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High-z Blazar SEDs
Clues to Evolution in
the Early Universe
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« Blazars

 Blazar emission and
spectral energy distribution
(SED) models

Beckmann & Schrader 2013

* High-z blazars 4, £yl
Extragalactic background light (EBL) ..// " ||
Early evolution of massive high-spin et b

black holes Boettcher 2013
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/ _ Blazars are AGNs with the relativistic jets pointing
‘@, ermi towards Earth

e Bl R o B B R i i R R R B B B R LR
— 806
—= D07
- POS

Blazars: jet-emission dominating ,
Depending on the optical line emission
Flat-spectrum radio quasars (FSRQs): emission lines 5

EW>54 :
BL Lacs: weak emission lines (EW<5A) or featureless LIS SRR T A T

continuum |

And BL Lacs:

Depending on low-energy-emission peak frequency
Low-synchrotron-peaked (LSP, vsy < 10'* Hz)
Intermediate-synchrotron-peaked (/=7 10'* < v, < 10'° Hz)
High-synchrotron-peaked (HSP, 10" < v, Hz)

VE, [erg

aaat15

Fermi 3LAC (aaa+15): 1563 AGNs (98% are .,
blazars)

Variability index

August 17, 2018 3
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s ormi Blazars emit across the EM wavebands

»
Gamma ray

* Highly variable emission on almost
all time scales

« Characteristic double hump SED

Low energy hump:
Electron synchrotron (+disk, torus...)

High energy one (X-rays to TeV gamma rays):
Self- or External Compton (Leptonic)
Proton synchrotron or photo-pion production
(Hadronic)

One zone vs. evolution
Spine-sheath structure (e.g., TC08)
Internal shocks (e.g., MG85)

August 17, 2018
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/ ) Environment and Evolution in the Early Universe
S>ermi probed using high-z blazars

Gamma-ray
/ Space Tel P
10 g T g g T
- Cooray 2015 .
N microwaves

—~ 10°F
= - .
a optical
g 10F
Z L
g X-ray UV
210! infrared
= i 0
£ 103 a f radio’

105
10-1810-10 1014 10712101 108 10° 10 102
wavelength (m)

1 102

m/M=q=0.1

0! . . . . : : . : —
-1 -05 0 0.5 1 -1 -05 0 0.5 1
Retrograde Cosi Prograde Cosi

Spin evolution of binary mergers (Hughes & Blandford 2003)

« IR-Optical Star light (Pop lll) in the early Universe (high z)
can tell us about the star formation and cosmic evolution

« Formation/growth of rapidly spinning massive black
holes in the Early Universe is challenging

* High-z blazars allow us to study these
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Measuring star light in the early
. Universe using gamma-ray SEDS
" of blazars

Gameme-rays

from jet of Quasar

Background light tov" abserperin

H.E.S.S collaboration
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_ Extragalactic background light (EBL) can be best
‘@ ermi measured with gamma-ray data

Gamma-ray

Extragalactic background light (EBL) in the IR
to UV band is an important probe to cosmic
evolution (e.g., star-formation history; Abdollahi
et al. 2018 in press)

Direct measurements are limited by foreground
emission

High-energy gamma rays interact with the
optical/IR background (0.1—1000) via the pair
production process (best with TeV)

Gamma-ray emissions from distant sources
(blazars) are attenuated by the gamma-gamma
pair-production process

Knowing the intrinsic SED of a blazar, we can
measure the EBL in the IR-Optical band

August 17, 2018
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IR-Optical EBL has been measured with gamma-ray

‘Ess ermi SEDs
Gar"ma’a','
/' Space Tele cope
| o A SN e
[ - IIE s 2 "
- —ntrinsic abs. { b oop / ] : é
0_5__ ---EBL abs. | ] E —;%— ';\_“\ p E _W,E g
L 2<02 Eerit| i Row it - I ;
Z<0. } g b A s ] E
0'_‘ ] i o & g
i r— =—-.‘_;_;‘ § - : - “““110 - .....;:' L Redshitt
A ] R Cosmic gamma-ray horizon
[ Ny IR-Optical EBL SED Domir o s
£ osf - H.E.S.S 2017 g
I 0.2<z<0.5 i 1
ok 1+ Stacked blazar SEDs are used to measure the
| | | attenuation strength with z
i —— - .
o « TeV attenuation data are useful to measure low-
0.5 .
: frequency EBL
o | — ] : .
10 o7  The EBL models are used to derive the Cosmic
Eneray [GeV] n .
Gamma-ray attenuation gamma-ray h_orlzon _(gamma-ra_y energy for which
Ackermann et al. 2012 EBL attenuation optical depth is 1)

See also Abdollahi et al. 2018 (in press)
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a We attempt to test EBL models with LAT data of
T>ermi individual blazars at high z

As we do with the low-energy data (e.g., X-rays), the gamma-
ray attenuation models may be tested for individual blazars

Targets
Bright in the X-ray and the LAT bands

 Good X-ray and LAT measurements of the SED
« ISP/HSP BL Lacs: particularly useful with no significant
external Compton and so simple SSC emission in the gamma-

ray band

- At areasonable range of redshift
(€.9.,; Eorir(2) ~ 170(1 4 2)~238GeV ; Ackermann et al. 2012)

August 17, 2018 9



o Sample exercise:
s ermi SEDs of three high-z BL Lacs

» Targets: ISP—HSP BL Lacs - *""[ oo P
J0022.1-1855 (z=0.774)
J06309'2406 (Z>=1 24) 3..:)‘,‘;__,_‘]0630 LAT &N
J0811.2-7529 (z=0.689) o[l m"‘w ?&W

' % J0811 L 5 E
. j%%ftjﬁi %Hﬂﬁ ) a%

500 1000 100 20-33
Time NL sihce 54662

cm”

--= VLT {JOB30/.¢ 51

(ph

Flux

. ~60% variability is seen in 7 .-
the optical monitoring data i
of J0630

Our campaign
* No statistically significant (3 sigma) variability is seen in
the LAT band for any source

 The LAT data can be combined with the contemporaneous
optical to X-ray data

August 17, 2018 10



/ _We modeled the SEDs using a synchro-Compton (SSC)
ermi model

Gamma-ray
/ Sensra Talacrana
1 . 0 eV 0 . 0 eV
1077 10 10° 0 107 107 10 0
T T T T T T T T
-1 I
1077 £J0022 #ﬁ'f. ¥ J0811
E i\ —+t :E }
N |\ . v
— 3 l' . T &
| -\ . .
0 1'3_12 3 J *\ J{E:‘
E N ‘\ f=
b i
- \ :
— "'0
] ~—13 *
10 3 ! ; E 3
o : L ¥ ; 3
= . o F : \
\:)/ I \i T . " +Swift
a 1.2x107" . L +XMM :
L 10" Keck L BT WT NUSTAR 1L 3
R g E ¥ N /ﬁ +Fermni . F 3
C . F N d : T
. T 9.4x107" ---Model w/ EBL ® |
i 1.4x30 - - N L . - - N - --Model wo/ EBL: | N T T
~—15 + 2.5%10™5.0x10" 1.0x10" L« . « 2.5%10'5.0x10' 1.0x10" : . 2.5%10"5.0x10™ 1.0x10" '
10 1 . 1 vl L [N 1 1 [ [ 1 1 [
~10 15 1 20 ~25 10 v 15 20 25 4 ~10 12 20 ~25
10 10 0 10710 10 10 1010 107 10 10

v (Hz) v (Hz) v (Hz)

* High-quality Optical/X-ray data are obtained with GROND, Swift,
XMM-Newton and NuSTAR

 The Optical-to-X-ray data constrain the shape of the Sy/SSC
humps

« PASS 8 LAT data are used to test EBL models

August 17, 2018 1
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Some EBL models are ruled out by the highest-z blazar

< < H
> ermi (J0630) SED
'/‘ Sma;T le )rope 5
107> 10'° g
o= i '+ ] Model J0022 J0630
Yok #H,"-.: . No EBL No EBL 151.1 [197.4]
— f‘" 18] Dominguez 151.1 186.2
"0 1072k O';ati'cal TE Franceshini 151.1 186.2
t? - LAT I3 ] Gilmore Fiducial 151.0 189.2
= ' ::":_Flnke C Gilmore Fixed 151.1 186.5
; 1 0—135 3 Helgason 151.1 186.3
5 4GRON Kneiske04 best fit 151.1
\L—._: o1l o Emﬁm : ] Kneiske & Dole 151.1 187.4
ALY ; 1o 3 Kneiske high UV 150.3 |[205.1
Fo oo | IiNodelw/ ﬂah Stecker high opac.  151.0
107100 ;o FemoTeomOTioNOT L Stecker low opac. 151.0 187.4
10'° 10'° 10%° 10%° Finke ‘C’ 151.1 187.0

/Lo
v (Hz)

« Clear signatures of EBL is visible at high energies of the LAT

band for the highest-z target J0630-2406

« With this, we can rule out some EBL models (e.g., high-UV

model)
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T L2 T T LI B B l
U\ past m s rra
AL . 0510152025 ©  2FHL (Blasars) | —— Firko ol al. 2010~ model C
- T, v —— Finke- 10 Model C ii?::iéi‘-i'f 2004 - hogny
2 ) ' Dominguez+ 11 10 Kneiske et al. 2004 — best fi —
— I & iy -- Gilmore+ 12 Fiducial - Knoiske & Dole 2070 3
- _ _J',. P [ e DOMMINGUEz 01 2l 2011 ]
©  JIp &t - e — Gilmore et .. 2012 -- fiducia .
t . Helgason & Kashingxy 2012 -~
T piP - o :
b~ ® “ - *
8 & GRDIS0SIRA = _=
= 01 W GBI -
t -
it * ]
%* -4 L z=1.8 i
*
* z 107" L -+
.k:~t’ll] . ~ L a Cr 1 1 1 11
{ ! = 3 ! 10 1(9’ 10°
Redshift Energy [GeV]
Cosmic gamma-ray horizon Optical depth for gamma-ray photons
Desai et al 2018. Desai et al 2018.

* Fermi-LAT GRB data were used for EBL studies

* Intriguingly, the LAT blazar SED data (Ackermann et al.
2012) + GRB data also rule out the EBL models that are
incompatible with our J0630 SED
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Early Supermassive Black Hole
Evolution: Bla ulations as a
probe of Blm spin

vor Fo -Sirﬁ'o.n?lvet; Sonoma State UniverSity
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There exist massive high-spin black holes in the early

o
< = L]
Sy ermi Universe
Gamma ay
/ Space Tele cope
1
250 0.8 }' 2<2
% 7
200 Wang et al. 2016 7
o Gz =%
;E 150} 0.8 7 2<2<5 7
5 0.4 Z
Z 100 /W i
508 ',; 5<z <10 -
sof “0.4 ; f
é R S s 0 A T /ﬁlm Z
% 0.8f 0.8 7 “;
FRY: S 5 7
2 oaf 0.4 7 7
.'::' 0.2} it 7 - o - 4--‘ s - Ly ¢
3 005 50 G n o5 7% % 04 080 04 080 02 08 : : % o0z 080 04 080 04 0.8
redshift Is { opy Alj gn{-d Equ LJ al lso{rcpy Allgni-d Equulgrml Is { ropy Align ned Equnto’r‘ml
. . N
Berti and Volonteri (2008) SBefore
[ |After

* There exist massive black holes >10°M, at z>5 (e.g., Fan et al. 2001, Mortlock
et al. 2011)

* Four of them are known to be blazars (Romani 2006, Ghisellini et al. 2015)

« It is challenging to grow a seed black hole to 10°1/; levels in the limited age
(high z): mergers and/or accretion

« Depending on the growth scenarios, the final spin distribution differs
(Berti & Volonteri 2008)

Need to estimate the high-z blazar (high spin) population carefully
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/ ) It has been suggested that the bulk Lorentz factors of
S>ermi the four blazars are >10

_‘11 [ T | T T T T | T T T T | T T _I | T T T I T T | T IYI | T T I T I_
: 0131-0321 \7@% 5_yr LAT Sensitivity 47 '_ 0131-0321 g f/z
| z=5.18 i | 2=5.18 | _

= -12 - I 5 | wr

7] T L - |
o 1 |

E o el h

g ol ] T 20 46 1 4 i

a0 —-13 + : 2] i L 5 -

5 ] . :

— - 46 9 { L .

a 7 45 +— —

= 14 | ] -y ap L i

: 14 | ] 3 3 . ]

S 145 éﬂ i 0906 +693 2z=5.47 i

" : 44 - *° .

=15/ . - o }

¢ ; : . . @ 1146+403 z=5.0 _

i’ IEI | | | | | L Ii I | L L I— 44 1 | 1 11 1 | |- 1 | 1 11 | 1 | - | |- 1
10 15 20 25 10 12 14 16 18 20
Log v [Hz] Ghisellini et al 2015 Log v [rest frame, Hz]

- Because of beaming every observed source represents ~2I'” others not
seen, so good constraints on [’ are important for population estimates

* In the previous SED studies, the bulk Lorentz factors I's for these z>5 blazars
are estimated to be ~10 without any upper or lower bound

* With better X-ray and LAT measurements we can improve the population
estimate
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(s
& rMme z blazar QSO J0906+6930
/ Sp.:'PTaI . I
| IR data | X-ray data
-l Qo906+6930 - RO SR o o] 4: N 68% ]
Ex1/188 ‘ ] _f--- N S0% ]
o ] | % ] 3OFIIE cax E
| ew — s0ss cmpe;d.fe/ﬁ o - . I i ]
. i — f,= 16x10"A% erg/eamt/n/A o n —Z— 4 .3: . 7
3 d.‘ " 4 ‘Tt - + . NuSTAR S T -
\ ' (5] 2.5F - 3 : ]
it L - ‘2)’) I i - - ~ S =
L) oy . % + Swift 5F e /”}»_ ]
‘ o Chandra . . .
o & NuSTAR B Archival Chandra
0 — 1 1%1 ' -13.6 -13.4 —13.2 -13
Energy (keV) 105(F5_10 kev)

 The IR data obtained with Gemini provide the black-hole mass
(Mg ~ 4 X 109M@, so the disk temperature) and the flux of the
accretion disk (seed for the EC hump in the gamma-ray band)

 The X-ray SED shows a break and constrains the SSC emission
strongly (Fswitt=Fchandra: No variability between the two epochs)

 No LAT (upper limit measurements) variability is seen, but a historical

EGRET detection may suggest variability

August 17, 2018
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We constrained for the highest-z blazar Q0906 using

@ H
S ermi the SED
Gar"ma’a','
/ SpawTeleafone _13
L r 10 . T —— T i
. [ X-rays: SSC ]
2 - i %%ﬁi
"' —12.5 v
o : ‘]\ J
5ot 5
£ -er o g 1
5 2
o o
2135 L
C = — + Swift
C o Chandra
[ A Hl STAR
_14. ,O—W4 L |

16 18 20 22 24
log(Frequency (Hz))

limits for the Q0906 SED

6(=

~ 6 .2 obs _
Veypk ® 4 X100 y;B Hz v ", =

August 17,

[F(l — ﬁcos@v)]_l)

Peak positions alone suggest

2018

vsy’pkﬁ

1+z

Energy (keV)

We obtained high-quality IR/X-ray data and stringent LAT upper

2 obs
= YeVsy.pk

0.6<6<13

Detailed SED fitting determines 6 <6 <11.5

3
10

obs
VEC, pk ¥

The peak of each SED component has different dependence on :

2. 0bs

~ 52
6 YeVBB ,pk
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‘Ess ermi

Gamma ray

/ Spaw Teleafopé

* The SEDs for the other T Sinaniar e LA GaEEARES Jens _
blazars are not very well -.[~~ N OB 21';,\ s ZZ', .f'..i ‘“'“g
measured but the general = | f ¥ o 4
structure is all similar T I k 1 f g4 |

o el A/ e NN

* The second highest-z blazar * | / ﬁ 1T (G A B
B2 1023 also seems toshowa .} | ‘| /' | i ';"'\ i f o
spectral break in the X-ray ' Of . .:43”.. PR AR U AOUL WN AP DU U OO 0 AP i L
band, but the confidence is — s —
not very high . sus_ s sie 500

————

* Improved LAT SEDs help TR T e
but we could make only = T T T T
weak constraints onds for e e s s VL
these sources ijocsed pastice mmmty (o €00 o 34x10% 25109 Sxu _5xi0t

- Each source represents ~ 256* ~ 200 similar sources at the redshifts

* MeV telescopes (e.g., AMEGO, e-ASTROGAM) can help constrain the

EC peak

August 17, 2018

B2 1023+25_

We also estimate s for the other z>5 blazars for a
population study

J013127. 34 032100 1

J114657. 79+403 8 6
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Using the inferred ranges we estimate that ~10—20%

[
. =
>ermi of massive AGNs are blazars
Gamma ray
< i
y o,af—;éé” 0.8 "”"—:
04! 0.4 P : =
| . é" I Y Bef
0 o L .
0.8 F 2<2<5 0.8 3 3 £ A efore
04 = 0.4 ﬁ 5 3] After
=08 | =0.8 P % 3
: = % = 3
0.4} “04 W 5 =
0 Bl 0 2_— z-'m -
08 = z>10 0.8 B3 s =
- o 0.4 5 0.4 P 7 E
AL RS T E 0 bt il . o B 2 1.3 ]
0 04 080 04 08B0 04 08 0 04 080 04 080 04 08 0 04 080 04 0BO 04 08
lso{ropy Alxgn, Equulgnal ]so{ropy Allgng:d Equuugriu'. lso“.ropy Ahgng:d Equulérwl

Black spin distribution for several growth scenarios. Berti and Volonteri (2008)

« Assuming a 6 *distribution for a population estimate, we infer
s$=0 (uniform prior) : ~620 similar blazars
s=2 (Ajello et al. 2012 for z~<3 FSRQs) : ~350 similar blazars

« These imply that ~10—20 % of massive AGNs (~3200 at z=5—5.5 with> 10°M;
Vestergaard & Osmer 2009) may harbor a rapidly spinning massive black hole

» This fraction is likely conservative: sky survey incompleteness and additional
selection effects on follow-up limit the high-z blazar census
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s rmi Summary

Gamma-ray
/ SD.‘!C&" Tt"|{‘~'.'.‘0[‘;="

- Blazars at high redshifts can be used to study early
Universe

- We presented that EBL models can be tested with
individual blazars. The EBL SED may be measured with
improved SED data and models; Fermi will keep collecting
data and future CTA data will greatly help

- Highest-z blazars can help understand the growth of
massive black holes in the very early Universe; finding
more z>5 blazars will be particularly useful, and future MeV
telescopes such as AMEGO, e-ASTROGAM and COSI will
help to measure the EC peak precisely
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