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SDT@UWV�XYU[Z]\[T_^R`=T@acbc\Wd6ZeT@U[Ze^fahg�Z8XYd6Z]af\Wd�\Wd6T6i_djU[^:kml_nKaf\Wl_g[^cT@U�ZW^#l@k=o_d6T@np^jq4`=Xraf\sah\tdu\tdPvrwel@kyxfg[^fa
l_UWd;z{Z8djafd|b}afl_n6~8��ah\Wd�\8gW��T@U�djo_d_�=�#gWn:dPo_d6^:ncd6^fw[l_U�Z�afl�npT_Z8X�T@afXrl_U�l�i_djn#T;i_djnco�ncd6^fafncX�b}afd6Z�npT@UW�_dRl@k
�H�����/���/�����W��� kmncl_��i�Xrl_vYdja:ahl�ncd|Z��

���_� UW���(� �_� UW� � ���_�#�  ��� �_�_�#� O¡
�¢gWn:djo_d|^:T@ncd ��£y����¤¦¥§�W�=¨©¥«ª­¬=�t���[ªt��£®¤�� q8vrd|T_Z¦XYUW��ahl�af\WdKZ8d}¯[UWXrahXrl_U�l@k�ah\td*��T@�_UWXrahg�Z8d_�

°²±´³#µ8¶¸· vYl_�8¹»º�¼[gW½R¾¿bpl_U�^faÀT@U8a ¶

ÁÂ\Wd*b}l_U[^facT@U8aÂX�^Â^fdja#^fl;af\[T@aÂah\td*ÃWncXr�_\8ahd6^faÂ^faÀT@np^ÂT@ncd�T@Ã[l_gWaÂÄjdjncl;��T@�_UWXrafg[Z8d_Å�af\Wd#k«T@XrU8ahd6^fa=^facT@np^�`Âd
bPT@U�^fdjdÆT@ncd�T@Ã[l_gWa#Ç@ah\(��T@�_UWXrahg[Z¦d�q�l_n¢TÈk«T_b}afl_nÉT@Ã�l_gWa µ_· � k«T@XYU8afdPn6�

ÁÂ\Wd ���/���[��ª[£®Ê¢� q�XYU8i_djU8ahd6Z�XYU�af\Wd � �6af\�bpdjU8afgWnco_q�vrdja�g[^�^fdjd#�;g[bË\;k«T@XrU8ahdjnÂ^faÀT@np^jqÌl_UÍT_bjbpl_gtUÎal@k*XYac^CÃWXY�_�_djn�vrXY�_\8afÏÐb}l_vrvYd6b}afXYUW�sT@ncd6T8Å:ÃWgWa�ah\tdÑZ8djafd|b}afl_n�`=T_^�^fafXYvrv=af\Wd]vYXr��XYafd6Z­\Îgt�ÒT@U­djo_d_q=`:\WX�bË\
l_UWvYoDT_ZtZW^#gWwevrXY�_\8a#l�i_djnKTÍ^f\tl_nca ¥f�����[�®¤��4�W¥�£����W¥h¨Ó� ��T@Ã[l_gWa �
Ô�Õ_� ^fd6b}l_U[Z ¡ �uÁF\Wd;XrU8i_djUÎafXrl_U�l@k
Ê¢��£���£��®¤���Ê¢��Ö XYU�ah\Wd#��X×Z8Ï �jØ ah\;b}djU8ahgWncoK\tdPvrw�d|Z�T_^fafncl_UWl_��djnp^/aflK^fdPd:�;g[bË\Kk«T@XrU8ahdjn�Ã8oKg[^fXrUW�Ovrl_UW�ahXr��d¢dj½�w[l�^fgWncd6^jq_ÃtgWa�dji_djU�af\Wd6^fdOZ8djahd6b}ahl_np^®k«T@Xrvrd|ZÒahlKncdj�_X×^fahdjn��ul�^fa�l@k/af\Wd#vYXr�_\8a�af\Wdjo;ncd6b}djXYi_d6Z4��ÁF\Wd
gWvYafXr�ÒT@afdOvrXY��Xra�aflu^fdjU[^fXrafXYi�XYa»o�b}l_��d6^®kmncl_�Ùaf\WdKÚ_g[T@U8afgW�,U�T@ahgWncdRl@kyvrXY�_\8aj��dPUtdPnc�_o�X�^FahnpT@U�^f�uXrafahd6Z�XrU
Z8X�^cb}ncdjafdOw[T_bcV_djac^Âl@k�djUWdjnc�_o�bPT@vrvrd|Z Ê¢��£���£���� q8`:XYaf\�djUWdjnc�_o

Û ±ÝÜ4Þ

T@a4kmncd6Ú_gWdjU[b}o Þ q6`=\tdPncd Ü X×^/ß®v�T@U[bËV[~¸^/b}l_U[^facT@U8aP�/Á�l8ZWT6oR`Âd�l@kmahdjUKg[^fd Ê¢��£���£��/����ªW�8¤W¥�ª�¬=�t���[ªt��£®¤�� qXYU(`=\WX×bc\�T@U(dPvrd6b}ahncl_U(X�^FwWnclÎZ¦g[b}d|ZÒÃÎo�af\Wd�w[T_^c^cT@�_d#l@k®T�wW\tl_ahl_U/��ÁF\WdO��l�^fa=b}l_���ul_U(Z8dji�X×bpd�X×^Âaf\Wd
V�XrU[Z�l@kà^fl_vrX×Z8Ï»^faÀT@afd*afd6bc\WUtl_vYl_�_oCkml_gWU[Z(XrU�i�X×Z8djlÍbjT@��dPnpT_^��§ah\td�áDá]âãq�l_nÉbË\[T@nc�_djÏ»bpl_gtwWvYd6Z(Z8dji�X×b}d ¡ �
ÁÂ\Wd:Ã[d6^fa�l@k4ah\td|^fd#Z8dji�X×b}d|^�`=XrvYvWwtnclÎZ8g[b}d=T@U�dPvrd6b}ahncl_U�l_U;��l_ncdÂaf\[T@Uuä ��å l@k4af\Wd=l8bPbjT_^fXrl_U[^�af\[T@a�ah\Wdjo
T@ncd*^fahncg�bcV�Ã8oÒT�wW\tl_ahl_U/��ÁF\WdOd6Ú_gtXYi�T@vrdjU8a=npT@afdOkml_n:wW\Wl_afl_�_npT@wW\WX×b=wtv�T@afd6^ÂX×^Â��l_ncdOvrXYV_d �
å �

æ=l@`Âdji_djn6q��;g[bË\Ñl@k#ah\td�ncdji_l_vYgWafXrl_U[T@ncoDdj½�w�T@U[^fXYl_Uel@kOT_^fahncl_UWl_��X×bjT@v�V�UWl�`:vYd6Z8�_d�Z8gtncXYUW�(af\Wd
w[T_^fa ��� o_d6T@np^=bjT@��d*af\Wncl_gW�_\(af\Wd;Z8dji_djvYl_wW��djU8a�l@k ���t� ����ª��=��£���£���¥���� �   ^fahncl_UWl_��djnp^ÂbjT@U�UWl@`^fgWnci_djo�ah\tdÆç:UWXri_djnp^fd*UWl_a:l_UWvro�XYU�af\WdKvrXY��Xrahd6Z(l_wWafX×bPT@v�npT@UW�_dOl@k ���_� �=� �_� UW��qWÃWgWa:l�i_djn:ah\WdKdjU8afXYncd
npT@UW�_dÂl@kèaf\Wd:dPvrd6b}ahncl_��T@�_UWdjafX�bÂ^fw�d6bpafncgW�2kmncl_� �j�8é�ê UW�ëafl �j� �H��ÁF\WX×^�npT@UW�_dÂ^fw[T@U[^�T#�_ncd6T@a�i@T@ncXYdja»o
l@k¢wW\8oÎ^fX×bjT@v�wWncl8bpd6^c^fd6^�T@U[ZeUWdj`,V�XYU�ZW^Ol@kOT_^fahncl_Utl_�uX×bjT@v�^fl_gWnpb}d6^j��ì�l_��d�XYU8kml_nc��T@afXYl_U�q/afl�lWq�bpl_��d6^
kmncl_��l_ah\tdPn:l_Ã[^fdjnci�T@afXYl_U[^�Ã�d6^fX�Z¦d|^FdjvYd6b}ahncl_��T@�_UWdjafX�bÉnpT_Z8X�T@afXrl_U/�

í�U*af\WX×^4��lÎZ¦gWvYd®`Âd�^f\[T@vrv_vYl�l_V¢XrUKafgWncU*T@a/i@T@ncXYl_g[^�wW\[T_^fd6^�l@kWah\tX�^�T_^fahncl_UWl_��X×bjT@v�ncdji_l_vrgWahXrl_U/��af\Wd
l_Ã[^fdjnci�T@ahXrl_U[T@v�ahd6bc\tUWX�ÚÌgWd6^jq_af\WdÂwW\8oÎ^fX×bjT@v�wWncl8bpd6^c^fd6^�XrU8i_l_vYi_d6Z4q@T@U[ZKaf\WdÂUWdj`ÓT_^fafncl_UWl_��X�bjT@v�Z8X×^cb}l�i_djncXrd|^
ah\[T@a�ncd6^fgWvrahd6Z4��ÁF\Wd;ncd6b}l_���udjU[Z¦d|Zîahdj½�ahÃ�l�l_VeX×^�ï[ð�ñ�í»ò;��z   ^fafncl_UWl_�;o(�ÑÁF\Wduð®i_l_vYi�XYUt�Hç:UWXri_djnp^fd�~
�«ä@af\Ód6Z8XrahXrl_U/Å:óÓXrvYdjo �jØ_Ø � ¡ �ÝS�l_ncd�Z8djacT@XYvrd6Zô^fgW�_�_d6^fahXrl_U[^Èkml_n�l_wWahXrl_U[T@v:Ã[T_bcV��_ncl_gWU[Zencd6T_Z8XrUW�e`=XrvYv
�_XYi_djU�T@a=ncdjvYdji�T@U8aÂwWv×T_b}d6^ÂXrUÍaf\Wd�UWl_ahd6^jqWT@U[Z(T@a=af\Wd�djU[Z�l@k�af\Wd��ul8Z8gWvrd_�
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ß�ncl@k=ñ/T
`=ncdjU[b}dÍ��ÁÂ\tdÍì8bpXrdjU8ahX ¯èb�ì�a»o�vYd ¡ XYU8afnclÎZ8g�bpd6Z]af\Wd;wWncl_w�djncahXrd6^Ol@kÂaf\Wdjnc�ÒT@v:�ml_n�� ���/ª�� � £�¬FÖ ¡npT_Z8X�T@afXrl_UÒT@a�afdP��w�djnpT@ahgWncdOÁRq_kml_nÂ`:\WX�bË\�ah\Wd#djUWdjnc�_ouZ¦X�^fafncXYÃtgWahXrl_U;`:XYaf\�kmncd6Ú_gtdPU�bpo Þ X×^��_XYi_djU�Ã8o;af\Wd	 ������ª
����£®¤W¨�
:�«� �
��� Þ���� ¡ ± µ_Ü��� Þ����������� �!#"]³ �%$ é ¹'& µ)(
��*� Þ � kml_n¢^f��T@vYv Þ+�

`=\Wdjncd,��� Þ��-� ¡ �_Xri_d6^:ah\Wd�T@��l_gWU8a=l@kÂdPUtdPnc�_o(Ã�dPXrUW��dj��Xrahafd6Z�XrUDgWUWXra#npT@UW�_dKl@k�kmncd6Ú_gtdPU�bpo_q/T@U�Z ( X×^bPT@vrvrd|Z�.�l_vYafÄj��T@UWU/~¸^Ob}l_U[^faÀT@U8aj�0/21)354)176
1)896;:�:<4�8=1?>@:A>,1)B%CED�:,1)B,3FD�:,8HG�CEDJIA1)BA>�32KML[�ON�l_gs^f\Wl_gtv�Z
\Wl�`Âdji_djn�V�UWl@`ôaf\[T@a�af\Wdjnc�ÒT@v�npT_Z8X×T@ahXrl_U;w�d6T@VÎ^�T@a�`=T6i_djvrdjUW�_ah\QP
R�SUT�V Ô�W � ±Óµ Ø_�_� ò Ô �YX ó XYdjU/~¸^�ñ/T
`[ZT@U[Zeaf\[T@aKah\td�ahl_acT@vÂdjUWdjnc�_oeX�^�wWncl_w�l_ncafXYl_U[T@v®ahl �J\0X ì�afdpk«T@UtÏ].�l_vrafÄP��T@UWU­ñ/T
`[Z��DÁÂ\Wd�dj½�w�T@U[^fXYl_U l@kß�v×T@U[bcV�~ ^Fv�T
` ^f\Wl@`¢^Fah\�T@a^�`_ Þ � X�^#bË\[T@npT_b}ahdjncX×^fahX×b#l@k�ah\td*vrl�`:Ï§kmncd|ÚÌgWdjU[b}oD�§vYl_UW�_Ï�`=T
i_djvYdjUW�_af\ ¡ z¸aÀT@Xrv«~l@kÉaf\Wdjnc��T@v�npT_Z¦X�T@afXYl_U�q�`=\tX�bË\¿b}gWaÀ^Èlba´T@ÃWncgtwWahvroÑT@a�\WXr�_\skmncd6Ú_gtdPU�bpXrd6^jq�`:\Wdjncd�ah\tdÍwW\tl_ahl_UsdjUWdjnc�_o
dP½8b}dPd6ZW^:af\Wd�a»o�wWX×bjT@v4ah\tdPnc��T@v4djUWdjnc�_o (
� �

ÁÂ\Wd]dPUtdPnc�_oÓZ¦X�^fafncXYÃtgWahXrl_UÓl@k;T_^fafncl_UWl_��X�bjT@v#l_ÃÎxfd6b}aÀ^(vrXrV_d �_����¤�� X�^Cl_UWvroYL%c)cdB<1befCg>,L)8h:AKjiýT
ÃWv�T_bËV�Ã�lÎZ8o(bpgtnci_d��Jk:dji_djncah\Wdjvrd6^c^jqWXra=X×^¢T��_l�lÎZ(ncgWvrdOl@k�af\8gW�;Ã�afl�^cT6oCah\[T@a:ah\tdPncd�X×^¢T�b}vrl�^fd*ncdjv×T@ahXrl_U
Ã[dja»`ÂdjdjU�ah\Wd#afdj�uw�djnpT@ahgtncd=l@kyTRÃ[l8Z8ouT@U[Z�af\Wd=`=T
i_djÃ[T@U[ZÈ`=\Wdjncd=Xra�dP��XraÀ^®��l�^fa�l@k/XraÀ^®djUWdjnc�_o���ÁF\8g[^jq
^faÀT@np^�\[T
i_dH^fgtnfk«T_bpd(afdP��w�djnpT@ahgWncd6^Èl@kÆTîkmdP`?af\Wl_g[^cT@U[Zôò T@U[ZôT@vYv:dj�uXra;��l�^fa�l@k*ah\tdPXrn�djUWdjnc�_o¿XrU
ah\Wd �:¥«�t¥ � �«�]�8Ê¢��ªt�8¤l
:¨ � � � � � �%W � ¡ ��æ:l�`Âdji_djn6q8^fl_gWnpb}d|^�T@a�i_dPnco�\WXr�_\ul_nÂi_djnco�vYl@`ôahdj��w�dPnpT@afgWncd6^
`Âl_gWv�ZÈUWl_a�Ã[d:wWX×bcV_d6ZKl_gWa�kmncl_�ël_Ã[^fdjnci�T@ahXrl_U[^�XrUuaf\Wd:i�X×^fXYÃWvrdÂncdj�_XYl_U��yð®½ÎT@��wWvrd6^/l@k4af\WX�^�^fdja�l@kè^fl_gWnpb}d6^
T@ncd��nmpo

djncoÑ\tl_a;��T@ahafdjnu^fg[bË\¿T_^K��T_^�^fahncd6T@��^�XrUãT]bpvrl�^fd�ÃWXrU[T@ncos^facT@n6� �rq �j�)s ò�q�w�d|T@V�XYUt�ÑT@aP q � ¶ Õ UW� �Ht¢Ï�npT
oÎ^ ¡ �mpo
djnco¿b}l_v�Z­��T@afahdjn�^fg[bc\­T_^;XrU8ahdjnp^fafdjvYv×T@n;�_npT@XrU[^���^fl_vYX×Z­w[T@ncafX�b}vrd|^ ¡ � �uq Õ_� ò;q®w[d6T@V�XrUW�sT@aP q �j�_�bW � �×k«T@n#XrU8kmnpT@ncd6Z ¡ �

ÁÂ\Wd�dj½�X×^fahdjU[b}d�l@k®^fg�bc\�^fl_gWnpb}d|^jq8T@U[ZCdji_dPU���l_ncdOdj½�l_ahX×bOl_Utd|^jq8`=T_^FUWl_a=ncdji_d6T@vrd|ZCgWU8afXYv4af\WdKZ8dji_dPvrl_wWÏ
�udjU8aÂl@k�ÁÂ\WdOk=dj`   ^fafncl_UWl_��XYd6^j�

v øDö5wsõ­ùÓúyx x,z¦þ´ö ùûú©ÿyz�úDõpz�{ þ
ÁÂ\Wd���l�^fa/Xr�uw�l_ncacT@UÎa/b}l_ncncd6b}ahXrl_U�ahl#af\WdÂÃ[T_^fX×b�X�Z¦d|T:l@k[^f��l�l_af\Kah\tdPnc��T@v_dj��X�^c^fXrl_UOX×^��_XYi_djU�ÃÎoRah\Wd�U[T@ncÏ
ncl�`­kmd6T@afgWncd6^�af\[T@aÂT@ncX�^fdFkmncl_�,afnpT@U[^fXYafXrl_U[^�Ã�dPa `ÂdPdjUÍZ¦X�^cb}ncdjahd:djUWdjnc�_o;vrdPi_djv×^�XrU�T@ahl_��^�T@U[Z���l_vYd6b}gWvrd|^j�
ÁÂ\Wd6^fd;bjT@UeÃ[d �/¨ý¥����t¥«£����f¥f����� qWX kÂah\Wd�Z8l_��XYU�T@UÎa#^fl_gWnpb}dKl@kàdj��X×^c^fXYl_U(X�^�T�b}vrl_g[Z�l@k=Z8Xjaèg[^fdK��T_^jql_n � � ��£®¤8Ê��W¥�£��ë�h¥f����� X{k�`ÂdO\[T
i_dO^fl_�udjaf\WXrUW�KvYXrV_dOaf\Wdjnc��T@v[dj��X�^c^fXrl_U�^f\WXrUWXYUt�*af\Wncl_gW�_\ÍT�b}vYl_g[ZÒl@k��T_^j�}|Wl_n�dj½ÎT@��wWvrd_q_ah\td=dj��X�^c^fXrl_U*l@k4af\WdOì�gtUub}l_U8aÀT@XrU[^���T@UÎoKT@Ã[^fl_ncwWafXrl_UKvYXrUWd6^�l@`=XrUW�#ahl�ah\td=af\Wdjnc�ÒT@v
vYXr�_\8a�kmncl_��XYac^Â��T@XrUH^fgtnfk«T_bpdRw[T_^c^fXYUt�*af\Wncl_gW�_\(XYac^Âl_gtahdjn¢T@af��l�^fwW\Wdjncd_�

ì�w[d6b}afnpT@v_vYXrUWd6^/T@ncdÂT@nc�_g[T@ÃWvro#ah\Wd���l�^fa/Xr��w[l_ncacT@U8a4wWXYd6b}d6^4l@kWXrU8kml_nc��T@ahXrl_U*XrUKT_^fahncl_UWl_��o_�/ÁÂ\Wdjo
�_XYi_d#Xr�uw�l_ncacT@UÎa�XrU8kml_nc��T@ahXrl_UuT@Ã�l_gWa�bË\Wdj��X�bjT@v[b}l_��w[l�^fXrafXYl_U/qÌahdj��w[djnpT@afgWncd_q_wWncd6^c^fgWncd_q@i_djvYl8bpXra»o(�×kmncl_�
ah\Wd�â £�Ê:Ê¢���4¤e�W�=¥=~f�,� P Ô P ±�� Ô � ¡ �
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Gamma rays X-rays UV Infrared Radio
mm

waves

10 m
-15

10 m
-12

1 nm 1µ m 1 mm 1 m

10 Hz23.5

Gamma rays X-rays UV Infrared Radio
mm

waves

Visible light

The Electromagnetic Spectrum

300 GHz 300 MHz10 Hz 10 Hz20.5 17.5

1.2 GeV 1.2 MeV 1.2 keV

10 K9.5 10 K6.5 3000 K 3 K non-thermal

1.2 eV

Hz14.510

clusters

Galaxy Supernova

remnants
Stars

Cool

gas/dust

Interstellar
Hydrogen

Active
galaxiesBinaries

Cosmic-ray

interactions
Free-free Atomic lines

Thermal

Molecular lines

Synchrotron
radiation

Wavelength:

Frequency:

Photon energy:

T (peak energy):

Sources:

Emission

processes:

ÁÂ\WX×^�Z¦X�T@�_npT@�ë^fgW����T@ncXYÄjd6^�ah\Wd:npT@UW�_d=l@k4`=T
i_dPvrdjUW�_af\[^�T_bjb}d|^c^fXrÃWvrdÂahlKaflÎZtT6o�~ ^�T_^fahncl_Utl_�udjnp^jq
ahl_�_djaf\Wdjn
`=Xrah\D^fl_��d#l@k�ah\WdK^fl_gWnpb}d6^ÂT@U[ZCwWnclÎb}d6^c^fd6^Âaf\[T@aÂ��T6o�wWncl8Z8g[b}dOaf\Wd*npT_Z¦X�T@afXYl_UC`ÂdOl_Ã[^fdjnci_d_�m

ó T
i_djvYdjUW�_af\7P�T@U[Z�kmncd6ÚÌgWdjU[b}o Þ T@ncdRncdPv×T@afd|ZCÃ8o7P Þ;±y� ��T@wWwWncl@½�Xr��T@ahdjvro Õ��Ñ�j�)� �Ó^ é ¹ ¡ �m
ß�\Wl_afl_U(dPUtdPnc�_o Ü�Þ X×^=T@wtwWncl�½�XY��T@afdjvYo � � µ_· dPvrd6b}ahncl_U�i_l_vraÀ^R�md

o
¡ T@a�P ± �%W ���m

ß�v×T@U[bcVDZ¦X�^fafncXYÃtgWahXrl_U¿� z¸ÃWv�T_bËVDÃ�lÎZ8o�~ ¡ � � R�ShT�V�� µ Ø_�_��Ô P4q�`=\Wdjncd � X×^�XYUsò?T@U[Z�PeX�^�XrU W �
�móÝí»ð�k2Z8X×^fwWv×T_bpdj��djU8a�v×T6` ¡ �
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