07 33107 1+ (&) ) [1— Qa/y) ™ 125082 g 1000
P +{l%j’&§) 1 e (ge — 2) ag,
. B- NG [3.3:;:. 10-2! (1 + - 12509/2 s K = p/e energy density ratio

v = secondary/primary electron ratio

24, [1-(y2/31)* %] |2”5+‘?“3' G v, = low energy cutoff

'[ _j}aq




... Charge neutrality

of primary particles
I .. T < mc?
{ T i;'l 2 <= T <« 2
H Z(T?q) - oC mcT) een MaC My C
L
—2)7 . T > myc”.
e

gp—1

(gp—1) [TE-FZT[}HIPCE}EI:IZ'__[ [ T-7 (T + 2myc*)” ‘”‘{T+mpc )dT

B «(To:qp.q.) = -
oA T g = 1) (T2 + 2Tgm )5 J;D T-5(T + 2m.c2)" (T + moc?)dT

dp 4 K dp e K dp e K dp g K dp e K
2.0 2.0 0.258E+02 2.1 2.0 0.984E+01 22 2.0 0.418E+01 23 2.0 0.197E+01 2.4 20 0.101E+01
20 2.1 0.628E+02 2.1 2.1 0.239E+02 22 2.1 0.102E402 23 2.1 0.479E+01 24 21 0.246E+01
2.0 2.2 0.119E+03 2.1 22 0.453E+02 22 2.2 0.193E+402 23 2.2 0.906E+01 2.4 22 0.466E+01
2.0 23 0.189E+03 2.1 2.3 0.720E+02 2.2 2.3 0.306E+02 23 23 0.14E+02 24 2.3 0.740E+01
20 24 0.269E+03 2.1 2.4 0.102E+03 22 24 0.436E+02 23 24 0.205E+02 24 24 0.105E+02
2.0 2.5 0.357E+03 2.1 2.5 0.136E+03 22 2.5 0.578E+02 23 25 0.272E+02 2.4 25 0.140E+02
20 2.6 0.451E+03 2.1 2.6 0.172E+03 22 2.6 0.731E+02 23 2.6 0.344E+02 24 26 0.177E+02
20 27 0.551E+03 2.1 2.7 0.210E+03 22 27 0.892E+02 23 2.7 0.420E+02 24 27 0.216E+02
20 28 0.654E+03 2.1 2.8 0.249E+03 22 2.8 0.106E+03 23 2.8 0.499E+02 24 28 0.256E+02
2.0 29 0.760E+03 2.1 2.9 0.289E+03 2.2 29 0.123E+403 23 2.9 0.579E+02 2.4 29 0.298E+02
2.0 3.0 0.867E+03 2.1 3.0 0330E+03 2.2 3.0 0.140E+03 2.3 3.0 0.661E+02 24 3.0 0340E+02

dp=4qe = ¢ 2> klg)= ( ) P .

Me . from radio




Electron Radiation Losses

In(y/ne)
1.0
Y

-1

bo = —ye=12x10"2n, Coulomb

—16 -1 . .
by = —jp = { 1.78 x 10~"°ny[In(y) + 0.36] s~' ionized bremsstrahlung

log dy/dt (s7)

9.44 x 10~ "°ny 7! neutral
by = —ysc = 1.3x 107 * (B* + 8npr) s~ synchrotron + Compton
R '____ Coulomb losses dominate @ LE
—8 - N Synchro + Compton « @ HE
| _ ___Coulomb _
~10 ]
- B =100 pG
L bremggtr' L, =10% erg s
—-12 — g = 200 pC
B n=100cm3
B n, =200 cm3 . .
s Rl| Secondary/primary electron ratio
B L synchro—Compton | )
i ] nggﬁrsnappmn.ml
i N I B B A B B A Coo | rs:G'ka':1H:20{]cm_3! andq:Z.Z
0 1 2 3 11 4 5

log v



Ob_jECt DLl R532 1'..!5;3'q f54 {1'5 He Lm? MSBE ):q KH] Y1 1 .l‘l_'.-iil2 Up L Notes”
Arp220E 747 1145 — 008 070 3000° 4491 93 24 48 21000 155 390
Arp220W 747 70°  — 0.0 070 3000° 4508 9.1 40 48 15000 230 730
Arp299-A 430 140  200* 0.10 060 250 44.88 9.0 8§ 20 8700 145 365 =IC 694
NGC 253 2.5 180 150 1.80 0.70 100 43.62 1.7 0.3 48 8300 100 235
NGC3034 34 300 200 370 071 200 4396 8.1 03 51 6600 100 250 =MS82
NGC3628 7.6 135 200 065 0.86 100 4330 73 01 120 7600 65 100
NGC4945 37 250 200+ 225 060 300 4372 74 01 20 4700 110 270
NGC 5236 3.7 180 200 0.75 0.80 200 43.45 7.3 0.1 90 5000 105 260 =M 83
NGC6946 55 150  200* .045 074 100 4351 7.0 07 60 4000 65 110
. however, there is a correction =2
PL to curved CRe spectrum —>
lower equipartition values
S -
VSBR[ P
4 jpi(v) = 1 5 sin()d) 7 ﬁ',fS(‘fJ d§
I ,..:” _______.---"'""-'? 1 e . I"r.l'llp':'
v, = 3eB/(4nmc) y? sin(6) 7 ffd;}
velm) < v < ue(y) v €10,0) 0 eosh (3D
L _'_'_‘_'_‘_'_ O -tll_"]:l" |I | (‘\-{"ﬂ
e - —
Amred 1} /2 ‘el oAl —
. 7€ 2y ' Vo SEY T I
- - 12 0 —
] jf(]!} = .ﬂ'[:ffji —_— NS J J—
! me? ! 1 o



Mormnlized Spectml llcn:iq‘

i) = gmc@ } sin(0)do / . Lm Ky ()t

Persic & Rephaeli 2015

0l

001

0001

00001

le-05

le-06

le+® ;
=13 —— Steady-state
;]:];:dvlm;ri PL :I'.I-;I.ﬂ oL
s e Gp2:3 07 zn B=100uG, p=10 eV cm™

“‘m n,=200 cm™

—

0

Speciral Syechootron Luminesity, 107 erpis GHz)

le

LOD0GD

3, n,=30 cm™

le=7 \\\

"""-H.\_\_\_\‘-_.
T

,N,=150 cm™

S

le-07

1w ot 01 1

10

Frequency (GHz)

—> B can be lower by <2, U, by <4 than in PL case

100 1004



SN rate - CRp

/Tpp ~2x10° ()7 yr )
100em /. — 85 SN Tres n Ec'j ( s
Tour = 3x 10 (— o) (o )7y P " 03yr! 3x10%yr 0.05 105 erg ‘0.3 kpe
0.3kpe’ ‘2500 kms " : ' : 4
. 1 1 eV ecm
Qrc's = Tpp {nH]) + Tout {Tm “Uout) j
Object pit i B ol WPFL Ll SFRI vl mEL L i Notes
(Mpc) ~ (kpe)  (Jy) (em™3)  (erg/s) (Mg/yr) (m1) (M) (erg/s) (yr)
Arp 220 4.7 0.25 0.3 065 300 45.75 253 3.5 9.2470-10  « 42,95 9.0E+3 SB
M82 3.4 0.26 100 071 200 4426 8.2 0.25 0371507 40211010 2.6E+3 SB
NGC 253 2.5 0.20 56  0.75 400 4423 7.7 0.12 9.2070-1%  39.761)-1%  2.0E+4 SB
Milky Way - 4.4 - — 0.01 4375 2.5 0.02 9.817012  38.91%012  27E+7 quiescent
M31 0.78 517 48 088 0.01 12.98  0.43 0.01 9.8870 1L 38667000 40E+T quiescent
M33 0.85 279 330 095 003 12,68 0.2 0.003 09357015 <3854 2.6E+7 quiescent
LMC 0.040 3.0 285.0 0.84 0.01 4245  0.16 0.002 8867012 37671002 1OE+7 quiescent
SMC 0.061  1.53 453 085 0.01 4145  0.01 0.001 8667005 37.04101. 4.0E+7 quiescent
NGC 4945 3.7 0.22 55 057 300 44.02 47 0.1-0.5 9.6470 30 40301012  4.6BE+4 SB+Sy2
NGC1068  16.7 118 66 075 300 45.05 50 0.2-04 9717070  41.3270-1°  1.0E+6 SB+Sy2
Object ~y-ray radio SN other Ts loss
meth. meth. meth. meth. (kpc) mode
Arp220 - 1027 515 - 0.25  adv
M 82 200%¢ 201 95 - 0.26  adv
NGC253  200%¢ 145 77 - 0.20  adv
Milky Way 14 - 1 1 1.4 PP
6° - 5 - 0.2 PP
M 31 0365 015 07 - 477  pp
M 33 < 3f 0.38 0.7 - 279  pp
LMC 0.25¢ 014 02 - 3.0 pp
SMC 0.150 0.39 1.0 — 1.53 PP
NGC4945 200 201 220 - 0.22  adv
NGC 1068 - 65 61 - 118 pp




pionic channel
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Conclusion

SFGs : correlation between SFR (SN rate) and U,

High SFR = high U, M82, NGC 253: U = O(100) eV cm—
MW, M31, M33: Ug, = O(1) eV cm™3
LMC, SMC: Ui =0(0.1) eV cm™

Nearby gals: estimate U, from SED =
solve loss-diffusion eqn (w. assumptions).

Distant gals: estimate U, from electrons =
radio synchrotron + p/e energy density ratio.

SFGs not proton calorimeters = CRp (unlike CRe) escape unscathed

L, is SFR indicator (like radio, IR)



