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Abstract

Dual quasars—two active supermassive black holes at galactic scales—represent crucial objects for studying the
impact of galaxy mergers and quasar activity on the star formation rate (SFR) within their host galaxies,
particularly at cosmic noon when SFR peaks. We present JWST/MIRI mid-infrared integral field spectroscopy of
J074922.96+225511.7, a dual quasar with a projected separation of 3.8 kpc at a redshift z= 2.17. We detect
spatially extended [Fe II] 5.34 μm and polycyclic aromatic hydrocarbon (PAH) 3.3 μm emissions from the star
formation activity in its host galaxy. We derive the SFR of 103.0±0.2 Me yr−1 using PAH 3.3 μm, which is 5 times
higher than that derived from the knee of the infrared luminosity function for galaxies at z∼ 2. While the SFR of
J0749+2255 agrees with that of star-forming galaxies of comparable stellar mass at the same redshifts, its
molecular gas content falls short of expectations based on the molecular Kennicutt–Schmidt law. This discrepancy
may result from molecular gas depletion due to the longer elevated stage of star formation, even after the molecular
gas reservoir is depleted. We do not observe any quasar-driven outflow that impacts PAH and [Fe II] in the host
galaxy based on the spatially resolved maps. From the expected flux in PAH-based star formation, the [Fe II] line
likely originates from the star-forming regions in the host galaxy. Our study highlights the extreme stardust nature
of J0749+2255, indicating a potential connection between the dual quasar phase and intense star formation
activities.

Unified Astronomy Thesaurus concepts: Infrared astronomy (786); Double quasars (406); Active galactic nuclei
(16); Galaxy mergers (608); Polycyclic aromatic hydrocarbons (1280); Star formation (1569)

1. Introduction

Most nearby galaxies host supermassive black holes
(SMBHs) at their centers (Magorrian et al. 1998; Kormendy
& Ho 2013), and hierarchical structure formation and galaxy
mergers are anticipated in the cold dark matter universe (White
& Frenk 1991; Navarro et al. 1996; Cole et al. 2000).
Following galaxy mergers, SMBHs sink into the center of the
merged galaxy and undergo evolution through dynamical
friction (Yu 2002; Chen et al. 2020). Throughout this process,
accretion via gas inflows can transform SMBHs into active
galactic nuclei or quasars (Hopkins et al. 2008). When both
SMBHs are simultaneously active, emitting electromagnetic
radiation, the system becomes a dual quasar.

Identifying dual quasars on galactic scales, particularly at
high redshifts (z> 0.5), is challenging due to angular resolution
limitations (Figure 1 in Chen et al. 2022). Beyond z> 0.5, the
separation of two quasars within <1″ (corresponding to 8 kpc
at z= 1) is below the typical resolving capability of ground-

based optical/infrared telescopes. Conducting a systematic
search for kiloparsec dual quasars at z> 0.5 using wide-field
ground-based surveys is highly challenging, resulting in only a
handful of such discoveries (Junkkarinen et al. 2001; Inada
et al. 2012; More et al. 2016; Schechter et al. 2017; Lemon
et al. 2018; Tang et al. 2021). Recently, the space-based Gaia
survey has opened up new possibilities for finding kiloparsec
dual quasars, leading to the discovery of dozens of candidates
(Hwang et al. 2020; Chen et al. 2022; Mannucci et al. 2022).
While some candidates proved to be star–quasar superpositions
(Chen et al. 2022) or single quasars gravitationally lensed into
multiple images (Gross et al. 2023; Li et al. 2023), follow-up
observations using various facilities have confirmed the dual
quasar nature for a few of them (Chen et al. 2023; Ciurlo et al.
2023).
Thanks to the high angular resolution (FWHM ranges from

0 2 at 5.6 μm to 0 8 at 25.5 μm) and sensitivity of the JWST,
the spatially resolved mid-infrared (MIR) observations of
quasar host galaxies have become possible (Rupke et al. 2023).
Various MIR emission features, including those from the
polycyclic aromatic hydrocarbons (PAHs), molecular hydro-
gen, and ionized gas, are diagnostic of gas physical conditions
and excitation mechanisms in the host galaxies (Armus et al.
2006; Shi et al. 2007) and therefore afford the first opportunity
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to investigate the interplay between quasar fueling, quasar
feedback, and star formation in its host.

To explore kiloparsec dual quasars in the MIR wavelengths
for the first time, we perform JWST Mid-InfraRed Instrument
(MIRI; Rieke et al. 2015) integral field unit (IFU) observations
of a dual quasar, SDSSJ074922.96+225511.7 (hereinafter J0749
+2255). This paper focuses on the analysis of MIRI data and on
the study of detected emission features (e.g., [Fe II] 5.34μm and
PAH 3.3 μm). We detail the observations, data reduction, and
analysis in Section 2. We present the main results, including
continuum maps, 1D spectra, and dynamics maps of [Fe II] and
PAH emissions in Section 3. The study then delves into
investigating the star formation rate using PAH 3.3 μm emission
and whether [Fe II] solely originates from star formation in
Section 4. We summarize our findings in Section 5.

2. Target Selection, Observations, Data Reduction, and
Analysis

2.1. Our Target: J0749+2255

J0749+2255 is the first kiloparsec dual quasar at z= 2.17
with an identified host galaxy (Chen et al. 2023). It was initially
discovered using its variability-induced astrometric noise (Shen
et al. 2021; Chen et al. 2022). The selecting technique
Varstrometry for Off-nucleus and Dual Sub-kiloparsec Active
Galactic Nuclei (VODKA) utilizes the variability of quasars and
the high astrometric accuracy of Gaia to find unresolved dual/
lensed/off-nucleus quasars (Shen et al. 2019; Hwang et al.
2020). J0749+2255 was later confirmed as a dual quasar
through multiwavelength observations (Chen et al. 2023). The
spectra of both quasars in J0749+2255 are remarkably similar,
and the Eddington ratios appear at least 0.1 (Chen et al. 2023).
J0749+2255 shows faint tidal tails in the deep Hubble Space
Telescope (HST) near-IR images, as an indicator of a merging
system (Chen et al. 2023). However, recent JWST NIRSpec IFU
observations reveal a giant rotating disk perpendicular to the
direction of two nuclei, rather than a disturbed system with
irregular merger morphology (Y. Ishikawa et al. 2024). More-
over, the [O III] emission appears faint, and there is no indication
of robust galactic winds in the ionized gas (Y. Ishikawa et al.
2024). All those findings make the formation of J0749+2255
and its relation with the host galaxy an intriguing topic.

2.2. JWST MIRI/MRS Data Reduction

J0749+2255 was observed as part of JWST-GO-02654 (PI:
Ishikawa) with the Medium Resolution Spectrometer (MRS)mode
of the MIRI instrument on JWST on 2022 November 21–22 UT
(Argyriou et al. 2023). The data were acquired in the long grating
mode, which covers the wavelength range of 6.53–7.65μm,
10.02–11.70μm, 15.41–17.98μm, and 24.19–27.90μm in four
channels. The observations utilized a 4-point dither pattern to
enhance sampling and achieve improved spatial resolution in the
final drizzled data cube (Law et al. 2023). Dedicated background
exposures were simultaneously taken in the nearby field from the
target position for background subtraction. All the JWST data used
in this paper can be found at MAST doi:10.17909/hh7a-c798.

We process the data using JWST calibration pipeline version
1.11.4 (Bushouse et al. 2023). In the first stage, the Detector1
pipeline applies detector-level corrections to all uncalibrated
science and background exposures, converting raw images into
corrected count rate files. These count rate files are then
processed with the Spec2 pipeline, which performs various

instrument-specific calibrations, including wavelength calibra-
tion, flat-field correction, flux calibration, fringing removal, and
other calibrations (Labiano et al. 2021). We apply image-by-
image background subtraction using background exposures taken
simultaneously to account for flat-field correction and pixel-by-
pixel variation in the detectors, rather than the default 1D master
background subtraction. The Spec2 pipeline converts count rate
files into fully calibrated individual exposures. In the Spec3
pipeline, calibrated individual exposures across different wave-
length bands and channels are combined into the final 3D
drizzled data cubes. Following the standard pipeline procedure,
we eliminate faint strip patterns using procedures outlined in
Spilker et al. (2023). The stripe patterns were modeled using 2D
background templates derived from the moving average of the
data cube along the wavelength direction, with regions near the
dual quasar excluded when creating the stripe templates.

2.3. q3dfit Fitting

Revealing the faint emission from the host galaxy on top of
the strong quasar emission might require specialized treatment,
involving dedicated point-spread function (PSF) subtraction
and spectral decomposition techniques. In the analysis of J0749
+2255, we use the q3dfit software (Rupke 2014; Rupke
et al. 2021), available for JWST through the Early-Release
Science program ERS-01335 “Q3D”. q3dfit is capable of
decomposing the emission of the quasar from that of the host
galaxy and conducting spectral fitting for JWST IFU data
cubes. This tool has been utilized to study gas kinematics in
quasar host galaxies in IFU data obtained with the JWST
(Wylezalek et al. 2022; Rupke et al. 2023; Vayner et al. 2023)
and from the ground (Rupke et al. 2017). Though q3dfit
possesses the capability for PSF subtraction, we opt not to
utilize it in this case. This decision is based on the observation
that neither the PAH 3.3 μm emission nor the [Fe II] 5.34μm
emission is dominated by the quasars, in that there is not a
strong PSF component associated with the nuclei that would
swamp the emission from the host.
To separate PAH 3.3 μm features from the dust continuum,

we fit the spectrum using a linear combination of a modified
blackbody function, representing the warm dust emission from
the quasar’s dusty torus, and the PAH template from Lai et al.
(2020). This fitting is applied to the spectra in Channel 2
(10–11 μm) at each spaxel. q3dfit uses a linear combination
of predefined PAH templates to measure the contribution of
PAHs to the MIR spectra, with only one fitting parameter, the
amplitude, for each template. In practice, at wavelength <5 μm
(the wavelength range not covered by Spitzer observations),
only one template from AKARI is available, which fits the
3.3 μm PAH feature with a linear combination of three Drude
profiles (Lai et al. 2020). The Drude profile is a theoretical
profile for a classical damped harmonic oscillator, which is
suitable for modeling PAH emission features (Smith et al.
2007). The flux of the PAH 3.3 μm feature is obtained by
integrating the flux density of the PAH template between
3.2 μm and 3.35 μm. For the [Fe II] 5.34μm line, we perform a
local fit within a narrow wavelength range (16.65–17.2 μm) in
Channel 3. The continuum is modeled with a third-degree
polynomial, and the [Fe II] line is modeled with a single
Gaussian function.
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3. Results

3.1. MIR Continuum Maps and Spectra

Figure 1 shows MIR continuum images of J0749+2255
obtained from MIRI. Continuum maps were generated by
averaging spectra within emission-line-free wavelength ranges.
At the shortest wavelength of 7 μm, with an angular resolution of
∼0 3 and a quasar separation of 0 46, the dual quasar is
marginally resolved in Channel 1. At longer wavelengths, the two
nuclei appear blended into an elongated source due to lower spatial
resolution. We use 2D Gaussian functions to fit the continuum
images, with fixed positions and FWHM. The positions of the
quasars were determined using the Channel 1 map because of its
better spatial resolution, and the FWHM values were derived from
diffraction-limited PSFs (Rigby et al. 2023). Table 1 lists the fitted
luminosities of two nuclei and their flux ratios.

Subsequently, we extract the 1D spectra for each channel using
a circular region with a diameter of 0 8 centered at the
southwestern nuclei to identify the possible emission lines. We
observe strong PAH features at 3.3μm and a significant [Fe II]
5.34μm line. Figure 2 displays the 1D spectra of J0749+2255
centered at the PAH 3.3 μm features and the [Fe II] 5.34μm line.

We also plot the fitted models on top of the data. Besides the
PAH 3.3 μm features and the [Fe II] 5.34μm line, a faint PAH
feature at 5.24 μm and a faint rotational line of molecular
hydrogen, H2 00 S(7), are likely detected. However, the fluxes of
PAH 5.24 μm and H2 00 S(7) are only slightly above the noise
level, so we do not conduct further analysis for them. In the
subsequent sections, we focus on PAH 3.3 μm and [Fe II]
5.34μm exploring their morphology, line intensity, and dynamics.

3.2. PAH 3.3 μm Map

We separate the PAH 3.3 μm features from the dust
continuum in Channel 2, as detailed in Section 2.3. Figure 3
shows the resulting PAH luminosity map. The PAH emission
extends spatially out to approximately 10 kpc in diameter,
particularly around the NE nucleus. The typical signal-to-noise
ratios (SNR) per spaxel are 5–10 within the 5 kpc radius. By
summing the luminosity within a radius of 1 5 (equivalent to
12 kpc) at the center of the two nuclei, we find that the total
luminosity of the PAH 3.3 μm feature is LPAH 3.3= 109.8±0.1

Le. The error represents 1σ systematic uncertainty based on
fitting residuals, absolute flux calibration, and the accuracy of
templates.

3.3. [Fe II] Line Map

Figure 4 shows [Fe II] 5.34 μm luminosity and velocity
centroid maps. After subtracting the continuum, we find that

Figure 1. MIR continuum images of J0749+2255 in the four channels. The
color indicates the flux in the linear scale. The positions of the quasars are
indicated with pink circles and red stars. Two quasars are already marginally
resolved in Channel 1. The black areas represent regions outside the MIRI field
of views. White-filled circles represent the FWHM of the PSFs. A gray dashed
circle denotes the aperture size utilized for extracting the spectra in Figure 2.

Table 1
Continuum Luminosities of Two Nuclei and Flux Ratios at Each Channel

Wavelength log(λLλ,SW) log(λLλ,NE) Flux Ratio
(μm) (erg s−1) (erg s−1)

6.8 45.44 ± 0.04 45.11 ± 0.08 2.1 ± 0.4
11.0 45.55 ± 0.03 45.26 ± 0.06 1.9 ± 0.3
16.5 45.52 ± 0.03 45.22 ± 0.06 2.0 ± 0.3
25.0 45.58 ± 0.10 45.37 ± 0.17 1.6 ± 0.7

Note. The errors are 1σ statistical uncertainties.

Figure 2. The 1D extracted MIR spectra of J0749+2255 centered at the PAH
3.3 μm feature (top) and the [Fe II] 5.34μm line (bottom). The spectra are for
the entire system enclosed by the 0 8 extraction aperture. The fitted models
including a continuum, a PAH template, and/or a Gaussian component are also
plotted.
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the [Fe II] emission exhibits an extended structure with a
diameter of approximately 10 kpc. The typical SNRs of the [Fe
II] line per spaxel are 3–5. The [Fe II] line is spectrally
unresolved, with a typical fitted FWHM of ∼150 km s−1, close
to the spectral resolution of MIRI at 17 μm (Labiano et al.
2021). The velocity centroid map reveals an extended structure
that is blueshifted toward the northwest and redshifted toward
the southeast, with the velocity gradient perpendicular to the
direction of the two nuclei. The radial velocities of the
blueshifted and redshifted components are approximately
100–200 km s−1. A similar kinematic pattern is also observed
in the Hα map, which is interpreted by Y. Ishikawa et al.
(2024) as due to galaxy rotation. Using a 1 5 radius aperture
centered at the middle of two nuclei, we obtain the total
luminosity of the [Fe II] line L[Fe II]= 108.72±0.05 Le. The error
represents 1σ systematic uncertainty based on fitting residuals
and absolute flux calibration.

4. Discussion

4.1. Spectral Energy Distribution

Leveraging the high angular resolution of the JWST, we
successfully separate the MIR continuum emissions of two
nuclei. By incorporating values from Table 1 and multi-
wavelength observations from Chen et al. (2023), we present
the spectral energy distributions (SEDs) of both nuclei in J0749
+2255 in Figure 5. Both SEDs are dominated by emission from
quasar and consistent with unobscured quasar templates
(Richards et al. 2006; Shang et al. 2011), showing bumps in
ultraviolet and MIR wavelengths. Previous radio observations
revealed that the two nuclei both have very high radio luminosity
of νLν∼ 1043–44 erg s−1 (Chen et al. 2023). Combined with
optical luminosity, the radio loudnesses R6 cm/2500 A, defined as
the flux ratio at the rest frame 6 cm and that at 2500Å, are more
than 600. Our SEDs highlight the quasar-dominant and radio-
loud nature of both nuclei.

The SW/NE flux ratios in J0749+2255 consistently
decrease from 4.4 to 1.6 from rest-frame UV to MIR
wavelengths. Then, the ratio rises to 2.8 in radio wavelengths.
We already know from HST near-IR and Chandra X-ray
observations that our target is most consistent with being a dual

quasar rather than a lensed quasar (Chen et al. 2023). Barring
dramatic variability, any differences between the SEDs of the
two quasars indicate that they comprise a physical quasar pair
rather than a lensed quasar. The X-ray flux ratios are
significantly lower (=1), further diminishing the likelihood
of a lensed quasar scenario. Wavelength-dependent geometry

Figure 3. Integrated PAH 3.3 μm luminosity map of J0749+2255 in units of
107 Le kpc−2. The solid green contours represent signal-to-noise ratios (SNR)
of 5 and 10. Spaxels close to the edges of IFU are masked to avoid the artifact
features. North is up, and east is to the left.

1

Figure 4. Left: line-integrated [Fe II] 5.34μm luminosity map of J0749+2255
in units of 106 Le kpc−2. Right: radial velocity centroid map in units of km s−1.
The solid green contours represent SNRs of 3 and 5. Spaxels close to the edges
of IFU are masked to avoid the artifact features. Spaxels with [Fe II]
SNR < 2 are also masked. North is up, and east is to the left.

Figure 5. Top: SW/NE flux ratios between two nuclei. Middle and bottom:
SEDs of SW and NE nuclei in J0749+2255. MIRI data points, along with
multiwavelength observations from Chen et al. (2023), are plotted. The gray
curves represent the SEDs of optically selected Sloan Digital Sky Survey
quasars (Richards et al. 2006), with solid lines showing mean values and dotted
lines indicating optically luminous and dim subpopulations. Additional SEDs
are from Shang et al. (2011), covering both radio-loud and radio-quiet
populations. The comparison templates are normalized to match the respective
luminosities in the F814W filter of HST observations.
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or extinction in a lensed galaxy could introduce chromatic
effects (Pooley et al. 2007; Barnacka et al. 2014), but the
observed variations from X-ray to radio wavelengths make the
lensed quasar scenario very unlikely.

4.2. Star Formation Rate Based on 3.3 μm PAH

PAH emission serves as an effective calorimeter for star
formation rate (SFR; Förster Schreiber et al. 2004; Peeters et al.
2004), even in quasar host galaxies where finding SFR
measures unaffected by quasar radiation is very difficult
(Zakamska et al. 2016). Ultraviolet photons from hot stars
heat up PAH molecules, causing them to re-emit radiation in
specific MIR bands through vibration (Puget & Leger 1989).
Measures of SFR typically rely on stronger PAH features at
longer wavelengths (e.g., 6.2, 7.7, and 11.3 μm) for both
quasar hosts (Shi et al. 2007; Zakamska et al. 2016) and star-
forming galaxies (Shipley et al. 2016; Xie & Ho 2019).
Because of the sensitivity and wavelength coverage limitations
of the Spitzer telescope, studies of SFR indicators using 3.3 μm
PAH remain scarce, especially for quasar hosts (Kim et al.
2012; Lai et al. 2020). We use the calibration of SFR for the
3.3 μm PAH from Equation (1) in Lai et al. (2020),

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠ 

= -  +
-

L

L
log

SFR

M yr
6.80 0.18 log , 1

1
PAH 3.3( ) ( )

to compute the PAH-based SFR. The estimated total SFR
for J0749+2255 is 103.0±0.2 Me yr−1. The 1σ error is domina-
ted by the uncertainty in the conversion between PAH and
SFR (Lai et al. 2020). The SFR of J0749+2255 is very high,
∼5 times higher than that derived from the knee luminosity
Lknee of the infrared luminosity function for galaxies at z∼ 2
(Magnelli et al. 2013). The extreme starburst nature resembles
that of submillimeter galaxies and emission line galaxies
observed at cosmic noon (Barger et al. 1998; Hughes et al.
1998; Solomon & Vanden Bout 2005; Genzel et al. 2010).

The SFR based on the 3.3 μm PAH could be underestimated
because small PAHs, traced by the PAH feature at shorter
wavelengths as compared to the canonical 6.2 and 7.7 μm
diagnostics, may be destroyed by the strong radiation from
quasars (Diamond-Stanic & Rieke 2010; Wu et al. 2010).
Recent JWST/MIRI IFU observation of a z= 4.22 lensed
submillimeter galaxy reveals a spatial mismatch between PAH
3.3 μm and far-IR emission, demonstrating that PAH 3.3 μm
might not be a good direct indicator of the star formation rate of
high-redshift galaxies (Spilker et al. 2023). However, some
studies found no decline in the 3.3 μm PAH intensity relative to
the total PAH intensity at the high luminosity end in star-
forming galaxies, suggesting that the smallest PAHs may
survive in strong radiation fields (Lai et al. 2020).
SFR can also be estimated from various other indicators such

as Hα. The total SFR estimated from Hα using the JWST
NIRSpec is ∼1700Me yr−1 (Y. Ishikawa et al. 2024). The Hα-
based SFR is consistent with the PAH-based SFR given the
typical 1σ systematic error of 0.2 dex. Shipley et al. (2016)
found a tight correlation between PAH luminosity and the
extinction-corrected Hα luminosity for 105 galaxies at
0< z< 0.4 over a wide range of luminosities, suggesting that
the PAH features may be as accurate an SFR indicator as
hydrogen recombination lines. The PAH map of J0749+2255
does not show strong contribution from the quasars and no
strong quasar outflow is seen, so we do not expect a strong bias
of PAH-based SFR due to quasars.

4.3. Stellar Mass–SFR Relation and Kennicutt–Schmidt Law

We can combine the SFR estimated from PAH 3.3 μm with
other physical properties of host galaxies (e.g., stellar mass and
molecular gas mass) to investigate whether kiloparsec dual
quasars like J0749+2255 have enhanced or suppressed SFR.
Using the estimated combined host galaxy mass of 1011.78 Me
from the F160W images obtained with the HST (Chen et al.
2023), we derive the specific SFR as 1.7× 10−9 yr−1. In
Figure 6, left, compared to the empirical stellar mass–SFR

Figure 6. Left: SFR vs. stellar mass of host galaxy for J0749+2255 in comparison to the main sequence of star-forming galaxies. The red circles, cyan squares, and
black diamonds are star-forming galaxies at 1.5 < z < 2.5 in COSMOS and GOODS fields using UV- or far-infrared-based SFR (Rodighiero et al. 2011). The black
dashed and solid lines represent the main sequence of star-forming galaxies (Daddi et al. 2007; Rodighiero et al. 2011). Right: SFR vs. gas (H2+He) mass of the host
galaxies for J0749+2255 in comparison to different galaxy/quasars/submillimeter galaxy samples. The black line represents the molecular Kennicutt–Schmidt law
ΣSFR = 2.5́ S-10 4

gas
1.4 (Kennicutt 1998). We use the half-light radius R1/2 = 4 kpc and calculate the molecular gas mass Mmol−gas = p´ S -R2 1 2

2
mol gas. The orange

diamonds are local PG quasars (Shangguan et al. 2020). The blue squares are emission line galaxies (EMGs) at 1 < z < 3 (Solomon & Vanden Bout 2005). The red
and pink hexagons are star-forming galaxies (SFGs) and submillimeter galaxies (SMGs) at 1 < z < 3.5 (Genzel et al. 2010). The purple circles are CO-detected
galaxies at 1 < z < 2.5 in the Hubble Ultra Deep Field (Decarli et al. 2016). The CO-to-H2 conversion factor αCO used in each sample is also shown.
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relations of single galaxies, J0749+2255 resides on the
luminous end of the main sequence for star-forming galaxies
at z∼ 2 (Daddi et al. 2007; Rodighiero et al. 2011). The highly
star-forming nature of J07492+2255 is very intriguing because
our target selection is not based on any of the galaxy properties.

In addition to exploring the stellar mass–SFR relationship,
we also investigate whether J0749+2255 adheres to the
molecular gas Kennicutt–Schmidt law (Schmidt 1959; Kenni-
cutt 1998; Kennicutt & Evans 2012). The molecular hydrogen
H2 mass is derived from recent Atacama Large Millimieter/
submillimeter Array CO (4-3) observations (Y. Ishikawa et al.
2024). We obtain the total line-integrated flux SCOΔv of J0749
+2255 in the unit of Jy km s−1 and convert it to the intrinsic
CO luminosity ¢L CO using the following equation:

n
¢ = ´ D

+
-L S v

D

z
3.25 10

1
K kms pc , 2L

CO
7

CO

2

3
obs
2

1 2

( )
( )

where DL is the luminosity distance in Mpc, z is the redshift,
and νobs is the observed frequency in GHz. We assume that the
low-J CO transitions are thermalized and optically thick, so

= ¢ ¢ ~- -R L L 141 CO 4 3 CO 1 0 . We use R41= 0.87 obtained
from local quasars (Carilli & Walter 2013). We also include
a factor of 1.36 for helium to compute the molecular gas mass.
We assume the CO luminosity-to-H2 mass conversion factor
αCO of 0.8 (Solomon & Vanden Bout 2005; Tacconi et al.
2008), though the systematic uncertainty could be at least 30%
(Papadopoulos et al. 2012; Bolatto et al. 2013). The molecular
gas mass can be calculated as

a= ¢-
-

-M R L1.36 . 3mol gas CO 41
1

CO 4 3 ( )

The estimated molecular gas mass is 1010.09±0.16 Me. At the
current SFR, the resulting depletion time, where all molecular
gas would be consumed, is only 10Myr. We plot SFR as a
function of gas mass for J0749+2255 (Figure 6), in
comparison to local quasars (Shangguan et al. 2020), various
galaxy samples at z∼ 2 (Solomon & Vanden Bout 2005;
Genzel et al. 2010; Decarli et al. 2016), and the molecular
Kennicutt–Schmidt law (Kennicutt 1998). We find that J0749
+2255 exhibits higher (∼5–20 times) SFR compared with
those samples with the same amount of molecular gas. Even if
we consider a higher CO-to-H2 conversion factor αCO of 3.2,
J0749+2255 is still an outlier from the Kennicutt–Schmidt law
at its redshift.

We discuss the possible reasons for the deviation. PAH-
based SFR could be biased (Spilker et al. 2023); however, the
good agreement between PAH-based and Hα-based SFR
makes this scenario unlikely. Even if PAHs are affected by
quasars, the feedback from quasars is usually negative
(Diamond-Stanic & Rieke 2010; Xie & Ho 2019) and we do
not observe any paucity of PAHs around the quasars. The
destruction of PAHs would make the discrepancy even worse.

Therefore, the deviation from the Kennicutt–Schmidt law
could originate from the enhancement of SFR or depletion of
molecular gas due to mergers or quasars. Merging galaxies are
thought to trigger episodes of extreme star formation
(Barnes 2004; Saitoh et al. 2009), though some observations
suggest the enhancement of SFR due to mergers is moderate,
with a factor of 2–3, or not significant (Ellison et al. 2013;
Knapen et al. 2015; Silva et al. 2018; Pearson et al. 2019).
Quasars have been known to both suppress and trigger star

formation in their host galaxies (Cresci & Maiolino 2018). The
outflow from the quasar could also destroy or expel the
molecular gas reservoir (Schawinski et al. 2009). Nevertheless,
the outflow from quasars is weak in J0749+2255 based on the
[Fe II] map and the [O III] analysis (Y. Ishikawa et al. 2024),
thus the contribution from the quasar might not be significant.
One potential explanation is that the elevated stage of star
formation has persisted for an extended duration, without
diminishing even as the molecular gas reservoir is gradually
depleted.
To sum up, the high SFR rate of J0749+2255 suggests

possible enhancement of SFR during the dual quasar stage.
These starburst activities could be supported by simulations or
calculations showing enhanced star formation in interacting
galaxies (Knapen et al. 2015; Moreno et al. 2019) or during the
quasar stage (King 2005). Though whether two quasars are a
result of a merger or born in the same massive galaxy is still in
debate (Y. Ishikawa et al. 2024), the connection between dual
quasars and high SFR is striking because our target selection is
not based on galaxy properties.

4.4. [Fe II] Is Likely Driven by Star Formation

[Fe II] lines observed at the IR wavelengths are commonly
associated with shock-heated nebulae, such as supernova
remnants and young stellar objects (Greenhouse et al. 1991;
Nisini et al. 2002). These shocks can destroy grains, causing
iron atoms in the dust grain to be sputtered into the gas phase
and ionized by the radiation field (Mouri & Taniguchi 2000).
Quasar-driven outflows may also generate shocks when
interacting with the neutral interstellar medium, leading to
strong [Fe II] emission (Hill & Zakamska 2014). Our aim here
is to examine whether the observed [Fe II] 5.34μm line is
attributed to quasars or star formation within the host galaxies.
To address this, we utilize the SFR derived from the 3.3 μm
PAH to calculate the supernova rate and subsequently convert
it into an anticipated [Fe II] luminosity originating solely from
the host galaxy star formation.
The relationship between SFR and supernova (SN) rate nSN

in the host galaxy can be expressed by

ò

ò

n
=

´

M

M MSFR

d

d
, 4

M

M N

M

M

M N

M

SN

d

d

d

d

L

U

L

U

,SN

,SFR

( )

where M is the mass of a star, N

M

d

d
is the initial mass function,

ML,SN is the lower mass limit of stars that become SN, and
ML,SFR is the lower mass limit of stars that contribute to the
SFR. We assume that the PAH-based SFR arises from all stars
with a mass higher than 2 Me(Peeters et al. 2004), that stars
with a mass higher than 8 Me eventually lead to supernovae,
and that the initial mass function is truncated at MU= 100Me.
Using the Salpeter initial mass function with dN/dM∝M−α

with α= –2.35 (Salpeter 1955), the estimated SN rate based on
PAH-derived SFR is 27 yr−1.
Rosenberg et al. (2012) find a tight relation between [Fe II]

1.26 μm and SN rate in a sample of nearby galaxies. By
incorporating the estimated SN rate into this correlation, we
derive the anticipated [Fe II] 1.26 μm luminosity of
L[Fe II]1.26μm= 108.6 Le, originating solely from star-forming
regions within the host galaxies. While the relative strength of
the [Fe II] 5.34 μm line and the [Fe II] 1.26 μm lines remains
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uncertain for J0749+2255, observations of supernova remnants
(Reach et al. 2006) and simulations of radiative shocks
(Hartigan et al. 2004) suggest that these lines should have
comparable fluxes. We estimate the systematic uncertainty of
0.4 dex for the expected [Fe II] 5.34μm luminosity using
different assumptions. Under the assumption of equal fluxes
between the [Fe II] 5.34 μm and the [Fe II] 1.26 μm the
observed [Fe II] 5.34μm luminosity of 108.7 Le agrees well
with the anticipated [Fe II] luminosity of 108.6 Le originating
from star-forming regions in the host galaxy. Furthermore, the
kinematics of [Fe II] presented in Figure 4 are consistent with
the rotational disk morphology observed in Hα (Y. Ishikawa
et al. 2024). Hence, we conclude that the [Fe II] 5.34 μm
emission of J0749+2255 is primarily associated with star
formation rather than with the quasars. Future JWST observa-
tions in near-infrared and MIR wavelengths with various
quasar samples will probe the origin of [Fe II] and whether [Fe
II] can be used as a shock/feedback diagnostic.

4.5. Spatially Resolved [Fe II]/PAH Map

Utilizing the spatially resolved [Fe II] 5.34μm and PAH
3.3 μm map of J0749+2255, we aim to explore the spatial
variations in the [Fe II]/PAH ratio. To this end, we reproject
and convolve the PAH map with a 2D Gaussian kernel to
match the pixel scales and the PSF size in the [Fe II] map. The
resulting [Fe II]/PAH ratio map is shown in Figure 7.
According to the calculations in Section 4.4, the anticipated
[Fe II]/PAH flux ratio from star formation is approximately
0.16. In the host galaxy of J0749+2255, the [Fe II]/PAH ratios
range between 0.05 and 0.2, broadly consistent with the
expected value. Contrary to expectations, there is no observable
increase in [Fe II]/PAH ratios at both nuclei, as would be
anticipated from enhanced [Fe II] emission because of quasar-
driven shocks (Hill & Zakamska 2014) or the disruption of
small PAH molecules by the strong radiation from quasars
(Diamond-Stanic & Rieke 2010; Wu et al. 2010). We conclude
that neither the radiation field of the quasars nor quasar-driven
outflows penetrate sufficiently into the gas-rich host galaxy,
and therefore there is no detectable spatially resolved sign of
either radiative suppression of PAHs or quasar-driven shocks

that would enhance [Fe II]. This is in line with other
observations of J0749+2255, which demonstrate the lack of
evidence from quasar-driven outflow tracers such as [O III] (Y.
Ishikawa et al. 2024).

5. Conclusions

In this study, we present high spatial resolution MIR IFU
observations of a 3.8 kpc dual quasar at z= 2.17. Our analysis
involves extracting the MIR continuum luminosity for each
quasar, leading to the construction of their SEDs. The SEDs of
both quasars align with the characteristics of typical optically
selected radio-loud quasars (Figure 5). Additionally, we
identify and characterize strong spatially extended features,
including the PAH 3.3 μm feature and the [Fe II] 5.34 μm line,
as shown in Figure 3 and Figure 4, respectively. We see the
rotation of the host galaxy in the [Fe II] 5.34 μm map,
consistent with that seen in other tracers (e.g., Hα).
By leveraging the PAH 3.3 μm feature, we estimate an SFR

of 103.0±0.2 Me yr−1 for J0749+2255, placing it in a category
of extreme starburst galaxies. When combined with the stellar
mass, the specific SFR of J0749+2255 is 1.7× 10−9 yr−1,
similar to star-forming galaxies at redshift z∼ 2 (Figure 6),
which is exceptional given J07492+2255 was not selected
based on its host galaxy properties. Using the molecular gas
mass estimated from CO, we find that the SFR of J0749+2255
is 10 times higher than the molecular Kennicutt–Schmidt law
or the comparison samples with the same amounts of molecular
gas. The deviation could be related to the prolonged stage of
high star formation, persisting even as the molecular gas
reservoir is depleted.
To investigate the origin of the [Fe II] emission, whether

driven by star formation or quasar outflows, we calculate the
expected [Fe II] luminosity solely from star formation and
compare it with the observed value. The observed and expected
[Fe II] luminosities agree, suggesting that the predominant
source of [Fe II] emission is likely star formation within the
host galaxy. Additionally, no noticeable small-scale quasar-
driven wind signatures are observed in the spatial variation of
the [Fe II]/PAH map (Figure 7). We do not detect any rise in
[Fe II]/PAH ratio around quasars that could be related to
quasar-driven wind. Based on our analysis of [Fe II] and PAH,
we conclude that both quasars in J0749+2255 do not exhibit
strong outflows that significantly impact the host galaxy,
consistent with observations from other outflow tracers.
In summary, we discover that the 3.8 kpc dual quasar, J0749

+2255, resides in a powerful starburst galaxy using the PAH
3.3 μm observation. The extremely high SFR reveals a possible
connection between star formation activities and the dual
quasar phase. The lower molecular gas mass in J0749+2255,
compared with the molecular Kennicutt–Schmidt law, suggests
the elevated stage of star formation might have persisted for an
extended duration, even after the molecular gas reservoir is
depleted. Our study demonstrates the capability of JWST to
conduct spatially resolved MIR observations for kiloparsec-
scale dual quasars. We anticipate that future JWST MIR
observations on a larger sample of dual quasars will provide a
statistically robust understanding of how kiloparsec-scale dual
quasars influence star formation and molecular gas within host
galaxies.

Figure 7. [Fe II] 5.34 μm/PAH 3.3 μm flux ratio map. Spaxels close to the
edges of IFU are masked to avoid the artifact features. Spaxels with [Fe II]
signal-to-noise ratio (SNR) <2 are masked. North is up, and east is to the left.
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