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Figure 15. Averages of the three fiducial images of M87 for each of the four observed days after restoring each to an equivalent resolution, as in Figure 14. The
indicated beam is 20 pas (i.e., that of DIFMAP, which is always the largest of the three individual beams).

Achieved by radio interferometry
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https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT



Can record entire waveform,

over some band, separately
at each recelver station and
iNnterfere later offline
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Need to bring paths to common point in real
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Need path length compensated to better

Need path length stabilized to better than A




CHARA (Center for High Angular Resolution Astronomy) Observatory
baselines up to 330m
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Question: How to get to longer baselines?
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§ Stankus et al.

One photon from Source 1
O arrives at a and e
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Fic. 3.— The two-photon, two source amplitude interferometer. Source 1 sends a photon which arrives as a plane wave at both
input single-mode channels “a” and “e”. The path length difference leads to a phase offset of 41, and the photon is in an entangled state

10)7,|1) r +€%°1 |1) 1,|0) g between the two observatories L and R (we recommend references Gulbahar (2020); Tan et al. (1991); Hardy (1994);
van Enk (2005); Morin et al. (2013); Lvovsky et al. (2001) for details of the mode and path entanglement phenomena of photons). At the

same time a photon from Source 2 enters channels “b” and “f” with a phase difference d> and in an entangled state |0)1|1) g +€%2 |1)1|0) .
(The photon collection at each station can be in two separate telescopes, as shown, or in one, as long as the two sources can be imaged
separately.) These are then interfered using the beam splitters in the two stations as shown. If the two photons are close enough together
in both time and frequency, then due to quantum mechanical interference the pattern of coincidences between measurements at “c” and
“d” in L and “g” and “h” in R will be sensitive to the difference in phase differences (61 — d2); and this in turn will be sensitive to the
relative opening angle between the two sources. No optical connection path is needed between the two stations; and the measurement can
be carried out in many spectroscopic bins simultaneously, as suggested by the arrays of detectors at each output.
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Towards quantum telescopes: demonstration of
a two-photon interferometer for precision
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Normalized Coincidence Rate
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Oscillation Visibility
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Multifrequency-resolved Hanbury Brown—Twiss Effect

1,a)

Joseph Ferrantini,

Jesse Crawford, !’

) Sergei Kulkov,

2,a)

Jakub Jirsa,?3 Aaron Mueninghoff,* Lucas

Lawrence,! Stephen Vintskevich,> Tommaso Milanese,® Samuel Burri,® Ermanno Bernasconi,® Claudio Bruschini,®

Michal Marcisovsky,? Peter Svihra,?

1,/b)

Abrahao

Andrei Nomerotski

Undelayed

i 27 Paul Stankus,?

Edoardo Charbon,® and Raphael A.

arXiv:2406.13959

Delayed

[Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2
T HBT Pixel 20 55 Pixel 20 79 Pixel 20 173 Pixel 20 191 Pixel 20 235
1.5] 513ns (A [nm] 653 653 | A [nm] 653 650 | A [nm] 653 640 | A [nm] 653 638 A [nm] 653 633
J Ny ’ » ! 2 t i TRE A WAL
; et & s s A o 44 A..:"‘t. ~\:’ .'~ . ,;n ‘.?;“lo‘ "y ‘.o '*”o. oy . ?”‘- '."" "' I Y ) ,. U ‘.'l bl ".‘.,"' - ’:"’
1.0 4 .‘ ‘:'\.0 - .-..’L -‘&. ‘/ (‘ ‘ l“; e \"l :‘.:“l: ::. iy .I,O 4 ?‘.I‘. 0y ’b "':xf{ .‘i ‘AI.}"‘.“'.“.' .‘{f""- .‘.".::" : :l.‘.ob: 4 '.‘l' r‘ "- -‘ ‘0. i ,:‘. :’9 ‘;ﬁfn‘("A§ ¢“‘ F““)J‘ﬁﬂ*“fk“ .hi“‘h.‘ Y H‘rh\ ‘;‘ﬁ;":f‘ " .}‘ 41 “\‘.’Jr' l ‘)“ J‘ ‘ b -\’\. NA I [‘A -.‘,,. ;{ 1
1y "‘. ¢ ‘&..x -.;‘. . ‘)“ " M s B S 1 ‘ 3 ® ‘s x I I | ¥ R LI S SRS ‘i 4 :
—_— I 7 =
| | Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2
— CcT | Pixel 44 55 HBT Pixel 44 79 Pixel 44 173 Pixel 44 191 Pixel 44 235
wn 15 | | A[nm] 650 653 | 5.16ns_. | A [nm] 650 650 | A [nm] 650 640 | A [nm] 650 638 A [nm] 650 633
Q . ! Ps, '
— 1.01 ¢ b, F ok I u:n'. '1:'-:,““',‘ a2 1 ;. | ’7-\._ r“xf‘ ':;»;a,ﬁ ‘, : .'-‘~ '.".-'of.t ‘-"'ﬂ -f‘v*‘n [‘4’3"\.\:‘1' - J”?u_,-'*‘i H"" ,«* qa."’a(';q»"f:.g.x‘ ¥ | e ’ iy ""’..."";'.'\‘:,. iy B 0 .'.""
cC™ o "i \x. S »'*A‘.*-"' Hanm " W ¥ ANCT VO e K 2 "' i R \\m Tw\‘
q) 3 * ¢ x {
T f
- — Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2
O Pixel 138 55 Pixel 138 79 HBT Pixel 138 173 Pixel 138 191 Pixel 138 235
cC 15 A [nm] 640 653 | A [nm] 640 650 | 5:23ns | | A[nm] 640 640 | A [nm] 640 638 A [nm] 640 633
- — '
O . : | . ; .
U 1 0 .: --.:-.I.x"r‘ “‘ ~.‘ V“. oy ; ":...A ‘."‘w. ’ "'W""‘"‘ .A.f,\t 03 ' 2 s _1’ o b Mo .r‘..,{'- ® -’.’. . b \ Iy b‘ A ',;W A ( A~¢§“,',.“ ",”p‘”,‘* LLII
. MY b .-' \ "‘ ’* ;_,' | YV “:‘""‘ pevs 5 TV *t"e 3:;".4?".‘;*‘.”‘?}7":}'@7‘:': 'y }"}"‘Mw“'if”.y'ﬁ' C \" WE ‘\ i J"‘"{ oy hal 1" ’\V Ao g IR hy
U A A . . ( ‘
<) -
N Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2 Spect 1 2
— 15 Pixel 156 55 Pixel 156 79 CT Pixel 156 173 . 1";37 Pixel 156 191 Pixel 156 235
g . \)\ [nm] 638 653 A [nm] 638 650 c A[nm] 638 640 gL ns A[nm] 638 638 A[nm] 638 633
' ¢ ¢ o H .9 4 t.t ’ .I. 3 " °’ b
“.0‘ N 8¢ o.‘". .f !."‘ . “'.'; " RS io g v, = A " :' $ % o g ’ :0-.#" .':'.' .‘ ‘ 7 l. .' 0."."‘ o " ‘~' -"e‘..' -"' */ 3‘_'. ‘.'H'. ' ; ""'- Y ’ . Q:::' ... oa-’ r ' i 't L 'q..“.:" .e "l'.
S 10| VLA BRI | ad VAR AT AR | SRR RN | AR w‘**"ff"’”” w R -3 e iyt
- ‘ j o (1 S 3 ~ . : . v ' SR & ; |
‘Spect 1 2 | Spect 1 2 Spect 1 2 | [spect 1 2 Spect 1 2
Pixel 200 55 Pixel 200 79 Pixel 200 173 cT ! Pixel 200 191 ' HBT Pixel 200 235
1:9] \)\ [nm] 633 653 | A[nm] 633 650 | A[nm] 633 640 || | A[nm] 633 638 ‘5-20 NS | | A[nm] 633 633
QO ' i |: ° a2
! ol $ .0 s 222 i PRSP LI 2 ¢ . s 't 3 A A A ’ of o P o ',‘. g
1’ a'r A Q ’l el nlpal b A ," A ¢~ “we " '.’;,.:_ teadil altePefie :".' % -‘.", . a ’ ok '“-‘ 2 . ré : ‘ ’f A
1.0 Fue '—‘?:" ..‘:‘ I:‘"} R ,‘." . P:Xx’ﬂ “ ‘-.L -,‘.“,‘ ! 3‘*‘1‘5 W3 ‘,‘;‘;‘:‘-‘3‘ VIR Y U o] ", v f'. | AT g ;.}la:‘r‘sﬁ‘ P XAl q”.x":"*}:-‘.“'.: x‘}’;:; ¥ W ,«w}f Vo i ‘”; *, M \;,_ﬁ:_ L»‘-"‘“‘rJ '*._wa «.." ' n._;-‘u- a '* K .,, Ad
B ub ‘ W p X iy “ i . ® ® € P u w *F i o : M I
i . A ;
-5 0 5 10 -5 0 5 10 -5 0 5 10 -5 0 b 10 -5 0 5 10



Implications for Astrophysics and Cosmology

v Dark Matter v Gravitational Waves
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