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Supplementary Note 1
For the signal (idler) arm, let O and O’ be the operators for the 4f systems before and after the

object (reference) plane, respectively. E“S(J“) and E“i(” are the quantized field operators for the signal

and idler arms, respectively, which are given in the absence of an object by

A~

E§+)(r2,s'r1,s'r0,5) = EO(rO,s)élorz,s><1rz,s|0’ |1r1,s><1r1,s|0' (51)
Ei(+)(r2,i’r1,i’r0,i) = Eo(ro,i)é|0r2,i)<1rz,i|0’ |1r1,i)<1r1,i|0 ’ (52)
where Ey(ry5) and Eq(ry,;) are the amplitudes of the electric field of the SPDC photons emitted
from the source Fourier plane at ry s and ry ;. € is the unit vector for polarization. In the presence
of an object, we expand both operators over kq ¢, k; ¢, K, and k, s and modify ES(*) with
to(rl,s, k1,5)7 the amplitude transmission coefficient of the object for the photon with the

wavevector K ¢:

Es(+) (l'z,s: I'1,5: I'0,5)

= D Eo(r0s)el0n, MLl 1t M1l i) (g | 12 o (s K )
ko,s'kl,Srkll,s'kZ.S
X <1r1,s||1k1,s)<1k1,s|0|1k0,s>(1k0,s|
= Z Eo(To,5)€|0n, N1, .|| 1,000y i <1k’1,s |1r,,) to(res Ko s)

4
kO,SJkl,S'kl,sJkZ,S

X < 11‘1,5 | | 11(1,5 >O\k1,s'ko,s < 1k0,s |

= Z Eo(ro,5)€]0r, JA(r25 Ko s 116 K16 ) b0 (P16 K6 )( Ly o[ Tiey s )Oks oo s { Tk | » (S3)
Ko s K1 5K o Ko

Z?f+)(lbj»llj'tbi)

= D Eor)el0n, e, It N 107 1 ) {1 [ 12,
Ko,k K] Ko
X (1r1,i||1k1,i)<1k1,i|0|1k0,i)(1k0,i|
= z EO(rO,l')é 0r2,i>(1r2,i||1k2,i>0,k2‘i,k’1‘i <1k'1‘i |11‘1,i><11‘1,i||1k1,i)0k1,irk0,i<1k0,i|
kqbkLbklpkzi
= z EO (ro,i)élorz_i>h(r2,i’ kz,i; Iy kll,i)(11'1,i | | 1k1,i)0k1,i'ko,i(1k0,i| ’ (54)
kqbkLbklpkzi

k; s and k;; are the wavevectors of the signal and idler photons after the first 4f systems,

respectively. Similarly, K} ¢ and k3 ; are the wavevectors from the object and reference planes to
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the second 4f systems in the signal and idler arms, respectively. k, ¢ and k, ; are the wavevectors

|1r1,s>

describes the photon propagation from ry ; to r, ; through a 4f system. Other h functions can be

on the detection plane, respectively. h(r, Ky sty Kis) = (1n || 1k, )0k, ol <1k’15

interpreted accordingly. Defining the phase shift related to h(rz,s, Ky o1y kll,s) as ¢ 1, We write
h(rys Ko siTs Ky ) = €521, The phase changes ¢ 10, ¢ 21, and ;10 can be interpreted in a
similar way. The SPDC source and the symmetric alignment ensure that paired photons take almost
symmetric optical paths; the 4f systems ensure conjugations among the source, object or reference,
and detection planes. As a result, the phase changes of the signal and idler photons from the source
Fourier plane to the object and reference planes are identical, ¢ 10 = ¢; 190 = P10. Similarly, the

phase changes from the object and reference planes to the detection plane are identical, ¢ 5, =
121 = 21 (see Discussion). We combine £, E, and |¢):

Es(+) (rz,s» Is ro,s)Ei(+) (rz,i, Tir ro,i) 1$)
= Eo(ros)Bolto) ) 0,0r,) Alkos) X

!
Ko,s.K1,sK] s K2 s

Ko, Ky K ko
to (1'1,5: k1,s)h(l'2,s» Ko s) ki,s)h(ﬁ,s: Ky Yo ko,s)h(rz,i' Ky i1 k;,i)h(ﬁ,i' Ky, Toi) kO,i)
= Eo(ro,s)Eo(ro;) Z 10y, 0r, JA(Ko s ) to (Ty 5, Ky 5 )&/ Ps21eT Psa0 g Piar e/ bino

4
Ko,s.K1,5K] s K2 s,

’
ko,irkl,i'kLi'kZ.i

= Ej (rO,s)EO(rO,i) z |Ol‘2,s’ Orz,i>A(k0,s)t0 (rl's, klls)equbs,m eJ2®s,10
kO.S'kl.S'kll,srkZ,s

= Eo(r0s)Bo(to) ). 0r,,.00,) %
ko,Srkl,s;kll,s'kZ.S

A(ko,s)to (rl,s' kl,s)h(rz,s' 2k2,s; s Zk;,s)h(rl,s' 2kl,s; To,s Zko,s)'
(S5)

ko, K1, K7 ;,and Kk, ; are removed because

e/2Ps21e729510 = h(ry, 2K, 6 1y g, 2K o )R(Tys, 2Ky 55 To s 2Kojs), (S6)
which is not related to ko ;, k;;, k3 ;, ork,;. Because the amplitude distribution on the source
Fourier plane is symmetric, for an entangled photon pair, Eq(ro;) = Eo(ro ). Substituting Eq. (S5)
into Eq. (6) yields
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2 2

EO (rO s)h ( 1'1 s To s)

A A
Here, h (E' s rl,S) = Zk'lys,kz,s h(rz,s' 2k2,s; I Zkll.s) and h (E' Fis rO,S) =

Yk ok s M(T1e 2Ky 55 To 5, 2Ko ) @re the PSFs from ry s to 1, ¢ and from ry g to ry ¢ with light of

Gom (S7)

c(I'ZSrrlsrrOs) |t0(l'15,l'05)| | ( 1'25,1'15)

A/2 wavelength, respectively, where A is the wavelength of the SPDC photons. t(’,(rl,s; ro,s) is

given by

Ykgskys A (Ko,s)to(rys Kis)h(rys, 2Ky s o s 2Ko )
ZkO,Srkl,s h(r1,s' 2K, ;1o s, 2ko,s) .

For simplicity, we then set A(kgs) = Ao Within the summation range of kg ;. If to(rys Ky ) is

t(l) (rl,s; I'O,S) = (58)

insensitive to Kk s, t()(rl,s;ro_s) becomes approximately unrelated to ry¢ and is reduced to
Aot(ll,s), which is the amplitude transmission coefficient of the object that only depends on the

position ry ;. For a wide-field microscope, we then need to integrate Eq. (S7) over all the possible

2
dry s, we have

source positions ry . Letting Iymc (/1 1‘15) 14012 [ |E§(r0 S)h( jTys To s)

A
Gc%\?[c(rz,s» 1“1,5) = |t(r1,s)|zr QMC (E; 1'1,5)

TIymc (/1 r; S) is the distribution of squared intensity on the object plane with wavelength A1/2.

A 2
h(Gimasms)| - (59)

The intensity of the signal photons (classical imaging) is given by the first-order correlation

function:
68 = (o] &) (510)
where |;) denotes the wavefunction of the signal photon emitted from r :
€6 = ) Ag(Kog)e THos™os| 1y, ). (s11)
Ko,

where A;(Ko,s) denotes the probability amplitude of the state |1y, ). Substituting Eq. (S3) and Eq.
(S11) to Eq. (S10), we obtain
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E‘s(+)(r2,s; Fis ro,s)|fs) = Eo(ro,s)é z | r25>A (ko s)to(r1 s K1 s)e]¢521e]¢s 1o
Ko s K1 sk oKz s

= Ey (1'0,5)é Z |0r2‘5 )As (ko,s)to (rl,sr kl,s)h(rz,s' Ky s Tys) k&,s)h(ll,s' K10 kO,s) .(512)

Ko s K15k o Ko s
Thus, with the same assumption in Eq. (S9) that A;(Ko ) = Aso, and to(ry s, Ky ¢ ) is not sensitive
to k, 5, we have
G(l)(rz s T1,5 To s) |Aso t(rl,s)|2 |h(/1F I rl,s) |2 |Eo (ro,s)h(/t Iis To,s)|2 . (513)
Here, h(4; 1y, 11 5) and h(A; 1y, 1o 5 ) demonstrate the PSFs in the signal arm. We then integrate

Eq. (S13) over all the possible source positions ry s, giving:

2 2
G(l) (1'2 s s) |t(r1,s)| VCI(/l; 1'1,5)|h(/1; Iys I'2,5)| . (S14)
where y¢i (4 1ys) = |Asol? [§| Eo(ro,s) (2 15, I’o,s)|2dl’o,s, which is the intensity distribution of
the wide-field illumination with wavelength A. If the amplitude distribution of the electric field on

the source Fourier plane is uniform, i.e., Eq(ros) = Eo(0),

2
dro (S15)

A
Foe (3773) = P11 [ [ (Gimsmac)

is proportional to
2

drys . (S16)

A
h (Er Iy rO,S)

We replace the 3D vectors r; ; by a 2D vector p on the object plane. Denoting the imaging

A
var(3ms) = MsoPIEOP |
S

magnification from r; ; to r, ; as M, the QMC and the classical images become

2

, (S17)

A A
652 = 16®)Toc (5:0) |1 (53 0. Mp)

G& (P) = 16(P) Py (% ) IR(2; p, Mp)I?, (S18)
where t(p) is the amplitude transmission coefficient of the object, and p is the 2D coordinates on
the object plane. h(A; p, Mp) denotes the point spread function (PSF) from p on the object plane
(Pobj) to Mp on the detection plane (Pye) for the light with a wavelength of A. The other PSFs can

be interpreted accordingly.

If M = 1, Egs. (S17) and (S18) can be simplified as
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681 = 16 e (5:0) |1 (3)]

A

6 (p) = 1t(P) Py (A p) IR(DI?.
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Supplementary Fig. 1 Simplified schematic of previous wide-field quantum
imaging setups.

A simplified schematic of previous wide-field quantum imaging®?*. BBO, p-barium borate
crystals. EMCCD, electron multiplying charge-coupled device camera. r;; and r, ¢ are the
coordinates of the object plane and the detection plane in the signal arm, and r, ;, and r, ; are the
coordinates of the reference plane and the detection plane in the idler arm. t is the amplitude

transmission coefficient of the object. L,, L,, L, lenses.



102
103
104
105
106
107
108
109
110
111

=

—

]
=]

Se
Q
= B
c 9T e
o //
= ~
p%
B4t e
(&) -~
= -~
0 o
<3 A~
B 7
e //
j=1 -
G 2 S
ko e
£
2’ el
= o P
@ ~
§ O -~ L L 1 | | I 1
0 2 4 6 8 10 12 14 16
Mean reading of EMCCD x109

Supplementary Fig. 2 Calibration for the EMCCD.

Experimental calibration of the relation between the mean number of photons incident on the
EMCCD and the mean reading of the EMCCD per frame with a x1000 gain. In the absence of
signal photons, the EMCCD reading indicates an averaged background noise of 467 (see
Supplementary Fig. 3). The red curve is a linear fit to the calibration data. The slope of the curve
is 0.037. In the case that the mean reading of the EMCCD per pixel per frame is 13, the

corresponding mean number of photons incident on the EMCCD is 0.49 per pixel per frame.
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a Classical b Quantum
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466

Supplementary Fig. 3 Covariance of noise in the absence of signal.

Classical image (a) and the corresponding QMC image (b) of the noise. Both images are averaged
over 10> frames. The mean of the noise intensity in a is ~467. The coincidence intensity of noise
in b, labeled as coincidence intensity, has a mean of ~0. Scale bars, 20 um. Arb. units, arbitrary

units.
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120
121 Supplementary Fig. 4 CNR estimation for Fig. 2b.

122  a, Classical image of a USAF resolution target. The red and blue rectangular areas correspond to
123  the object of interest (I;) and the background (I,). Both rectangular areas were positioned
124  differently 10 times to estimate the standard errors of the CNRs. The CNR is defined in Methods.
125  b-d, QMC images computed using the covariance algorithm (b), the algorithm in Refs. 233 (c),
126  and the algorithm in Ref. 2 (d). All images are averaged over 2 x 10° frames. The CNRs are
127 8.58 + 0.53 (b), 5.55 + 0.23 (c), and 3.30 %+ 0.29 (d), respectively. When estimating the CNRs,
128  we did not consider the green dashed area in b, which was degraded due to imperfect alignment.
129

10
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130 0

131 Supplementary Fig. 5 QMC images with different numbers of frames.

132  (a), Classical image of group 7 of a USAF 1951 resolution target. QMC images of the same FOV
133 using 5 x 10* (b), 2.5 x 10> (c), and 10° (d) frames. The CNR increases from 1.9 to 4.1 and then
134  to7.1. Scale bars, 20 pm.

135
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Supplementary Fig. 6 Estimation of stray light resistance for Fig. 2c.

a, Classical image of carbon fibers. The red and blue rectangular areas correspond to the object of
interest (/;) and the background (I,). Both rectangular areas were positioned differently 10 times
to estimate the standard errors of the CNRs. The CNR is defined in the Methods. b, Classical
image contaminated by stray light 12 times stronger than the classical signal. c—e, QMC images
computed using the covariance algorithm (c), the algorithm in Refs. 23%2 (d), and the algorithm in
Ref. 24 (e). All images are averaged over 10° frames. The CNRs are 0.94 + 0.09 (b), 2.80 + 0.33
(c), 0.82 + 0.07 (d), and 0.82 + 0.05 (e), respectively.
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Supplementary Fig. 7 Resistance to strong stray light.

Classical image (a) and the corresponding QMC image (b) with stray light 155 times stronger than
the classical signal. Both images are averaged over 2 x 10° frames. Scale bars, 20 pm. The CNRs
of the classical imaging and QMC are 0.11 + 0.62 and 3.56 + 0.50 (n = 10). The mean EMCCD
reading of the stray light is 2046, corresponding to 76 photons incident on the EMCCD per pixel
per frame, which is ~155 times greater than the mean number of the signal photons (0.49 per pixel

per frame). Arb. units, arbitrary units.
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Supplementary Fig. 8 Momentum correlation width.

a, Distribution of coincidence intensity represented in the sum-coordinate axis k,; + k., and
ky., + kyg. Scale bar, 10 um. The source Fourier plane in this experiment is the Fourier plane of
the BBO crystal, which is also related to the detection plane, so the coordinate corresponds to a
unit of length. Arb. units, arbitrary units. b, Normalized intensity correlation along the k, direction.
The momentum correlation width is 5.7 um. ¢, Normalized intensity correlation along the k,

direction. The momentum correlation width is 4.9 um. The curves in b and ¢ are Gaussian fits.
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Supplementary Fig. 9 QMC images of different cancer cells acquired with 10%

frames.
a, ¢, e, g, Classical images averaged over 10> frames of different HeLa cells. b, d, f, h,

Corresponding QMC images using 10° frames. Scale bars, 20 um.
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